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Abstract. We previously demonstrated that B1 induced signif-
icant cytotoxic effects, cell cycle G1 arrest and apoptosis in 
human lung cancer A549 cells through the inhibition of DNA 
topoisomerase II activity. In the present study, we focused on 
the histone deacetylase (HDAC) modulation of B1 in A549 
cells. HDACs, important enzymes affecting epigenetic regula-
tion, play a crucial role in human carcinogenesis. Our findings 
showed that B1 could suppress the growth of A549 cells 
in vitro through the inhibition of HDAC activity. Additionally, 
B1 caused disruption of the mitochondrial membrane potential 
and induced DNA double-strand breaks (DSBs) in a dose- and 
time-dependent manner, which consequently led to cell apop-
tosis. We also observed that B1 inhibited cancer cell migration 
and angiogenesis-related signal expression, including vascular 
endothelial growth factor  (VEGF) and pro-matrix metal-
loproteinases-2 and -9 (pro-MMP-2/9). Gelatin zymography 
suggested that B1 decreased pro-MMP-2 and pro-MMP-9 
activity. Transcription factors, signal transducer and activator 
of transcription 3 (STAT3) and nuclear factor-κB (NF-κB), are 
vital players in the many steps of carcinogenesis. B1 showed 
significant dose-response inhibitory effects on cytoplasmic 
expression and nuclear translocation of both phosphorylated 
STAT3 (pSTAT3) and NF-κB. It has been well documented 
that reactivated telomerase confers cancer cells the ability to 
repair DNA. Real-time PCR results indicated that B1 inhibited 
STAT3 and NF-κB mRNA expression and telomerase activity. 

Taken together, our results demonstrated that B1 exerted 
significant inhibitory effects on HDAC, telomerase activities, 
oncogenic STAT3 and NF-κB expression. The inhibition of 
the intricate crosstalk between STAT3 and NF-κB may be a 
major factor in the molecular action mechanism of B1. The 
multiple targeting effects of B1 render it a potential new drug 
for lung cancer therapy.

Introduction

B1 is one of hundreds of newly synthesized diamidoanthra-
quinones in our new drug development plan. B1, which shares 
its basic structure with commercial anticancer drugs mito-
xanthrone and doxorubicin, exhibits more potent cytotoxic 
effects in human lung, colon and breast cancer cell lines. We 
previously reported that B1 significantly inhibited DNA topoi-
somerase II activity and induced apoptosis and cell cycle G1 
arrest in human lung cancer A549 cells (1).

Lung cancer remains the most common cause of cancer-
related deaths worldwide, and despite global efforts, there 
has only been marginal improvements in lung-cancer-related 
morbidity and mortality, and the median survival time of 
metastatic lung cancer patients is no more than ~1 year (2). 
Therefore, the development of new small-molecule drugs to 
treat lung cancer is urgently needed.

Epigenetic and genetic abnormalities are believed to be 
involved in all stages of cancer development. Epigenetic regu-
lation refers to changes in gene expression without alternation 
of the DNA sequence. Due to the reversibility of epigenetic 
modulation, and subsequent downstream aberrant expression 
of associated proteins in tumor cells, an increasing amount of 
research has focused on agents that target dysregulated epigen-
etic pathways (3).

Histone acetylation is one of the most studied pathways 
of epigenetic regulation, and enzymes, such as histone acet-
yltransferases (HATs) and deacetylases (HDACs), modulate 
this regulation. Suberoylanilide hydroxamic acid (SAHA), 
a commercial HDAC inhibitor (HDACi), has been shown to 
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upregulate gene expression, including tumor suppressor p21, 
p53, Fas, Bax and caspases; while downregulating onco-
genes, including Bcl-2, XIAP, vascular endothelial growth 
factor (VEGF), and cyclin D1 (4). However, histones may not 
be the only substrates of HDACs and HATs. Modifications of 
non-histone proteins, such as NF-κB, p53 and STAT3, are also 
important in the regulation of gene expression (5). Currently, 
the US Food and Drug Administration (FDA) has approved two 
HDACis, SAHA (also known as vorinostat) and romidepsin, 
for the treatment of cutaneous T-cell lymphoma (6).

Telomeres, consisting of tandem 6-base subunit (TTAGGG) 
repeats, are highly specialized nucleic acid protein complexes 
located at the ends of chromosomes. They protect chromo-
somes from degradation (7). Activated telomerase maintains 
essential telomere length, and with the exception of germ line 
and selected progenitor cells, telomerase activity is undetect-
able in the majority of somatic cells. However, the reactivation 
of telomerase is readily detected in 80 to 90% of human 
malignant tumors, rendering it an attractive target in the devel-
opment of anticancer agents (8).

The STAT protein family is made up of latent cytoplasmic 
transcription factors, which participate in uncontrolled prolif-
eration, resistance to apoptosis, maintenance of angiogenesis, 
and escape from immune surveillance of cancer cells (9). In 
particular, constitutive STAT3 activation has been found in a 
variety of solid and hematologic human malignancies, such as 
lung, breast and prostate cancers (10). STAT3 is the upstream 
of telomerase and transcription factor NF-κB, both of which 
play a vital role in tumorigenesis (11,12). NF-κB generally 
remains silent in the cytoplasm, where it binds with inhibitory 
IκB proteins. In response to extracellular and intracellular 
signaling, phosphorylated IκB becomes polyubiquitinated, 
allowing NF-κB to translocate into the nucleus, which subse-
quently leads to gene transcription modulation. Aberrant 
NF-κB signaling can inhibit apoptosis, and induce cell prolif-
eration, migration and invasion, which consequently induces 
tumor progression (13).

