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Abstract. The aim of the present study was to investigate 
the radiosensitization effect of triciribine (TCN) on human 
esophageal squamous cell carcinoma (ESCC) in normoxia 
or hypoxia and its mechanism. The cytotoxicity and radio-
sensitization mechanism of TCN were investigated by Cell 
Counting Kit 8, clonogenic assay, flow cytometry, western 
blotting (WB) and immunofluorescence staining of phospho-
histone H2A.X, Ser139 (γ‑H2AX) in ESCC in vitro, while the 
protein expression levels of AKT, phosphorylated (p)‑AKT, 
hypoxia-inducible factor (HIF)‑1α and vascular endothelial 
growth factor (VEGF) were evaluated by WB in vivo. The 
cytotoxicity of TCN was dose dependent. Upon exposure 
to TCN, ESCC cells in hypoxia treated with 4‑Gy radio-
therapy exhibited an evidently higher apoptotic rate than 
cells subjected to other treatments. TCN could significantly 
inhibit the protein expression of p‑AKT, HIF‑1α and VEGF 
in vitro and in vivo. The present results suggested that TCN 
can effectively inhibit AKT, p‑AKT, HIF‑1α and VEGF, thus 
conferring radiosensitivity to ESCC in vitro and vivo. TCN is 
considered as an adjuvant in radiotherapy of ESCC in clinical 
application.

Introduction

Esophageal cancer (EC) is the sixth leading cause of cancer 
mortality, with 17,990  new cases and 15,210  mortalities 
reported in 2013 (1). The major histological type in China is 
squamous cell carcinoma (SCC), which accounts for >90% of 
all types of EC (2,3). Locally advanced esophageal carcinoma 
is known to be refractory to a single modality of treatment (4). 
Patients with unresectable or medically inoperable disease are 
usually treated with radiation therapy and concurrent chemo-
therapy (4,5). However, hypoxic environments contribute to 
malignant behavior, including tumor progression, invasion 
and radiation resistance (6), which are major barriers to the 
success of radiation therapy. Therefore, improving the hypoxic 
environment to enhance the radiation sensitivity of cancer 
cells has become an urgent task.

Recently, a number of studies have focused on the 
oncogenic phosphatidylinositol‑3‑kinase (PI3K)/AKT 
pathway, also known as the protein kinase B pathway (7). 
The PI3K/AKT pathway phosphorylates and activates AKT 
to phosphorylated (p)-AKT, which plays a critical role in 
promoting a malignant phenotype and has prognostic signifi-
cance in a number of solid tumors (7,8). Previous reports also 
suggested that p‑AKT overexpression may correlate with a 
poor prognosis  (9,10). Hypoxic environments can activate 
a specific set of tumor‑promoting factors, including signal 
transducer and activator of AKT and hypoxia‑inducible factor 
(HIF)‑1 (11,12). HIF‑1 can activate the vascular endothelial 
growth factor (VEGF) gene in response to PI3K/AKT and 
mammalian target of rapamycin (mTOR) signaling to regulate 
the adaptation to hypoxic conditions (13). In addition, p‑AKT 
enhances the expression of the HIF‑1α gene and its target 
genes such as VEGF (14,15). HIF‑1α is an oxygen‑sensitive 
subunit, and regulates >100 genes involved in cell survival, 
tumor metabolism, proliferation, invasion and angiogenesis to 
resist various treatments (14‑17).

Triciribine (TCN), as an effective AKT inhibitor, has been 
demonstrated to effectively inhibit p‑AKT (18). It has been 
reported that TCN potently and selectively inhibits the activation, 
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dimerization and nuclear translocation of AKT, resulting in an 
increase in the apoptosis of prostate carcinoma cells (19).

Thus, we hypothesize that TCN inhibits AKT and HIF‑1α 
expression, and improves tumor microenvironment in esopha-
geal SCC (ESCC) cells. In other words, TCN can radiosensitize 
human ESCC cells by decreasing AKT and HIF‑1α expression 
in hypoxia. To confirm the hypothesis described above, the 
present study examined the effects of TCN and/or X‑rays on 
human ESCC cells in hypoxia both in vitro and in vivo.

