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Abstract. Secretory clusterin (sCLU) is a type of stress-
induced, pro-survival glycoprotein elevated in early-stage 
cancer. It enhances cancer cell survival and is associated with 
several types of cancer progression. In this study, we measured 
the PI3K/AKT signaling activity by determining the phosphory-
lation level of the AKT protein, namely pAKT. A549 human 
non-small cell lung carcinoma (NSCLC) cells were treated with 
insulin-like growth factor-1 (IGF-1) for various periods of time. 
The results showed that IGF-1 activated the PI3K/AKT signaling 
pathway in the A549 cells in a time-dependent manner. Western 
blot analysis was performed to determine the expression of 
sCLU protein in A549 cells treated with IGF-1. IGF-1 elevated 
the expression of sCLU. To determine whether sCLU is required 
for the IGF-1 activation of the PI3K/AKT signaling pathway, 
the A549 cells were treated with IGF-1 and sCLU antisense 
oligonuleotide (sCLU ASO). sCLU ASO blocked the IGF-1 
activation of the PI3K/AKT signaling pathway. These results 
demonstrate that IGF-1 activates the P13K/AKT signaling 
pathway via the upregulation of sCLU. The present study 
implies that this pathway may uncover a new mechanism for 
cancer progression and reveal new targets for drug development 
in the treatment of NSCLC.

Introduction

Clusterin (CLU) is a heterodimeric, disulfide-linked 70-80 kDa 
glycoprotein that is induced during the regression of most, if 
not all, hormone-dependent epithelial tissues (1). Clusterin 
is expressed constitutively in many adult organs under 
physiological circumstances (2,3). A number of studies have 
demonstrated that the overexpression of CLU is associated with 

many types of cancer (4-8). However, the detailed function and 
regulatory mechanism of CLU remain elusive.

Clusterin expression is complex, appearing as different 
formations in different cell compartments. It consists of 
2 isoforms: secretory clusterin (sCLU) and intracellular clus-
terin (nCLU). The former has been described as a long-length 
CLU (also known as sCLU), while the latter as a nuclear form, 
truncated CLU (also known as nCLU) (9,10). sCLU is known 
as an extracellular secreted glycoprotein in the mature form 
that is upregulated in a variety of cell lines in response to stress 
and enhances cell survival (11). However, a number of studies 
have demonstrated that sCLU can also act as a cytoprotective 
protein (12-14). nCLU with nuclear localization has recently 
been described to be associated with cell death (15). These 
findings suggest that CLU is a pro-apoptotic or a survival gene. 
The role that CLU plays, however, remains unclear, while the 
difference in the function of its isoforms is also obscure.

The 3 major signaling pathways that have been identified 
as important in cancer are: the phosphatidylinositol 3-kinase 
(PI3K)/AKT signaling pathway, the protein kinase C (PKC) 
signaling pathway and the mitogen-activated protein kinase 
(MAPK)/Ras signalling pathway (16,17). The PI3K/AKT 
signaling pathway regulates several normal cellular processes 
including cell proliferation, survival, growth and motility 
processes that are critical for tumorigenesis (17-21).

Insulin-like growth factor (IGF)-1 induces cell growth in 
various mammalian cell types, including several carcinoma 
cells (22). IGF-1 functions by binding to its receptor (IGF-1R) 
and IGF-1 binding proteins (IGFBPs). To date, 6 members of 
the IGFBP family have been described (23). The binding of 
IGF-1 to IGF-1R may trigger the activation of several intra-
cellular kinases, including PI3K (24,25). Insulin receptor 
substrate-1 (IRS-1) is considered to be a common element in 
the IGF-1/PI3K signaling pathway (26).