This study focused on a further detailed characterization 
of B1, including the inhibitory effects of HDAC, pro-matrix 
metalloproteinases-2 and -9 (pro-MMP-2/9), and telomerase. 
We also investigated the role of B1 in the induction of DNA 
double-strand breaks, mitochondrial membrane potential 
disruption, and its influence on STAT3 and NF-κB nuclear 
translocation.

Materials and methods

Reagents. B1 was synthesized and supplied by Dr Hsu-Shan 
Huang at the National Defense Medical Center (Taipei, 
China). A stock solution of B1 was prepared in dimethyl 
sulfoxide  (DMSO), protected from light, and stored at 
-20˚C. Fig. 1A shows the chemical structure of B1. Prior to 
use, the B1 solution was freshly prepared in a medium at 
the desired concentrations. The tetrazolium reagent (XTT), 
3,3-dihexyloxcarbocyanine (DiOC6), HDACis including 
trichostatin A (TSA) and SAHA, and antibodies for acetyl-
histone  H3 (#H0913), MMP-2 (#AV20016) and MMP-9 
(#SAB1402274) were purchased from Sigma-Aldrich 
(St.  Louis, MO, USA). Anti-Fas (#610197) and anti-Bad 
(#610392) were purchased from BD Technologies (Research 

Triangle Park, NC, USA). Antibodies against STAT3 (#9139), 
phosphorylated STAT3 at Tyr705 (pSTAT3, #9131), Bcl-xL 
(#2762), Apaf-1 (#5088), HDAC3 (#3949), and histone H3 
(#9715) were obtained from Cell Signaling Technology, Inc. 
(Beverly, MA, USA). Antibodies for glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) (#128915) and β-actin (#8229) 
were purchased from Abcam (Cambridge, UK). Antibodies for 
VEGF-D (#13085) and NF-κB (p65, #372) were obtained from 
Santa Cruz Biotechnology, Inc. (Dallas, TX, USA).

Cell lines and cell cultures. Human lung adenocarcinoma cell 
line (A549), hepatocellular carcinoma cell line (HepG2), and 
rat glioma cell line (C6) were obtained from the Bioresource 
Collection and Research Center, Taiwan. The 2.2.15 cell line, 
a clonal derivative of the HepG2 (ATCC HB8065) cell, was 
obtained by stable transfection with a plasmid containing 
head-to-tail hepatitis B virus dimer and selected in a medium 
containing G418. The 2.2.15 cell line was kindly provided by 
Professor Yang-Chi Chang, Department of Pharmacology, 
Yale University (New Haven, CT, USA). All cancer cell lines 
were cultured with MEM medium supplemented with 10% 
fetal calf serum and antibiotics (100 U/ml penicillin G and 
100 µg/ml streptomycin).

Cell cytotoxicity assay. Cell viability, following treatment 
with B1 for 72 h, was assessed by XTT assay. Briefly, the 
different cancer cell lines were plated into 24-well culture 
plates (5ⅹ104 cells/well), and grown for 24 h. The cells were 
then treated with various concentrations of B1 for 72 h at 37˚C 
in a humidified atmosphere containing 5% CO2. DMSO alone 
was used as a control. After the desired treatment duration, 
the cells were collected by brief trypsinization and measured 
by colorimetric XTT assay as previously described  (1). 
Proliferation rates were obtained from the B1-treated wells, as 
compared to those in the absence of B1 (100% control value). 
The data shown in this study are the means of six independent 
experiments.

Detection of double-strand DNA damage: comet assay. The 
degree of DNA double-strand breaks (DSBs) was evaluated by 
alkaline comet single‑cell gel electrophoresis. Briefly, 2x105 
cells were seeded on 3.5-cm dishes for 24 h and then exposed 
to various concentrations of B1. After an incubation period, 
the cells were collected and suspended in cold-phosphate-
buffered saline (PBS). Ten microliters of the cell suspension 
was added to 75 µl of low-melting agarose and immediately 
pipetted onto the CometSlide (Trevigen, Gaithersburg, MD, 
USA). After the gel was solidified, the slides were immersed 
in an ice-cold alkaline lysis solution (Tris-base 10 mM, NaCl 
2.5 M and EDTA 100 mM, pH 10) in darkness for 60 min 
at 4˚C. The slides were then transferred to a horizontal elec-
trophoresis apparatus at 24 V for 20 min, and neutralized by 
immersing them in Tris-buffer (400 mM, pH 7.5). The cells 
were then stained with SYBR-Green I (1:10,000) for 10 min in 
darkness, and images were captured by a fluorescence micro-
scope (Axioskop 2 plus; Zeiss, Thornwood, NY, USA).