Materials and methods

Reagents. The AKT inhibitor TCN (>99%) was purchased from 
Selleck Chemicals (Houston, TX, USA), while RPMI‑1640 
medium and fetal bovine serum (FBS) were obtained from 
Gibco (Thermo Fisher Scientific, Inc., Waltham, MA, USA). Cell 
Counting Kit (CCK) 8, streptomycin, penicillin and dimethyl 
sulfoxide were obtained from Beyotime Institute of Biotech-
nology (Haimen, China). Antibodies against AKT (9272S) 
and p‑AKT (4060S) were purchased from Cell Signaling 
Technology, lnc. (Danvers, MA, USA), while antibodies against 
HIF‑1α (sc-13515), VEGF (sc-117031) and β‑actin (sc-47778) were 
obtained from Santa Cruz Biotechnology Inc. (Dallas, TX, USA). 
Mouse anti‑phospho-histone H2AX, Ser139 (γ‑H2.AX) anti-
body (MAB504A) was obtained from EMD Millipore (Billerica, 
MA, USA).

Cell culture. The ESCC cell line ECA109 (supplied by 
Shanghai Institute of Cell Biology, Shanghai, China) was 
cultured in RPMI‑1640 medium supplemented with 10% 
Gibco FBS (Thermo Fisher Scientific, Inc.), 100  U/ml 
penicillin and 100 mg/ml streptomycin. ECA109 cells were 
maintained at 37˚C in a humidified incubator at 5% CO2, 
20% O2 or 1% O2. Hypoxic conditions were created in an 
hypoxia chamber, where the cells were incubated in a 
modular chamber flushed with a complex air of 1% O2, 5% 
CO2 and 94% N2 at 37˚C.

Treatment with irradiation. ECA109 cells were irradiated with 
6 MV X‑rays (Elekta Instrument AB, Stockholm, Sweden) at a 
dose rate of 5.66 Gy/min (2, 4, 6 and 8 Gy) at room temperature. 
The tumors of nude mice were irradiated with 4 MV X‑rays 
(6  Gy) using an RS‑2000 biological irradiator (Shanghai 
Bio‑Chain Institute of Cell Biology, Shanghai, China) at a dose 
rate of 4.48 Gy/min at room temperature.

CCK8 assay. Cell viability was determined using CCK8 
assay (Beyotime Institute of Biotechnology, Haimen, China). 
ECA109 cells (4,000  cells/well) were cultured in 96‑well 
plates for 24 h following TCN treatment with different concen-
trations (0, 0.5, 2, 4 and 8 µmol/l). Cell density was measured 
by CCK8 assay following the manufacturer's protocol. Briefly, 
10 µl of CCK8 (at 5 mg/ml) was added to each well at a final 
concentration of 0.5 mg/ml, and the cells were incubated for 
4 h at 37˚C. Then, the samples absorbance at 490 nm was read 
with a microplate reader (model 630; Bio-Rad Laboratories, 
Inc., Hercules, CA, USA).

Clonogenic survival assay. ECA109 cells were plated in 
6‑well plates at a specific density on the basis of the dose of 

X‑rays received. Then, cells treated with or without TCN with 
different doses of X‑rays were assessed by clonogenic assay. 
Briefly, the cells were treated with or without TCN for 24 h, 
and then irradiated with 0, 2, 4, 6 and 8 Gy at room tempera-
ture. The cells were grown at 37˚C for 12 days, fixed with 
methanol, stained with Giemsa, and then scored by counting 
with an inverted microscope, using the standard definition of a 
colony consisting of ≥50 cells. The surviving fraction (SF) was 
defined as follows: SF = (mean number of colonies)/(number of 
cells inoculated x plating efficiency).

Measurement of apoptosis by f low cytometry. Treated 
ECA109 cells were plated in 6‑well plates at a specific density. 
The cells were exposed to X‑rays (4 Gy) after TCN treatment 
in normoxia or hypoxia for 24 h. After 48 h, the cells were 
collected and labeled with Annexin V and propidium iodide 
according to the manufacturer's protocol. Cell death was 
analyzed by flow cytometry using light scatter characteristics 
(BD Biosciences, Franklin Lakes, NJ, USA). The apoptosis 
rate was determined by Annexin V‑FITC Apoptosis Detection 
kit Nanjing KeyGen Biotech Co., Ltd. (Nanjing, China). This 
experiment was repeated ≥3 times.

