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Abstract
Objective The present study evaluated the anti-cancer effects of irradiation (Ir) alone, Ir after heat shock protein 90 inhibitor; 17-
allylamino-17-demethoxygeldanamycin (17-AAG) and gold nanoparticle (GNP) treatments in human colorectal cancer cell line
(HCT-116), with the targeting of related mechanisms.
Methods Water-soluble tetrazolium salt-1 assay was utilized to study the cytotoxic effects of 17-AAG, GNP, Ir in single and
combination cases on the cell viability of HCT-116 cells. The cells were examined with DNA fragmentation electrophoresis and
evaluated for apoptosis induction. Caspase-3 expression as a critical apoptosis element in protein level was detected by western
blotting.
Results Treatment with 17-AAG in a dose dependent manner for 24 h inhibited the cellular viability of HCT-116 cells. GNP at a
dose of 70 μM had the lowest cytotoxic effects and was thus selected for combination treatment studies. Based on the results,
GNP at a dose of 70 μM did not have a significant effect on cellular viability of HCT-116. In contrast, the evaluation of double
and triple combinations, GNP with Ir (2 Gy of 6 MV X-ray radiation) and 17-AAG in double combinations induced significant
cytotoxicity. Both DNA damage pattern and caspase-3 protein upregulation were present in Ir,GNP/17-AAG,GNP and Ir,17-
AAG combinations compared to single treatments. Furthermore, in the three combination of GNP,Ir,17-AAG, radiosensitization
effects (increased caspase-3 expression) occurred with a minimum concentration of 17-AAG.
Conclusion According to the results of this study, 17-AAG as chemotherapeutic agent in combination with Ir and GNP exerts
noticeable anti-cancer effects, inhibited cell viability, and increased apoptosis occurrence by upregulating caspase-3 expression. It
is suggested that these combinations should be more evaluated as a promising candidate for colorectal cancer treatment.
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WST-1 Water-soluble tetrazolium salt-1
Ir Irradiation

Introduction

Colorectal cancer is a major cause of cancer incidence and
mortality. Recently, numerous drug combinations have been
used in its treatment, which has led to better response rates;
however, drug resistance is unavoidable [1]. Radiotherapy has
been used as one of the usual therapeutic strategy in the treat-
ment of various cancers including colorectal cancer. Although
appropriate response toward radiotherapy is achieved in the
primary phase of cancer treatments, large numbers of patients
have encountered cancer radiation resistance [2]. The evalua-
tions of radiation oncology based onmethods that improve the
radio sensitizing effects are applicable. One of the major prob-
lems of radiotherapy is its lack of selectivity. Therefore, the
application of metal nanoparticles may assist in increasing the
contrast between the tumor and soft tissues, and subsequently
provide radiosensitizing effects [3]. The application of gold
nano particle (GNP) in radiotherapy may enhance treatment
outcomes. According to previous research, the use of GNP in
radiotherapy is to increase radiation dose against cancer cells.
Indeed, in the study of colorectal cancer cells, the synergistic
effects of PEGylated GNP in kilo-voltage & mega-voltage
radiation were presented [4]. GNPmay act as a bio-inert agent
in colorectal cancer cells by increasing its radiosensitization
[5]. On the other hand, chemotherapy is a common treatment
for colorectal cancer in patients with lymph node involvement
and metastatic cases. Chemotherapy resistance persists as a
major challenge in the cure of metastatic cancers [6].

Apoptosis is a process of programmed cell death that hap-
pens in different cell phases. Apoptosis plays a key role in the
evaluation of response to the number of cytotoxic and tumor
cell destruction [7]. Caspases are considered as crucial apo-
ptosis mediators. Among them, caspase-3 is the main protease
activator and plays a major role in programmed cell death
(apoptosis) [8]. In colorectal cancer growth, the balance
among the cell growth and apoptosis rates is impaired gradu-
ally. Current report showed that impaired apoptosis might be a
main factor in the development of colorectal cancer and its
unsuccessful response to chemotherapy and radiation [9].

Novel chemotherapeutic treatment strategies including com-
bination therapies may be effective in colorectal cancer treat-
ment [10]. Heat shock protein 90 (HSP90) inhibitors are con-
sidered as an efficient therapeutic approach in cancer targeted
therapy [11]. 17-allylamino-17-demethoxygeldanamycin (17-
AAG) is a HSP90 inhibitor that exerts cytotoxic and apoptotic
effects on cancer cells [12, 13].