IGF-1R, a transmembrane tyrosine kinase, is highly 
expressed in many cell types. Signaling through the IGF-1R 
is responsible for somatic growth in the fetus, whereas somatic 
growth in post‑natal mammals is achieved through the syner-
gistic interaction of the growth hormone and the IGFs (27). 
Although evidence has shown that IGF-1R may convey pro-
tumorigenic signals, its role in the development of cancer has not 
been elucidated (28). The inhibitors of IGF-1R, e.g., OSI-906, 
have been examined in clinical cancer trials to assess their 
clinical significance (29). As shown in a previous study, due to 
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the intrinsic resistance to IGF-1R-targeted therapy, malignant 
tumor progression was not significanlty affected (30). Thus, in 
tumor therapy, a more effective target in the signaling pathway 
is required.

Non-small cell lung carcinoma (NSCLC) accounts for 
80-85% of the total lung cancer cases and has an overall 
survival rate of <15% at 5 years (31). The therapeutic options 
for NSCLC are limited to chemo- and radiotherapy, due to lung 
cancer patients with advanced stages and poor prognosis (21). 
Moreover, although chemotherapy is under investigation as 
a neoadjuvant and adjuvant strategy during the early stages 
of the disease and some progress has been made in the treat-
ment of locally advanced and advanced disease, the treatment 
of NSCLC remains one of the great challenges of medical 
oncology (32). It is clear that chemotherapy has reached a 
plateau of activity in the treatment of NSCLC and further 
improvement requires the integration of novel and targeted 
therapies (33,34).

In the present study, we measured the PI3K/ATK signaling 
pathway activity by determining the abundance of the pAKT 
protein, namely the phosphorylation of the AKT protein. Our 
results demonstrate that the IGF-1 activation of the PI3K/ATK 
signaling pathway is mediated by CLU in the A549 human 
NSCLC cell line. Moreover, we show that the expression of 
CLU is elevated by IGF-1. Thus, we believe that targeting CLU 
may be an alternative therapeutic strategy against malignant 
progression.

Materials and methods

Antibodies. Antibodies for western blot analysis were as 
follows: anti-CLU and anti-β-actin were purchased from 
Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-
total AKT and anti-phospho-AKT were from Cell Signaling 
Technology (Beverly, MA, USA). Horseradish peroxidase 
(HRP)‑conjugated secondary antibodies were from Jackson 
ImmunoResearch (West Grove, PA, USA). OSI-906 was 
provided by OSI Pharmaceuticals (Melville, NY, USA).

Cell culture and treatments. The A549 human NSCLC cells, 
derived from human lung adenocarcinoma, were obtained 
from the American Type Culture Collection (Manassas, VA, 
USA) and maintained in Ham's F12K medium supplemented 
with 2 mM/L-glutamine, 1.5 g/l sodium bicarbonate, 10% 
fetal bovine serum (FBS) and 100 µ/ml penicillin/ strepto-
mycin. The cells were incubated at 37˚C with humidified 
air containing 5% CO2, and passaged when confluency was 
reached. The cells were treated with IGF-1 for 0, 10, 30 and 
60 min before lysis. For the OSI-906 (an IGF-1R antagonist) 
inhibition experiment, the cells were treated with OSI-906 at a 
concentration of 3 µM for 30 min. After 4 h of incubation, the 
cells were treated with IGF-1 for 30 min.

Antisense oligonucleotide (ASO) transfection. For sCLU ASO 
transfection, Lipofectamine 2000, a cationic lipid (Invitrogen 
Inc., Carlsbad, CA, USA) was used, according to the manu-
facturer's instructions. Briefly, after confluency was reached, 
the A549 cells were lysed and seeded on 24-well plates at a 
concentration of 105 cells/well. The plate was then incubated 
overnight. The cells were transfected with 100 nM antisense 

clusterin oligonucleotide (CLU ASO) or control oligonucleotide 
(Oncogenex Technologies Inc., Vancouver, Canada), using 
2 µl/well Lipofectamine 2000. After incubating for 30 min, the 
transfection medium was replaced with fresh medium. sCLU 
ASO was designed according to the human clusterin (NCBI: 
NM_203339) translation initiation site, with the sequence: 
5'-CAGCAGCAGAGTCTTCATCAT-3'. Both the control and 
the clusterin mismatch oligonucleotide were used with the 
sequence: 5'- CAGCAGCAGAGTATTTATCAT‑3'. The cells 
were lysed and used for western blot analysis 30 min later. 
For IGF-1 co-treatment, IGF-1 was added to the medium at a 
concentration of 10 ng/ml. The cells were then incubated for 
30 min before lysis.