Western blot assay. Treated ECA109 cells were lysed in SDS 
Lysis Buffer (Sigma-Aldrich; Merck Millipore, Darmstadt, 
Germany) and then centrifuged at 14,000 x g (15 min, 4˚C). 
Protein concentrations of the samples were calculated with a 
bicinchoninic acid kit (Beyotime Institute of Biotechnology). 
Equal amounts of protein were separated by 6  or 10% 
SDS‑PAGE, transferred to Protran® nitrocellulose membranes 
(Schleicher & Schuell BioScience GmbH, Inc., Dassel, 
Germany), and then blocked with TBS (pH 7.4) containing 
0.05% Tween 20 and 5% nonfat milk. The membranes were 
incubated overnight at 4˚C by gentle agitation with various 
primary antibodies: Anti‑AKT antibody (1:500), anti‑p‑AKT 
antibody (1:500), anti‑HIF‑1α antibody (1:500), anti‑VEGF 
antibody (1:250) and anti‑β‑actin antibody (1:250). The 
following day, the membrane was incubated with alkaline 
phosphatase‑conjugated goat anti‑mouse immunoglobulin 
(Ig) G or goat anti‑rabbit IgG as secondary antibody (1:2,000; 
BS13271; Bioworld Technology, Inc., St. Louis Park, MN, 
USA) for 1 h at room temperature. The blots were visualized 
using the SuperSignal West Femto kit (Pierce; Thermo Fisher 
Scientific, Inc.).

Immunofluorescence staining of γ‑H2AX. ECA109 cells 
were grown on glass coverslips, treated with or without 
TCN, and then administered X‑rays (1 Gy). The cells were 
glass‑fixed with acetone and permeabilized with 0.1% 
Triton X‑100 in PBS for 5 min at room temperature. Next, 
the cells were incubated with an anti‑γ‑H2AX antibody 
(diluted 1:200) at 4˚C overnight and then incubated with 
fluorescein isothiocyanate‑conjugated secondary antibody 
(diluted 1:100; ab2492; Abcam, Shanghai, China) for 1 h 
at room temperature. After washing in PBS, cells were 
incubated in the dark with DAPI (at a dilution of 1:35 in 
4% paraformaldehyde) for 5 min. Then, the slides were 
examined with at x400 magnification with a confocal 
laser scanning microscope (LSM 510; Zeiss GmbH, Jena, 
Germany). For each treatment condition, the number of 
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γ‑H2AX foci were counted in ≥100 cells from randomly 
captured images.

In vivo experiment. A total of 24 four-week-old male BALB/c 
nude mice (weight, 18‑20 g) were acquired from Nanjing 
Medical University Animal Center (Nanjing, China). The 
animals, which were allowed free feeding and drinking, were 
housed under conventional conditions with constant tempera-
ture and humidity, and were maintained on a 12:12-h dark-light 
cycle. The mice were injected subcutaneously with ECA109 
cells (5x106 cells in 0.1 ml PBS) at one site of the right armpit 
separately. When the tumor mass became obvious (~150 mm3), 
the mice were randomly divided into four subgroups: Control 
group, 25 mg/kg TCN group, ionizing radiation (IR) (4 Gy) 
group and 25 mg/kg TCN plus IR group. Each group contained 
6 mice. For the control group, PBS alone was injected every 
2 days, and TCN was administered to the mice 3 times/week 
for 4 weeks. On the fifth day, the mice were administered a 
single dose of 4 Gy X‑rays (4.48 Gy/min) with the RS‑2000 
biological irradiator. The mice received TCN twice more after 
IR. On day 25, the mice were sacrificed. Tumor volume was 
calculated with the formula: Tumor volume (mm3) = length 

diameter (mm) x width diameter (mm) 2/2. Mouse tumors were 
analyzed by WB for p‑AKT, AKT, HIF‑1α and VEGF. All the 
procedures were performed in accordance with the guidelines 
of the laboratory animal ethics committee of Nanjing Medical 
University (Nanjing, China).