According to a related study, blocking HSP90 inhibits the
invasive characteristics of colon cancer cells [14]. In this
regards, cytotoxic effects of 17-AAG in combination with

other chemotherapeutic agents were studied in few previous
surveys in colorectal cancer cells [15–17]. Nonetheless, based
on our knowledge, there are not any studies which evaluated
the effects of 17-AAG in combination with other anti-cancer
therapies including radiotherapy and GNP (as possible radio-
sensitizer and chemo-sensitizer) in colorectal cancer cells.
Therefore, we design the cases of toxicity evaluation after
the administration of 17-AAG and GNP in combination with
irradiation (Ir) in colorectal cancer cells in relation to cancer
cell death and apoptosis regulation.

Indeed, this study aimed to investigate the effectiveness of in
vitro gold-based nanoparticle radiosensitization in combination
with 17-AAG on the HCT-116 human colorectal cancer cell line.

Materials and methods

Experimental design

In the present study, we evaluate the anti-cancer activity of a
newly developed chemotherapeutic agent; 17-AAG and GNP
in combined treatments with Ir in human colorectal cancer cell
line (HCT-116), with the targeting of possible mechanisms. We
assess the therapeutic potential of these combinations in different
concentrations of 17-AAG. The Ir dose (2 Gy of 6 MV X-ray
radiation) were similar in all single and combined treatments.
After plotting dose response curve, we selected the GNP con-
centration, which had minimal cytotoxic effects versus to other
examined concentrations to decrease primary cytotoxicity of
GNP alone. Also, low concentration of 17-AAG selected for
these purpose in combinatorial cases (In-vitro). Cell viability
was determined using Water-soluble tetrazolium salt-1 (WST-
1) assay in HCT-116 different treatments. As a mechanistic ap-
proach, we looked at the role of apoptosis pathway, which is
critically involved in the cell death. The apoptosis pathway
induction was evaluated by different methods including DNA
fragmentation using gel electrophoresis, and caspase-3 protein
expression assay.

Chemicals and drugs

Human colorectal cancer cell line, HCT-116 provided by
Pasteur institute (Iran, Tehran). Cells were maintained at
37 °C in incubator with 5% CO2 in Dulbecco’s Modified
Eagle’s Medium, 10% fetal bovine serum and 1% Pen-Strep.

GNP was purchased from R&D department of Nanobon
Company (Tehran, Iran). This company prepared folic-acid-
GNP, with this procedure; an aqueous solution of HAuCl4
(Au; ppm) and trinatrium citrate was heated and vigorously
stirred for about two hours until the color of the solution
turned to deep red. After the solution cooled, a solution of
folic-acid (in ethanol) was added under ultrasonic probe and
sonicated. The formation of folic-acid - GNP was verified by
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spectrophotometer, transmission electronic microscope,
Fourier transform infrared spectroscopy .

Prior to the administration of different concentrations of
17-AAG (40, 25, 20, 10, 5, 2.5 and 1 nM), GNP (200, 100,
70 and 35 μM), 1 × 104 HCT-116 cells were plated for 24 h.

Based on Chou reports [18], dose-effect curves could be
plotted for each drug alone. Indeed each drug has a different
potency [the Dm (IC50) value] and different shape of the
dose-effect curve.

The Dm (IC50) can be obtained from the median-effect equa-
tion using computer software (CompuSyn) [18].

To calculate IC50, we used the series of dose-effect data
(17-AAG concentrations; 40, 25, 20,10,5, 2.5 and 1 nM) and
growth inhibition were evaluated. IC50 will correspond to the
concentration of 17-AAG that leads to a loss of 50% of cellu-
lar viability. IC50 of 17-AAG was calculated with the
CompuSyn.

For the assessment of cytotoxic effects of GNP and 17-AAG,
dose response curve was plotted based on the results obtained
from cell viability assay [(WST-1)TAKARA(Japan)]. From the
dose response curve, GNP at a dose of 70 μM had the lowest
toxicity effects on treated cells. This dose (70 μM) was consid-
ered for further analysis in combination cases.

1 × 104 HCT-116 cells were irradiated at a single dose rate
of 2 Gy in a field size of 10 cm × 15 cm and source-to-surface
distance of 100 cm at room temperature with a clinical linear
accelerator machine (Elekta Compact 6 MV) at the
Radiotherapy Unit, Emam Khomeini Hospital, Urmia, Iran.
A Plexiglass sheet (1 cm) (water equivalent) was placed on
the upper surface of the plate.

From the WST-1 results,the lower concentrations of 17-
AAG (9.45 nM) in double combination and 4.72 nM in triple
combinations with GNP (70 μM) were chosen and exposed to
radiation(2 Gy of 6 MV X-ray radiation) for further analysis
by western blotting and DNA fragmentation electrophoresis.