Measurement of mitochondrial transmembrane poten-
tial. Mitochondrial transmembrane potential (ΔΨm) 
dissipation was measured using a f luorometric probe, 
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3,3-dihexyloxcarbocyanine (DiOC6). A549 cells were plated in 
3.5-cm dishes, and after reaching confluence, were treated with 
various concentrations of B1 for 24 h. After incubation, the cells 
were stained with 40 nM DiOC6 for 30 min at 37˚C, washed 
with PBS, and analyzed by flow cytometry on a Beckman 
Coulter Epics XL cytometer (EXPO32XL; Beckman Coulter, 
Miami, FL, USA). The percentage of cells showing lower 
fluorescence and reflecting a loss of ΔΨm were determined by 
comparison with the untreated controls using Expo32 software.

Terminal deoxynucleotidyltransferase-mediated dUTP nick end 
labelling (TUNEL) assay. TUNEL assay was carried out using the 
In Situ Cell Death Detection kit (Fluorescein‑Alexa Fluor® 488 
Green) according to the manufacturer's instructions (Roche 
Diagnostics GmbH, Mannheim, Germany).

Wound-healing assay. A wound-healing assay was used to 
determine the effects of B1 on cell migration. A549 cells 
(1x107 cells/well) were seeded into 6-multi-well plates, and 
grown in medium containing 10% fetal bovine serum (FBS) 
to a nearly confluent cell monolayer. At confluence, the mono-
layers were wounded using a micropipette tip, washed twice 
with PBS, and incubated with various concentrations of B1 for 
24 h at 37˚C, and the migrating cells in the wounded area were 
photographed and counted.

Gelatin zymography. The secreted MMPs by A549 cells 
were assayed by gelatin zymography. Briefly, the cells were 
cultured in DMEM, and supplemented with 10% FBS for 
24 h. The cells were washed twice with PBS, and incubated 
with various concentrations of B1 in FBS-free media for 48 h. 
Then, the conditioned medium was collected, centrifuged and 
adjusted to the same protein concentration for further gela-
tinase activity measurement. A 10% polyacrylamide gel was 
prepared according to the standard procedure, except that it 
contained 0.1 mg/ml gelatin and the samples were separated 
under non-reducing conditions. After electrophoresis, the gels 
were shaken in 2.5% Triton X-100 for 1 h, and then, incubated 
in 50 mM Tris-HCl buffer (pH 8.0) containing 10 mM CaCl2 
and 1 mM ZnCl2 overnight at 37˚C. After the incubation 
period, the gels were stained with 1% Coomassie Brilliant Blue 
R-250 for 60 min, and then destained with 10% acetic acid and 
40% methanol. The gelatinolytic regions by MMPs became 
visible against a blue background. Desitometric analysis of the 
bands, as representative of the relative proteinase activity, was 
conducted with ImageJ software.

Nuclear and plasma protein separation. After B1 treatment 
for 48 h, the A549 cells were harvested and resuspended 
in a cell lysis buffer (10 mM KCl, 10 mM HEPES, pH 7.9, 
1.5 mM MgCl2, 1 mM DTT, and supplemented with protease 
and phosphatase inhibitors), and incubated at 4˚C for 10 min. 
The lysates were centrifuged at 14,000 x g for 5 min at 4˚C, 
and the supernatant was collected in order to obtain cytosolic 
proteins. The pellet (nuclei) fractions were rinsed twice with 
a washing buffer (10 mM HEPES, pH 7.9, 10 mM MgCl2, 
10 mM KCl, 0.5% NP-40, and protease and phosphatase 
inhibitors), and the supernatant was removed after centrifuga-
tion. The nuclear pellets were incubated in a high salt buffer 
[20 mM HEPES, pH 7.9, 1.5 mM MgCl2, 0.2 mM EDTA, 

300 mM NaCl, and 29% (v/v) glycerol], and then protease and 
phosphatase inhibitors were added. During further western 
blot analysis, anti-histone H3 and anti-β-actin antibodies 
were separately used as the loading control for nuclear and 
cytosolic fractions.

Western blot analysis. Cells were cultured with or without B1 for 
48 h, and then both adherent and floating cells were harvested. 
After being washed with ice-cold PBS and lysed with RIPA 
reagent (Sigma-Aldrich) for 30 min at 4˚C, the cells were centri-
fuged at 13,500 rpm for 15 min. Regarding western blotting, 
equal amounts of total protein were loaded onto glyceraldehyde 
3-phosphate dehydrogenase (SDS-PAGE), and the separated 
proteins were transferred onto a PVDF membrane (Bio-Rad, 
Hercules, CA, USA). Regarding the blocking of a non-specific 
binding, the PVDF membrane was soaked in PBS solution 
containing 5% nonfat milk at room temperature for 1 h. The 
membranes were probed for migration and apoptosis regulatory 
protein levels using specific primary antibodies, followed by 
peroxidase-conjugated appropriate secondary antibodies, which 
were visualized using enhanced chemiluminescence.

Telomerase activity (real-time quantitative telomeric repeat 
amplification). The cellular proteins extracted from A549 cells 
were treated with the indicated concentrations of B1 for 24, 48 
and 72 h. An SYBR-Green RTQ-TRAP assay was performed 
with a dilution of the A549 protein extracts in 25 µl with 
SYBR-Green PCR Master Mix (Allied Biotech, Inc., Vallejo, 
CA, USA).