Statistical analysis. All experiments were performed in trip-
licate. Each datum represents the mean ± standard deviation 
or the mean ± standard error of mean of different experiments 
under the same conditions. Statistical analysis of the results 
was performed using GraphPad Prism program version 5.0 
(GraphPad Software, Inc., La Jolla, CA, USA) and SPSS 
statistical software system for Windows version 16.0 (SPSS, 
Inc., Chicago, IL, USA). Statistical significance between each 
treated group and the control was analyzed using the indepen-
dent t‑test. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Half maximal inhibitory concentration (IC50) for TCN in 
ESCC ECA109 cells. The viability of ECA109 cells was 
observed at various concentrations of TCN (0, 0.5, 2, 4 and 
8 µmol/l) for 24 h according to CCK8 assay (Fig. 1A). The IC50 
value for the ECA109 cell line was extrapolated at 24 h, and 
was calculated to be 6.155 µmol/l. Thus, a low concentrations 
of TCN (2 µmol/l) was selected for subsequent experiments 
with the ECA109 cell line.

TCN is an effective radiosensitizer of ESCC cells in normoxia 
and hypoxia in vitro. ESCC ECA109 cells were treated for 24 h 
with TCN (4 µmol/l) to investigate the effects of TCN on radio-
therapy sensitization of ESCC cells in normoxia and hypoxia. 
Clonogenic assays revealed the radiation dose‑response 
survival curves for ESCC ECA109 cells, and suggested radio-
resistance of ESCC cells (Fig. 1B). Notably, the effect of TCN 
was more obvious in hypoxia as compared with normoxia in 
ECA109 cells. When a low cytotoxic concentration (4 µmol/l) 
was selected in vitro, TCN diminished clonogenic survival 
to a great extent and radiosensitized ECA109 similarly 
under conditions of hypoxia [sensitization enhancement ratio 
(SER)=1.36] and normoxia (SER=1.50). By contrast, hypoxic 
cells in normoxia reduced their ability to form colonies 
after irradiation, indicating hypoxia‑induced radioresistance 

Figure 1. (A) TCN inhibited the proliferation of ESCC cells in a dose‑depen-
dent manner, with a half maximal inhibitory concentration of 6.155 µmol/l. 
(B) Clonogenic survival assay of ECA109 cells. Cells were exposed to 0‑8 Gy 
with or without TCN (4 µmol/l) in normoxia or hypoxia. ESCC, esophageal 
squamous cell carcinoma; TCN, triciribine.

Table I. Radiosensitization activity of TCN in ECA109 cells.

ECA109	 D0 (Gy)	 Dq (Gy)	 SF2	 SERD0

Hypoxia	 5.01	 2.56	 0.85	 1.00
Hypo + TCN	 3.68	 2.21	 0.65	 1.36
Normoxia	 3.34	 2.15	 0.63	 1.50
Nor + TCN	 3.03	 1.14	 0.61	 1.65
Cisplatin	 2.65	 0.71	 0.47	 1.89

TCN, triciribine; Hypo, hypoxia; Nor, normoxia; D0, mean lethal 
dose; Dq, quasi-threshold dose; SF2, surviving fraction at 2 Gy; SER, 
sensitization enhancement ratio.
     B

  A
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Figure 3. Upregulation of AKT and HIF‑1α by hypoxia can be attenuated by TCN in ESCC cells and xenografts in vivo. (A) Accumulation of HIF‑1α, VEGF 
and p‑AKT was observed upon 6 h of hypoxic incubation, and reached a maximum at 24 h in ESCC cells and nude mice. (B) For further experiments, the 24 h 
time point was selected. The hypoxia‑stimulated accumulation of p‑AKT, HIF‑1α and VEGF was significantly decreased by TCN. HIF, hypoxia-inducible 
factor; VEGF, vascular endothelial growth factor; ESCC, esophageal squamous cell carcinoma; TCN, triciribine; p, phosphorylated.

Figure 2. (A) The effect of 6 Gy+TCN in cell apoptosis is significant. *Normoxia, P=0.002; hypoxia, P=0.006. (B) TCN (4 µmol/l) significantly enhanced the 
irradiation‑induced apoptosis of ECA109 cells under hypoxia and normoxia (*P=0.003). (C) Determination of TCN-induced γ‑H2AX foci in ECA109 cells 
at 0.5, 4 and 24 h after 1 Gy±4 µmol/l TCN treatment (mean ± standard error of the mean, n=3). *P=0.0003 and P=0.0008 at 4 and 24 h, respectively. TCN, 
triciribine; IR, ionizing radiation; γ‑H2AX, phospho-histone H2A.X, Ser139; nb, number.