DNA fragmentation using gel electrophoresis

DNA fragmentation assessment was performed for HCT-
116 cell cultures treated with 17-AAG, GNP and Ir in
single, double and triple combinations for various treatment
cases during 24 h as described. 1 × 106 cells were seeded in
6-well plates. Then, for the analysis of DNA fragmentation,
using gel electrophoresis, we utilized the protocol described
by Samarghandian et al. [19] with some modifications.
Cells were trypsinized and washed with phosphate-
buffered saline. Additionally, floating cells were calculated.
In order to extract DNA, lysates were prepared using lysis
buffer (10 mM Tris (pH 7.4), 150 mM NaCl, 10 mM eth-
ylenediaminetetraacetic acid and 0.5% Triton X-100). Then
lysates were mixed and centrifuged. DNA was isolated by
phenol:chloroform:isoamyl alcohol and detected by 1.5%
agarose gel electrophoresis technique under UV light.

Statistical analysis

The one-way ANOVA analysis of variance was used to ana-
lyse the cytotoxicity, and caspase3 protein expression levels.
Data was presented as mean ± standard deviation of different
independent experiments. For multiple comparison between
groups, Post Hoc Tests [Tukey (HSD)] was used. Statistical
differences were considered at p < 0.05.

Results

Impacts of Ir, 17-AAG and GNP in single
and combination treatments cases on cell viability
of HCT-116

In order to study the cytotoxicity, cell viability was
detected by WST-1 assay (treatment with 17-AAG at
40, 25,20,10,5,2.5 and 1 nM concentrations) after
24 h. Cytotoxic effects were presented in a dose depen-
dent manner in HCT-116 cells. GNP cytotoxic effects
on the HCT-116 were evaluated in 35, 70, 100, and
200 μM at 24 h. From the results of this study, WST-
1 analyses showed that at 70-μM concentration of GNP,
there were lower cytotoxic effects compared to other
examined doses. The dose-response curve of 17-AAG
and GNP are presented in Fig. 1.

IC50 value of 17-AAG determined based on dose response
curves from the WST-1 test and calculated using CompuSyn
software. The amount of IC50 of 17-AAG after 24 h was
18.66 ± 1.96 nM.

Results from WST-1 assay presented in Fig. 2 show that
after 24 h, there was significant differences in cell viability
between single Ir treated cells and control (p < 0.05). At a
concentration of 70 μM GNP, there was no significant differ-
ence in comparison to the control (p > 0.05).

As presented in Fig. 3, in the study of combination
cases, data indicated that Ir,GNP and Ir,17-AAG combi-
nations induced higher cytotoxic effects compared to
single treatments (p < 0.05). Therefore, it could be con-
cluded that at low concentrations, 17-AAG (9.45 nM)
and GNP (70 μM) act as radiosensitizers in combination
with Ir. Also, in the case of 17-AAG,GNP significant
decreased cellular viability was observed as compared to
single treatments (p < 0.05).

In triple combination of GNP,Ir,17-AAG after 24 h, 17-
AAG at concentration of 4.72 nM resulted in higher cel-
lular viability inhibition compared to the double combina-
tion of 17-AAG at 9.45 nm (Ir,17-AAG). Furthermore, the
anti-proliferative effects of GNP (70 μM) with x-ray Ir
double combination were lower than GNP,Ir,17-AAG in
triple combination (p < 0.05).
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DNA fragmentation assay of HCT-116 exposed
to 17-AAG, Ir and GNP in single and combination
treatment cases of HCT-116

To evaluate the possible cell death mechanism of Ir, GNP and
17-AAG in different combinatorial treatments, DNA fragmen-
tation test, as an apoptosis detectionmethodwas used. The cells
were treated for 24 h and then, the extracted DNAwas assessed
on agarose gel electrophoresis. According to our results, the
patterns of DNA damage (Fig. 4) was detected in cells after
24 h of various combinatorial treatments including double
combinations (Ir,17-AAG/Ir,GNP/GNP,17-AAG) and triple
combination (Ir,GNP,17-AAG). Our findings suggest that 17-

AAG and GNP could be considered as radiosentisizers, which
induce DNA damage and apoptosis in HCT-116 cells.

Western blot analysis of caspase-3 protein expression
of HCT-116 exposed to 17-AAG, Ir and GNP in single
and combination treatments

Caspase-3 protein was prepared in cell homogenates and
evaluated by western blotting analysis for protein ex-
pression determination. Results from the western blot-
ting assay are presented in Fig. 5.