The real-time PCR (ABI 7900 Sequence Detection System) 
conditions consisted of 25˚C for 20 min for the telomerase 
reaction, followed by 40 cycles consisting of 95˚C for 30 sec, 
60˚C for 30 sec, and 72˚C for 30 sec (3-step PCR). The change 
in fluorescence intensity (ΔRn) is as shown on the y-axis, and 
plotted against the cycle number. The telomerase activity was 
estimated by the cycle threshold (Ct) value.

mRNA isolation and reverse transcription-quantitative 
PCR (RT-qPCR). Total RNA was extracted from A549 cells 
with the standard TRIzol reagent (Invitrogen, Carlsbad, CA, 
USA), following the manufacturer's instructions. An Eppendorf 
BioPhotometer was used to assess RNA purity and quantity. 
Five micrograms of total RNA were converted into cDNA 
using cDNA Reverse Transcription kits (Applied Biosystems, 
Foster City, CA, USA). Mouse primers for the genes of interest 
were used for STAT3, 5'-ACCTGCAGCAATACCATTGAC-3' 
(forward) and 5'-AAGGTGAGGGACTCAAACTGC-3' 
(reverse); NF-κB (p65), 5'-CGAATGGCTCGTCTGTAGT 
GCA-3' (forward) and 5'-TGCGCTGACTGATAGCCTGCT 
CCAGGT-3' (reverse); and GAPDH, 5'-CTCTCTGCTCCTCC 
TGTTCGAC-3' (forward) and 5'-TGA GCGATGTGGCTC 
GGCT-3' (reverse). The housekeeping gene GAPDH was used 
as an internal control. The quantitative PCR (qPCR) reaction 
used 200 nM forward/reverse primer, 20 ng of cDNA, and 
Power SYBR‑Green PCR Master Mix (Applied Biosystems) in 
a final volume of 25  µl. PCR was conducted using the 
StepOnePlus Real-Time PCR system (Applied Biosystems) 
under the following cycling conditions: 95˚C for 10  min, 
40 cycles of 95˚C for 15 sec, and 60˚C for 1 min. All PCR 
reactions were analyzed in triplicate. The cycle threshold (Ct) 
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method was used to quantificatively detect PCR products. The 
relative expression of STAT3 and NF-κB mRNA levels were 
normalized using GAPDH as the endogenous housekeeping 
control.

Statistical analysis. Quantitative data were assessed using 
the Student's  t-test, where values are representative of at 
least three separate experiments with reproducible results. A 
P-value of <0.05 was regarded as being indicative of statistical 
significance

Results

Effect of B1 on histone acetylation in A549 cells. The effect 
of B1 on histone acetylation was examined by western blot-
ting with TSA, as the positive control. Fig. 1B shows that the 
incubation of A549 cells, with increasing concentrations of B1 
for 48 h, significantly decreased the expression of HDAC3 and 
induced the accumulation of acetylated histone H3. Significant 
(P<0.05) change in HDAC3 and acetylated histone H3 was 
noted after 48 h of 0.1 µM B1 treatment (Fig. 1C and D).

Figure 1. Chemical structure, cytotoxicity, and the effect of histone H3 acetylation of B1. (A) Structure of B1 [2,6-bis-(2-chloroacetamido) anthraquinone]. 
(B) A549 cells were treated with the indicated concentrations of B1 and TSA for 48 h. The cell lysates were examined for the expression of histone deacetylase 3 
(HDAC3), acetylated histone H3, and β-actin by western immunoblot analysis. (C and D) The levels of HDAC3 and acetylated histone H3 were determined by 
immunoblotting, followed by quantitative analysis using ImageJ software. The data were normalized to β-actin level. (E) Dose‑response effects of B1 on cell 
growth in various cancer cell lines. The cells were treated with different concentrations of B1 for 72 h, and cell viability was determined by XTT assay. Each 
point represents the mean values ± SE of at least six independent experiments (*P<0.05).
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Cytotoxicity of B1 in various cancer cell lines. As B1 showed 
HDAC inhibitory activity in our preliminary study, we further 
determined its cytotoxic effect on various cancer cell lines in 
comparison with the well-known HDACis, TSA and SAHA. A 
72-h treatment with B1 showed potent antiproliferative effects 
in a dose-dependent manner (Fig. 1E). The effective doses of 
the tested compounds that inhibited 50% of cell growth (IC50) 

of the A549 cell line were 0.57 µM for B1, 0.86 µM for SAHA, 
and 0.62 µM for TSA. The IC50 value of B1 was 0.6 µM for 
HepG2 cells, 0.71 µM for 2.2.15 cells, and 0.47 µM for C6 
cells.