  C  B
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(normoxia, SER=1.50; normoxia + TCN, SER=1.65). Further-
more, this reduction was observed in cisplatin‑treated cells, 
which served as positive controls (SER=1.89) (Table I). These 
data revealed that TCN could significantly suppress clonogenic 
proliferation in normoxia and hypoxia, which was particularly 
evident in hypoxia, and reversed the radio‑resistance induced 
by normoxic or hypoxic conditions in ESCC cells.

The early apoptosis of ESCC cells treated by IR with or 
without TCN (4 µmol/l) was tested in normoxia and hypoxia. 
As shown in Fig. 2A, treatment with TCN for 24 h did not 
significantly induce apoptosis, and no distinct increase was 
observed in either normoxia or hypoxia. Notably, the propor-
tion of apoptotic cells was considerably increased in the 
irradiation‑treated group compared with the control group 
(normoxia, P=0.002; hypoxia, P=0.006). In addition, the 
number of apoptotic cells in the combined treatment group 
was significantly higher than the number of cells treated with 
irradiation alone under both normoxic and hypoxic conditions 
(both P=0.003) (Fig. 2B).

It was speculated that the effect of TCN on ESCC cells 
to IR may be based on the impairment in the repair of DNA 
double‑strand breaks (DSBs). Therefore, the levels of DSBs in 
ECA109 cells were detected at different times after exposure 
to IR under either normoxia or hypoxia by immunofluoresence 
staining of γ‑H2AX foci. As shown in Fig. 2C, the majority 
of γ‑H2AX foci were cleared at 4 h after exposure to 1 Gy 
of X‑rays in ECA109 cells without TCN, while γ‑H2AX foci 
persisted in ECA109 cells that were pretreated with TCN 
(4  µmol/l). The average of γ‑H2AX foci per cell in cells 
subjected to combined treatment with TCN and radiation 
was evident, compared with the radiation‑only group, at 0.5, 
4 and 24 h under normoxia and hypoxia (Fig. 2C) (P<0.0001, 
P=0.0003 and P=0.0008, respectively). TCN was not as 
obvious in inducing DNA damage in terms of γ‑H2AX foci 
induction compared with the controls (P=0.5493).

Upregulation of AKT and HIF‑1α by hypoxia can be 
attenuated by TCN in ESCC cells and xenograft in  vivo. 
As aforementioned, the inhibition of AKT phosphoryla-
tion was considered to possibly facilitate radiosensitivity in 

hypoxic environments, and this effect was possibly mediated 
through the inhibition of the critical transcription factor 
HIF‑1α and its target gene VEGF. To investigate whether 
AKT, p‑AKT, HIF‑1α and VEGF were involved in combined 
treatment‑induced cell death, western blotting was utilized to 
examine the protein expression of ESCC ECA109 cells and 
xenograft of ECA109 in vivo. Accumulation of HIF‑1α, VEGF 
and p‑AKT was observed upon the first 6 h of hypoxic incuba-
tion, and reached a maximum at 24 h (Fig. 3A). Thus, the 24 h 
time point was chosen for further experiments. Of note, the 
hypoxia‑stimulated levels of p‑AKT, HIF‑1α and VEGF were 
significantly decreased by TCN (Fig. 3B).

TCN promotes radiation sensitivity in nude mice. To confirm 
whether TCN exerts a radiosensitization effect on ESCC xeno-
graft in vivo, ECA109 tumor‑bearing mice were treated with 
6 Gy irradiation and received intraperitoneal injection of TCN 
(25 mg/kg) every day for 1 week before irradiation.

It was detected that TCN inhibits p‑AKT, HIF‑1α and 
VEGF protein expression in hypoxic ESCC xenografts. By 
temporarily blocking the tumor blood supply for 5 min before 
irradiation, an hypoxic model was established. Following drugs 
and irradiation administration, either irradiation or combined 
treatment effectively delayed tumor growth and reduced tumor 
weight (P=0.025 for irradiation and P=0.002 for TCN + IR on 
the 22th day) (Fig. 4).