A one-way ANOVA analysis of variance and Post hoc tests
to analyses the caspase-3 protein expression levels were

Fig. 2 Results of WST-1 from
single treatments including 17-
AAG in concentration of
18.9 nM, GNP in 70 μM and x-
Ray Ir in 2 Gy. *significant dif-
ferences in compared to untreated
control cells (p < 0.05)

Fig. 1 Cytotoxic effects of 17-AAG (a) and GNP (b) based on WST-1 test in single exposures with different concentrations (24 h) in HCT-116 cells.
Data represented as mean ± standard deviation
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performed and data shows that after 24 h, there were signifi-
cant increased caspase-3 protein levels in all single, double
and triple combinations of Ir, GNP and 17-AAG compared
to the untreated control cells (p < 0.05). According to our re-
sults, caspase-3 protein expression was induced by 17-AAG

and GNP as radiosentisizer agents in double and triple com-
binations after 24 h.

Indeed, in all double combinations, caspase-3 expression
levels (Ir,17-AAG/Ir,GNP/GNP,17-AAG) increased signifi-
cantly in comparison to each single treatment (p < 0.05).

Fig. 4 Results of DNA fragmentation gel electrophoresis in HCT-116
(treated to 17-AAG,Ir and GNP in single and combined cases). HCT-
116 cells treated with 17-AAG (18.9, 9.45 and 4.72 nM concentrations

in single, double and triple treatments respectively), GNP in 70 μM and
2Gy of x-Ray Ir for 24 h. DNA fragmentation pattern was evaluated on
gel (1.5%) and visulized by UV

Fig. 3 WST-1 results (Cell
viability assay) from double
treatments (GNP,Ir/Ir,17-AAG/
GNP,17-AAG in the
concentration of 70 μM of GNP,
9.45 nm of 17-AAG and x-Ray Ir
in 2 Gy) and triple combination of
Ir,GNP,17-AAG (in the concen-
tration of 70 μMofGNP, 4.72 nm
of 17-AAG and x-Ray Ir in 2 Gy).
* Significant differences in com-
pared to single drug treatments
(p < 0.05). ** Significant differ-
ences in compared to double
treatments [Ir,GNP/ Ir,17-AAG
(p < 0.05)]
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Triple combination treated cells (GNP at a dose of 70 μM
in combination with 17-AAG at 4.72 nM, and 2 Gy of 6 MV
X-ray Ir) had higher caspase-3 levels in compared to double
combinations cases including Ir,17-AAG and Ir,GNP
(p > 0.05). In addition, elevated caspase-3 level in triple

combination had significant difference versus GNP, 17-AAG
treated cases (p < 0.05).

Among the double combinations, there was higher
caspase-3 upregulation in the case of GNP, Ir compared to
GNP,17-AAG (P = 0.05). Further analysis showed that Ir,

Fig. 5 Effect of 17-AAG, GNP and Ir in single and combined cases on
the expression of caspase-3 in HCT-116 cells. In treatments including 17-
AAG, the 18.9 nM for single treatment, the 9.45 nM for double and
4.72 nM for triple combination treatments were used. Results shown as
caspase-3 to β-actin ratio (mean ± standard deviation) of separate tests.

The beta-actin utilized to normalize the equal volume of protein loaded.
Presented data is representative of two separate tests. *significant differ-
ences to single treatments(p < 0.05). ** significant differences to double
combination [GNP,17-AAG (p < 0.05)]
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GNP, 17-AAG triple combination had higher caspase-3 levels
compared to each single treatment (p < 0.05).

Discussion

In the current study, we showed cell death and apoptosis in-
duction with 17-AAG and GNP in combination with Ir in
human colorectal cancer cell line. Based on our findings, the
low concentrations of 17-AAG in double and triple combina-
tions led to higher cellular toxicity, caspase-3 upregulation and
subsequently potential apoptosis induction. Definitely, these
cellular toxic effects in HCT-116 are most likely through the
activation of caspase-3 as the major apoptosis element.

To evaluate the effects of Ir and 17-AAG combined to
GNP, we selected the concentration of GNP which exhibited
minimal inherently cytotoxicity in single treatment. We as-
sumed GNP as sensitizer agent in radio and chemotherapy
with Ir and 17- AAG respectively.

Previous data reported that, GNP increases the sensitivity
of biomolecules to radiation by changing the sensitivity of the
objective biomolecules [20].