Western blot analysis. The A549 cells were lysed directly 
on the culture dishes using lysis buffer (50 mM Tris-HCl, 
150 mM NaCl, 0.02% NaN3, 1% Triton X-100, 1 mM PMSF 
and 1 µg/ml aprotinin and 1 µg/ml leupeptin). The protein 
concentration was determined using the Bradford assay kit 
(Bio‑Rad Laboratories, Hercules, CA, USA). Cell lysates 
containing equal amounts of protein were separated by 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) (8-10%) and then transferred onto PVDF 
membranes. The membranes were initially blocked with 5% 
non-fat dry milk in Tris-buffered saline (TBS) for 1 h at room 
temperature and then incubated with the primary antibodies at 
4˚C overnight and HRP-conjugated secondary antibodies for 
2 h at room temperature. Protein bands were then developed 
with enhanced chemiluminescence (ECL) detection reagents 
(Amersham Biosciences, Piscataway, NJ, USA). All analyses 
were carried out independently and repeated at least 3 times 
with similar results.

Results

Establishment of an in  vitro system to detect PI3K/AKT 
signaling pathway. We measured the PI3K/AKT signaling 
activity by determining the phosphorylation level of the 
AKT protein, namely pAKT. The results showed that IGF-1 
activated the PI3K/AKT signaling pathway in the A549 cells 
in a time-dependent manner (Fig. 1). In the absence of IGF-1, 
the pAKT protein was barely detectable in the A549 cells. 
A 10‑min incubation time with IGF-1 was sufficient for the 
phosphorylation of the AKT protein. There was no notable 
increase in the pAKT protein level in the A549 cells incubated 
with IGF-1 for 30 and 60 min. By contrast, the amount of total 
AKT protein showed no increase in the cells when the A549 
cells were treated with IGF-1.

We further investigated whether IGF-1 activates the PI3K/
AKT signaling pathway through IGF-1R in the A549 cells. 
The IGF-1R antagonist, OSI-906, blocked the IGF-1-elevated 
phosphorylation level of the AKT protein in the A549 cells. 
Additionally, the ATK protein level was not affected by 
OSI-906 (Fig. 2).

IGF-1 upregulates sCLU protein expression. Western blot 
analysis was performed in order to determine the expression 
of sCLU protein in A549 cells treated with IGF-1. The results 
demonstrated that IGF-1 significantly increased sCLU protein 
expression (Fig. 3).
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sCLU ASO decreases the phosphorylation level of AKT. 
The A549 cells were treated with sCLU ASO. The results 
showed that the expression of sCLU (Fig. 4A) as well as the 
phosphorylation level of the AKT protein in the A549 cells 
(Fig. 4B) were markedly inhibited.

sCLU is required for the IGF-1 stimulation of the PI3K/AKT 
signaling pathway. To determine whether sCLU is required 
for the IGF-1 activation of the PI3K/AKT signaling pathway, 
the A549 cells were treated with IGF-1 and sCLU ASO. The 
results showed that CLU ASO repressed the phosphoryla-
tion of AKT in the cells treated with IGF-1 and sCLU ASO 
compared to those treated with IGF-1 alone (Fig. 5).