DNA DSBs in the B1-treated A549 cells. Our previous research 
showed that B1 can inhibit topoisomerase  II activity  (1); 

Figure 2. B1 treatment induces DNA damage and apoptosis in A549 cells. (A) Comet images of DNA double-strand breaks were obtained in cells treated with 
1.0 µM B1 at various time intervals (x100), or with the indicated concentrations of B1 for 3 h (x200). (B) A549 cells were exposed to different concentrations 
of B1 for 24 h, and apoptosis was determined with terminal deoxynucleotidyltransferase-mediated dUTP nick end labelling (TUNEL) staining, followed by 
fluorescence detection. (C) Western blot analysis was used to detect apoptosis regulatory proteins in A549 cells treated with various concentrations of B1 for 
48 h. (D) Protein expression of Fas, FasL and Apaf-1 after normalization against GAPDH. The data are expressed as the mean ± SE for three independent 
experiments with similar results. *P<0.05 and **P<0.01 vs. controls.
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therefore, the comet assay was performed to elucidate the 
DNA DSBs caused by B1 treatment. DNA DSBs were 
observed as having a time-dependent increase in the 1.0 µM 
B1-treated groups (Fig. 2A). Furthermore, treatment of B1 for 
3 h increased DSBs in a concentration-dependent manner.

B1 markedly induces apoptotic cell death by regulating related 
proteins. HDACis are potent and selective inducers of apop-
tosis in tumor cells. To further explore the cytotoxic molecular 
mechanism of B1, we examined the effect of B1 on the apop-
tosis induction of the treated A549 cells by TUNEL assay. A 
24-h treatment of A549 cells with various concentrations of 
B1 caused an obvious increase in the number of apoptotic 
cells (Fig. 2B). After engaging with the death receptor Fas, 
FasL initiates the extrinsic apoptosis pathway. Our data showed 
that B1 significantly increased the expression of Fas, FasL and 
Apaf-1 in a dose-dependent manner (Fig. 2C and D).

B1 induces apoptosis via disruption of mitochondrial 
membrane potential. Depolarization of the mitochondrial 
membrane potential is one of the earliest characteristic events 
of apoptosis (14). To test the effects of B1 on mitochondrial 
membrane potential, A549 cells were stained with DiOC6, 
a mitochondrial-sensitive dye, following flow cytometric 
analysis. By interacting with the pro-apoptotic Bcl-2 family 
members, anti-apoptotic Bcl-2 family proteins regulate the 
intrinsic apoptotic pathway by modulating mitochondrial 
membrane potential, and thereby, determining cell death fate 
by apoptosis (15).

Our results demonstrated that B1 treatment disrupted 
mitochondrial membrane integrity in a dose-dependent 
manner (Fig. 3A and B); meanwhile, anti-apoptotic Bcl-xL 
expression was decreased with a concomitant increase in 
pro-apoptotic Bad expression, as compared with the untreated 
control (Fig. 3C-E).

Figure 3. Effect of B1 on mitochondrial membrane potential and associated regulators. (A) A549 cells treated with indicated concentrations of B1 for 24 h 
were stained with DiOC6 and analyzed by flow cytometry. (B) B1 treatment induced a dose-dependent increase in the proportion of cells with disruption of 
mitochondrial membrane potential. *P<0.05 vs. the untreated control. (C) Western immunoblot analysis of mitochondrial membrane potential-related proteins, 
Bcl-xL, and Bad, in A549 cells treated with B1 for 48 h. (D and E) Densitometric analysis of three independent western blot analyses revealed relative quantita-
tion of Bcl-xL and Bad levels after normalization against β-actin. *P<0.05 and **P<0.01 vs. control group.
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B1 suppresses the cell migration and inhibits VEGF and 
pro-MMP-2/9 signaling. The effect of B1 on cancer cell migra-
tion was examined using a wound-healing assay. B1 treatment 
for 24  h significantly inhibited A549 cell migration in a 
dose-dependent manner (Fig. 4A and B). Similar results were 
observed in HepG2 and C6 cells (data not shown), indicating 

that this inhibition phenomenon was neither coincidental nor 
cell specific.

MMPs, especially MMP-2/9, degrade the extracellular 
matrix and are crucial for cancer cell movement. VEGF is the 
most potent inducer of angiogenesis, which plays a vital role 
in tumor progression and metastasis (16). This study examined 

Figure 4. B1 inhibits A549 cancer cell migration, pro-matrix metalloproteinase-2 and -9 (pro-MMP-2/9) expression and activities. (A) A wound-healing assay 
was performed to evaluate the inhibitory effects of various concentrations of B1 for 24 h. The representative images show the same area after 24 h of incubation 
with and without different concentrations of B1. (B) Results from three independent experiments are presented as the numbers of migrated cells. *P<0.05, 
statistically significant compared with the untreated control. (C) The effects of B1 on the expression of migration-related proteins in A549 cells treated with B1 
for 48 h. The differential expression of pro-MMP-2/9 and vascular endothelial growth factor (VEGF)-D was assessed by western blot analysis and β-actin was 
used as a loading control. (D) Densitometric analysis of pro-MMP-2/9 and VEGF-D show the relative quantitation results after normalization against β-actin. 
*P<0.05 vs. the untreated control.  (E) A549 cells were treated in the absence and presence of various concentrations of B1 for 48 h in serum-free medium. The 
conditioned media were collected for the measurement of pro-MMP-2/9 activity with gelatin zymography, and the (F) bar chart reveals pro-MMP-2/9 activity 
change after B1 treatment. *P<0.05 and **P<0.01 vs. control group. Data from three independent experiments were presented as mean ± SE.
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the effects of B1 on the expression of pro-MMP-2 (72 kDa), 
pro-MMP-9 (92  kDa), and VEGF-D using western blot 
analysis. Incubation with different concentrations of B1 for 
48 h caused a dose-dependent decrease in the expressions of 
pro-MMP-2/9 and VEGF-D (Fig. 4C and D). Further gelatin 
zymography examination revealed that B1 treatment for 
48 h caused a significant decrease in secreted pro-MMP‑2/9 
activity (Fig. 4E and F).