According to a previous study, 17-AAG as HSP90 inhibi-
tor in HeLa cells increased radiosensitivity [21] and this was
in agreement with our findings. In this study, the combination
of 17-AAG at a low dose led to higher cytotoxic effects and
apoptosis induction compared to single treatments.

Musha et al. indicated that 17-AAG with x-rays exerted
synergistic effects on cell toxicity by weakening the G2/M
inhibition promoted by x-rays [22] which is also in agreement
with this study.

Additionally, in another study, combined exposures to 17-
AAG and celecoxib increased the treatment effectiveness of
ionizing radiation in cancer cells including colon cancer cells
[23]. According to our results, 17-AAG induces caspase-3 ex-
pression and exerts higher cytotoxicity when administered with
Ir. it seems that, 17-AAG and Ir acts in cooperative manner.

It could be said that, 17-AAG that inhibit HSP90, could
increase HCT-116 cell susceptibility against Ir. This data dis-
plays that altered HSP90 function exerted colorectal cancer
cell cytotoxicity and radiosensitization, proposing a potential
therapeutic efficacy of 17-AAG in combination with Ir.

In a double combined treatment of Ir,GNP we obtained
higher cytotoxicity effects and caspase-3 protein expression
compared to single Ir. Therefore, our data show the
radiosensitizing effects of GNP when combined with Ir.

In a similar study, the injection of Tio-GNPs to colorectal
tumors in combination with x-rays (source was at 4 mA,
80 kV) decreased cell growth. Also, the use of tiopronin-
coated GNPs (Tio-GNPs) with radiation led to decreased cell
viability in HCT-116 [24]. The results of this study are in
agreement with us.

Other researchers evaluated the impacts of GNP on radio-
sensitivity of colorectal cancer cell line (HT-29) when used
with 18 MV x-rays. This data confirmed the possible effec-
tiveness of GNPs with radiation therapy by utilizing high MV
photons [25]. It has also been reported that the effects of GNP
on HT-29 colorectal cancer is related to increased
radiosensitization of MV X-ray energy. The radiosensitizing
effects may be because of enhanced absorbed Ir dose [5].

Nowadays, theoretical reports have shown that GNP can be
considered as radiosensitizers to improve radiotherapy out-
comes due to photon-induced emission of photo-/Auger elec-
trons [26]. Reports have also indicated that the effects of GNP
radiosensitization are modulated by mitochondrial function
[27]. A previous study established that GNP had noticeable
effects on mitochondry, as manifested by the oxidation of
mitochondrial membrane protein oxidation, cardiolipin and
interruption of mitochondrial membrane [28]. Based on these
data, and the fact that the depolarisation of mitochondria is
related to cellular deterioration, including apoptosis [28], it
could be related to describe our findings on apoptosis induc-
tion as shown in the Ir,GNP double combination.

Overall, in the present study, we examined whether com-
bined treatment with 17-AAG and GNP could increase the
radiosensitivity of HCT-116 cells. To the best of our knowl-
edge, we did not find any similar study as regards the effects
of triple combinations on colorectal cancer cell lines and our
study was the first. According to our findings, combined treat-
ment with 17-AAG at a very low concentration (4.72 nm) and
GNP could increase the cytotoxic effects. These observed im-
pacts were obtained at minimal concentrations of 17-AAG
while a triple combination of 17-AAG, GNP and Ir showed
higher anticancer impacts compared to double combinations
of Ir, GNP and Ir, 17-AAG and single treatment at a higher
concentration of 17-AAG. Therefore, triple combination elic-
ited caspase-3 up regulation and subsequently, apoptosis in-
duction at the given concentrations. GNP greater
radiosensitizing impacts when combined with 17-AAG and
Ir in comparison with Ir-GNP and Ir-17AAG were present.

Conclusion

It could be deduced that 17-AAG in combination cases acts in
cooperative manner with GNP and Ir and these combinations
showed significant anti-proliferative effects. Induction of cell
death including apoptosis could be considered as potential
therapeutic approaches in these cases. However, treatment of
cancer using GNP is still needs further investigations and the
cell death via apoptosis needs to be optimized by further reg-
ulating agents. These data proposed a promising approach to
colorectal cancer treatment which show the efficacy of the 17-
AAG as newly developed chemotherapeutic drug combined
with GNP with targeting cell death activation. 17-AAG was
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demonstrated to be a feasible radiation-sensitive agent for ra-
diotherapy in the presence of GNP, which suggest experimen-
tal combinations for further verifications of increments in
GNP-mediated doses of biological interest. In conclusion,
GNP can cause higher efficacy of anti-cancer treatments.
However, future experiments are needed to assess the effects
of these combinations.
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