In addition, the doubling time of ECA109 tumors was 
calculated. In the control group and the TCN alone group, 
the doubling time was 7.3±0.6 and 7.9±0.7 days, respectively. 
For the irradiation‑treated group, the combination treatment 
significantly extended the doubling time to 13.8±0.8 days 
(P=0.001), while in the irradiation alone group, this value was 
10.6±1.3 days (P=0.037). In general, these results demonstrated 
that intraperitoneal injection of TCN enhances the suppression 
effect of radiation on ESCC in vivo.

Discussion

To enhance the radiotherapy efficacy against cancer, several 
strategies have been utilized. Modulation of DNA damage 
repair, cellular antioxidant machinery, pro‑survival signaling, 
tumor hypoxia state and cell cycle distribution are commonly 
used targets for the development of radiation sensitizers (20‑24).

A central role in the PI3K/AKT pathway is the serine‑thre-
onine kinase AKT, since it enables PI3K to phosphorylate 
membrane‑bound phosphatidylinositol diphosphate to generate 
phosphatidylinositol trisphosphate, and allows p-AKT on 
Thr308 and Ser473 residues to interact with pyruvate dehydro-
genase kinase 1 and mTOR complex 2 (9). Furthermore, p‑AKT 
not only inhibits apoptosis via B‑cell lymphoma (Bcl)-2-asso-
ciated death promoter/Bcl‑extra large and glycogen synthase 
kinase 3 beta/myeloid cell leukemia 1, but also downregulates 
the transcription factors forkhead box and p53, upregulates 
nuclear factor‑κB activity, and inhibits pro‑caspase 9 (10). In 
addition, p‑AKT mediates a series of pro‑survival signals for 
anti‑apoptosis, proliferation, cell growth and angiogenesis (8). 
In the PI3K/AKT pathway, activated p‑AKT mediates diverse 
pro‑survival signals, promotes the malignant phenotype 
of cancer cells through multiple downstream pathways 
and correlates with a poor prognosis  (7‑10). p‑AKT also 

Figure 4. ECA109 tumor volume after 6 Gy (4.48 Gy/min) on day 6 plus or 
minus 5 mg/kg TCN on days 0, 2, 4 and 6 (mean ± standard error of the mean, 
n=6). TCN, triciribine; IR, ionizing radiation. 
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increases expression of the HIF‑1α gene and that of its target 
genes, including VEGF (12). HIF‑1α is an oxygen‑sensitive 
subunit  (14), which, under hypoxic conditions, is an impor-
tant factor for tumor cells to resist IR (15). TCN, which was 
initially described as a DNA synthesis inhibitor, has recently 
been shown to function as an inhibitor of AKT (18). Previous 
studies demonstrated that TCN inhibits AKT phosphoryla-
tion at Thr308 and Ser473 and AKT activity in the human 
prostate cancer cell line PC‑3 (18). In addition, TCN sensitized 
PC‑3 cells to tumor necrosis factor-related apoptosis-inducing 
ligand‑ and anti‑cluster of differentiation 95‑induced apop-
tosis, whereas the cells remained resistant to DNA damaging 
chemotherapeutics (16). The observed sensitization essentially 
depended on the phosphorylation status of AKT (16). Despite 
the lack of studies focused on the radiosensitivity of TCN and 
p‑AKT, we speculated an association between TCN and p‑AKT 
and radiosensitization of ESCC.

In our study, for the first time it was demonstrated that 
TCN reduced colony formation and induced apoptosis or 
impairment in the repair of DSBs combined with IR. In 
addition, TCN downregulated p‑AKT, HIF‑1α and VEGF in 
ESCC cells, and suppressed the growth of ESCC xenografts. 
These results may complement those from previous studies on 
TCN, which suggested that TCN may be an antitumor agent 
in different cancers, and may expand our understanding of the 
mechanisms of TCN activity (18).

In conclusion, the present results provide evidence that 
the combined application of TCN and IR may be an effective 
treatment for ESCC. TCN at low concentrations substantially 
radiosensitized normoxic and hypoxic ESCC cells by down-
regulating AKT and HIF‑1α, which contributes to tumor 
aggressiveness, invasiveness and resistance to radiation therapy. 
Furthermore, our data indicate that this treatment critically 
depends on a high constitutive AKT phosphorylation level.
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