B1 inhibits both cytoplasmic and nuclear STAT3 phos-
phorylation and NF-κB protein expression. Two transcription 
factors, STAT3 and NF-κB, play a fundamental role in carci-
nogenesis, and are promising targets for anticancer drug 
development (17). To elucidate whether the anticancer effects 
of B1 are associated with STAT3 and NF-κB inhibition, this 
study examined the expression of the two transcription factors 
in both the cytoplasm and the nucleus.

The cytoplasmic and nuclear contents were separately 
extracted and subjected to western blot analysis after A549 
cells were treated with various concentrations of B1 for 48 h. 

The results showed that the expression levels of both cyto-
plasmic/nuclear phosphorylated STAT3 were attenuated by 
B1 (Fig. 5A and B).

Since the target genes of NF-κB have been reported to 
play important roles in tumorigenesis, including proliferation, 
inflammation, migration and invasion (17), this study also 
determined the cytoplasmic and nuclear levels of NF-κB. 
Western blot analysis of nuclear/cytoplasmic proteins revealed 
that B1 also inhibited NF-κB expression in both compart-
ments (Fig. 5A and C).

B1 inhibits the NF-κB and STAT3 mRNA expression and 
telomerase activity in A549 cells. To determine whether 
downregulation of NF-κB and STAT3 proteins after B1 treat-
ment are associated with decreased mRNA expression, this 
study performed RT-qPCR analysis. B1 treatment significantly 
decreased mRNA expression of both transcription factors in 
a dose-dependent manner, and 5.0 µM B1 treatment for 48 h 
in A549 cells downregulated the STAT3 mRNA level by 
40% (Fig. 6A and B).

Figure 5. B1 effectively inhibits cytoplasmic, nuclear signal transducer and activator of transcription 3 (STAT3) phosphorylation, and nuclear factor-κB (NF‑κB) 
expression. (A) A549 cells were treated with various concentrations of B1 for 48 h. The cytoplasmic and nuclear protein fractions were separately isolated, 
and subjected to western blot analysis. The membrane was probed with anti-phosphorylated STAT3 at Tyr705 (pSTAT3), total STAT3, and NF-κB p65 
antibodies. The β-actin was used as the loading control for the cytoplasmic fraction and histone H3 for the nuclear fraction. (B) The cytoplasmic and nuclear 
pSTAT3/STAT3 ratios were analyzed by ImageJ software and normalized to the untreated control. (C) Results of the cytoplasmic and nuclear NF-κB protein 
expression were separately normalized against β-actin and histone H3. Results are presented as the mean ± SE of triplicate experiments (*P<0.05).
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Recent studies have demonstrated that, in addition to its 
role in telomere maintenance, telomerase possesses extra-
telomeric functions, such as promoting cell proliferation, 
enhancing DNA-damage repair, and protecting cancer cells 
from apoptosis (12). As STAT3 has been reported to regulate 
telomerase activity, and since silencing of STAT3 could effec-
tively downregulate telomerase expression (18) accordingly, 
we performed a telomerase repeat amplification assay to 
analyze the effect of B1 on the telomerase activity in A549 
cells. The results revealed that the treatment of A549 cells with 
various concentrations of B1 for up to 24 h showed a signifi-
cant inhibitory effect on telomerase activity in a time- and 
dose-dependent manner (Fig. 6C).

Discussion

In our previous study, the newly synthesized 2,6-diamido-
anthraquinone derivative, B1, demonstrated potent cytotoxic 
effects in human lung, colon and breast cancer cells. The 
antiproliferative mechanism of B1 in human lung cancer cells 
may act through the induction of cell apoptosis and cell cycle 
G1 arrest. Moreover, B1 also showed an inhibitory effect on 
topoisomerase II activity (1).

The present study found that the cytotoxic effects of B1 
were not only restricted to the aforementioned human cancer 
cells, but were also observed in human hepatoma cells (HepG2 
and 2.2.15), and in rat glioma cells (C6). Among all human 
cancer cell lines tested, the human lung cancer cells were 
more susceptible than the others to the cytotoxic effect of B1. 
In addition, the growth inhibitory effect of B1, a novel HDACi, 
was determined to be stronger than the commercial compound 
SAHA, but weaker than TSA (Fig. 1E).

The aberrant expression or activity of HATs and HDACs 
has been reported in various cancer cells, and treatment with 
HDACi has been shown to result in differentiation, cell cycle 
arrest, inhibition of angiogenesis, and induction of the apop-
totic machinery (19). To date, 18 human HDACs with different 
functions have been identified (20). Among these, HDAC3 may 
be the key target of vorinostat and romidepsin, the currently 
available HDACis for the treatment of human cancer (21). Our 
examination of the effect of B1 on histone acetylation revealed 
that B1 effectively enhanced the acetylation of histone H3 and 
inhibited the expression of HDAC3 (Fig. 1B).

Since topoisomerase II inhibitors have been reported to 
induce apoptosis through the initiation of DNA damage (22), 
the comet assay was used to determine the DNA damage 

Figure 6. Effects of B1 on nuclear signal transducer and activator of transcription 3 (STAT3) and nuclear factor-κB (NF‑κB) mRNA expression and telomerase 
activity. (A) STAT3 mRNA expression. (B) NF-κB mRNA expression. A549 cells were treated with B1 for 48 h, and the expression of mRNA of both transcrip-
tion factors was determined by RT-qPCR. The histogram represents the ratios of STAT3 mRNA to GAPDH mRNA, and are shown as the mean ± SE. (C) After 
treatment with the indicated concentrations of B1 for 24, 48 and 72 h, the telomerase activity of the A549 cells was analyzed by real-time PCR, and expressed 
relative to the untreated control. Significantly different (*P<0.05) compared with the untreated cells.
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caused by B1. The results showed that B1 obviously induced 
DNA DSBs along with increased treatment time and concen-
trations (Fig. 2A). Recent research has shown that HDAC3 is 
involved in DNA damage repair, and that deletion of HDAC3 
effectively decreases the DNA damage repair ability  (23). 
Thus, in addition to the topoisomerase II inhibitory effect, 
DNA DSBs induced by B1 may be mediated, at least in part, 
through inhibition of HDAC3. Apoptosis induction plays 
a vital role in HDACi-induced cancer cell death. Our data 
revealed that TUNEL-positive cells were markedly increased 
by 0.5 µM B1 treatment for 24 h (Fig. 2B). This result was 
further supported by the expression changes of the external 
apoptotic pathway regulators (Fig. 2C and D).

Mitochondrial membrane potential dissipation is essential 
for the initiation of the internal apoptotic pathway, and is 
also known as the point of no return for apoptosis. Through 
modulation of mitochondrial transmembrane potential, the 
oncoprotein Bcl-2 family controls a crucial point in the regula-
tion of apoptosis. In contrast, Bcl-xL inhibits the formation of 
lethal Bax/Bak pores on mitochondrial outer membranes, and 
subsequently prevents apoptosis. The anti-apoptotic proteins, 
Bcl-2 and Bcl-xL, can be neutralized by the pro-apoptotic 
protein Bad (24). The major cytotoxic effect of HDACis is 
mediated through the modulation of the proapoptotic and 
antiapoptotic proteins of the Bcl-2 family, leading to activation 
of the intrinsic apoptotic pathway (25). In line with previous 
studies, we demonstrated that B1 effectively dissipated mito-
chondrial membrane integrity, and these results were further 
supported by an increase in Bad and a decrease in Bcl-xL 
expression in western blot analysis (Fig. 3).

Metastasis causes 90% of cancer-related deaths. Before 
intravasating into the blood and colonizing in distant organs, 
the degradation of the extracellular matrix is indispensable to 
metastatic cancer cells. MMPs are a family of zinc-dependent 
endopeptidases with the ability to destroy the extracellular 
matrix; therefore, they play a vital role in cancer invasion and 
metastasis. In addition, they are involved in different hallmarks 
of cancer cells, including the promotion of angiogenesis and 
proliferation, resistance to apoptosis, and escape of immune 
surveillance (26). Most MMPs are secreted as pro-enzymes 
(pro-MMPs) or zymogens, and become activated under certain 
extracellular environments  (27). Among these enzymes, 
MMP-2 and MMP-9, which have the ability to degrade 
collagen IV, the major component of the basement membrane, 
are highly expressed in aggressive cancers. Compared with 
MMP-9, which is induced by specific stimulating factors, 
MMP-2 is constitutively activated in metastatic tumor cells. 
The increased expression of MMP-2 was found in human lung 
tumor samples with more aggressive disease (28). Therefore, 
targeting MMP-2 could be more important for the treatment of 
cancer metastasis (29). Our results revealed that B1 inhibited 
cell migration, pro-MMP-2/9 expression, and their activities in 
A549 cancer cells (Fig. 4).

The STAT3 transcription factor remains latent in the 
cytoplasm, and is activated in response to cytokines and 
growth factor stimuli. These extracellular signals activate 
receptor tyrosine kinases and non-receptor tyrosine kinases 
that phosphorylate monomeric STAT3 in the cytoplasm, and 
subsequently these phosphorylated STAT3 translocate to the 
nucleus for their transcriptional activities. It has been well 

established that STAT3 plays an important role in the develop-
ment and promotion stage of carcinogenesis (30).

NF-κB pathway activation participates in oncogenesis 
by inhibiting apoptosis, stimulating proliferation, generating 
tumor-promoting immune activity, and boosting migration 
and invasion. In mouse models of colitis-associated cancer, 
inhibition of NF-κB through the deletion of IKKβ in intes-
tinal mesenchymal cells, decreased the incidence and growth 
of cancer (11), and the same phenomenon has been observed 
in hepatoma and breast cancer  (31,32). In addition to the 
individual carcinogenesis activity of NF-κB and STAT3, the 
interaction between these two transcription factors plays vital 
roles in the control of the communication between malignant 
cells and the surrounding tumor microenvironment, especially 
with immune/inflammatory cells (33).

It is now clear that histones are not the only targets of 
HDACis. In fact, the anticancer effects of HDACis are also 
achieved through modulation of the acetylation status of 
many non-histone proteins, including transcription factors, for 
example, NF-κB, STAT3 and p53 (34). There are studies that 
HDACis suppress cancer cell growth through the inhibition 
of STAT3 activation (35,36). In addition, Chien et al demon-
strated that an HDACi suppressed the growth of pancreatic 
cancer cells through the inhibition of the NF-κB pathway (37). 
In concordance with these studies, herein we demonstrated 
that B1 effectively downregulated cytoplasmic and nuclear 
pSTAT3/STAT3 ratios and NF-κB expression (Fig. 5). STAT3 
has been reported to extend the nuclear retention of NF-κB (38). 
Therefore, further studies are needed to determine whether the 
decrease in the nuclear NF-κB protein level after B1 treatment 
occurs via the inhibition of nuclear translocation and/or via the 
downregulation of STAT3 expression.

Targeted therapy with epidermal growth factor receptor 
(EGFR) tyrosine kinase inhibitors (TKIs), erlotinib and 
gefitinib, showed great efficacy in treating patients with meta-
static non-small cell lung cancer harboring EGFR mutations. 
Human lung cancer cell lines with activating EGFR mutations 
have shown marked STAT3 activation; however, targeting 
EGFR mutations cannot effectively inhibit STAT3 activation. 
In addition, treating cancer cells with EGFR inhibitors can 
activate the IL-6/JAK/STAT3 signaling pathway, which in 
turn, induces resistance to these agents (39). The combination 
of EGFR and STAT3 inhibition has been reported to cause a 
greater decrease in STAT3 activity and lung cancer growth 
in vivo than either single agent alone (40). At present, tradi-
tional chemotherapy is still utilized as the main therapy for 
patients suffering from EGFR wild-type non-small cell lung 
cancer; however, its effect is disappointing. Experiments using 
in vitro EGFR wild-type lung cancer cell lines and in vivo 
animal models show that the combination of an HDACi and 
EGFR-TKI can significantly inhibit the growth of lung cancer 
cells, which were originally resistant to EGFR-TKI treat-
ment (41). Therefore, B1, with the inhibition of HDAC and 
STAT3 phosphorylation, could have the potential to be an 
additive agent together with EGFR-targeted therapy for the 
treatment of lung cancer, with or without EGFR mutation.

Telomeres, which are located at the end of chromosomes, 
protect linear chromosomes from degradation. Cells lose 
25-200 base pairs of telomeric DNA progressively during 
each cell generation, and this explains why normal human 
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somatic cells show a limited replicative life-span during 
extended culture in  vitro. Almost all types of malignant 
cells can maintain telomere length, and most achieve this 
through upregulation of telomerase activity (42). Telomerase, 
acting as the central regulator of all the hallmarks of cancer, 
is reactivated in 90% of all human cancers (43). Telomerase 
is a downstream target of STAT3, and inhibition of STAT3 
through RNA interference has been shown to be sufficient 
to downregulate the expression of telomerase (18). Previous 
studies also revealed that HDACis reduce the activity of the 
catalytic subunit of telomerase  (44,45). In line with these 
studies, our results showed that B1 (which has HDAC and 
STAT3 inhibitory effects) induced profound suppression of 
telomerase activity (Fig. 6C).

Currently, the resistance of cancer cells to HDACis is 
regarded as one of the causes for the disappointing results 
of the clinical application of HDACis. Recent research has 
demonstrated that the acetylated STAT3- and DNA meth-
yltransferase 1-mediated activation of insulin-like growth 
factor 2 transcription and downstream type 1 insulin-like 
growth factor receptors are important for lung cancer cell lines 
to become resistant to HDACis (46-48). Furthermore, HDACis 
revealed significantly antiproliferative activities against both 
liquid and solid tumor cell lines. Animal studies demonstrated 
that the toxic effects of HDACis are very weak. Despite this, 
the FDA has approved HDACis alone for the treatment of 
liquid tumors, and patients receiving HDACi therapy may still 
show side effects of traditional chemotherapy, such as diar-
rhea, fatigue and bone marrow inhibition. It is believed that the 
reason for the difference between animal studies and clinical 
trials is that most HDACis inhibit all HDACs, without specific 
and selective inhibition of HDACs (49). Therefore, the types of 
the HDACs inhibited by B1 and the in vivo anticancer activity 
will be the focus of our future research.

Cancer is a multi-genetic disease that results from compli-
cated dysregulated biochemical pathways. Therefore, the 
inhibition of a single signaling pathway by targeted therapy 
may not provide significant therapeutic benefits and instead, 
could increase the risk of drug resistance; however, a small 
molecular anticancer drug with multiple targets may be more 
beneficial (50). B1 has the ability to inhibit HDAC, telomerase 
and topoisomerase II, and thus, may be a candidate for future 
drug development.
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