Discussion

The PI3K/AKT pathway, in parallel to the Ras/MAPK pathway, 
contributes to the regulation of cell survival. These pathways 
are thus considered the most attractive targets for the devel-
opment of novel anticancer therapies (20,32). The PI3K/AKT 
pathway is a key regulator of cell survival through multiple 
downstream targets. Indeed, activated AKT, a serine/threonine 
kinase itself, promotes cell proliferation, growth and survival, 
as well as other processes involved in cancer development by 
phosphorylating various intracellular proteins regulating these 
processes (16). The IGF-1 signaling pathway is involved in cell 
growth and the development of cancer (35). Previous studies 
have demonstrated that the IGF-1 binding to its receptor, 
IGF-1R, activates the PI3K/AKT signaling pathway (25). These 
experiments, however, were all performed using normal cells. 
In our study, using NSCLC cells as a model of cancer, to our 
knowledge, we demonstrate for the first time that this activation 
mechanism also applies to cancer cell lines.

CLU has been described as a marker for replicative senes-
cence, playing a protective role in inhibiting cell death (36). 

Figure 1. Western blot analysis was performed to determine the phosphoryla-
tion level of AKT and total AKT protein in A549 cells after IGF-1 treatment, 
at the indicated time-points (0, 10, 30 and 60 min). β-actin and total AKT 
were used as the internal controls to balance the amount of loaded protein.

Figure 2. Using western blot analysis, we determined the phosphorylation 
level of AKT and total AKT protein in A549 cells treated with IGF-1, IGF-1 
plus OSI-906 (3 µM) or OSI-906 alone. β-actin and total AKT were used as 
the internal controls to balance the amount of loaded protein.

Figure 3. Expression of sCLU protein in A549 cells treated with IGF-1. 
β-actin and total AKT were used as the internal controls to balance the 
amount of loaded protein. The molecular weight of sCLU is shown at 40 and 
60 kDa.

Figure 4. sCLU ASO decreased the phosphorylation level of AKT. (A) CLU 
ASO silenced the expression of sCLU in A549 cells. (B) sCLU ASO decreased 
the phosphorylation level of AKT. β-actin and total AKT were used as the 
internal controls to balance the amount of loaded protein.

Figure 5. sCLU ASO blocked the IGF-1-activated phosphorylation of AKT. 
β-actin and total AKT were used as the internal controls to balance the 
amount of loaded protein
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sCLU is overexpressed in many types of cancer, including 
human neoplasms of the prostate, breast, lung, colon and 
ovary  (37,38). Pre-clinical studies have demonstrated that 
clusterin antisense treatment induces apoptosis in androgen-
dependent prostate tumor cells and delays the recurrence of 
androgen-independent tumors in mice (39). A recent study 
demonstrated that clusterin modulates the PI3K/AKT signaling 
pathway through the attenuation of IGF-1 during serum depri-
vation (40). Furthermore, several previous studies have proven 
that sCLU is not regulated by IGF-1 (38,41). Nevertheless, 
whether IGF-1 upregulates sCLU via the PI3K/AKT signaling 
pathway remains unclear.

sCLU is vital to cancer cells, although its role remains 
unclear. sCLU promotes cell survival through PI3K (42). 
Our results revealed that sCLU is required for the PI3K/AKT 
signaling pathway. The stimulation of IGF-1 on the PI3K/AKT 
signaling pathway was significantly reduced by blocking the 
expression of sCLU. These results suggest that IGF-1 activates 
the P13K/AKT signaling pathway via the upregulation of 
sCLU. A previous study has shown that IGF-1 activates the 
PI3K/AKT signaling pathway via IRS-1 (26). In this study, we 
demonstrate that in NSCLC cells, sCLU plays a similar role to 
IRS. Thus, the association between sCLU and IRS-1 warrants 
further investigation.

The PI3K pathway promotes cancer cell proliferation and 
survival. Several studies have demonstrated that the inhibition 
of the PI3K/AKT signaling pathway or a downstream mediator 
of this pathway may provide therapeutic approaches for 
cancer (43,44). LY294002, a PI3K inhibitor, and metformin, a 
5'-adenosine monophosphate (AMP)-activated protein kinase 
(AMPK)-activator, have been reported to have the potential to 
co-enhance the inhibition of cancer growth (45). Inhibitors of 
proteins that are involved in the PI3K/Akt signaling pathway 
have yielded effective results. The overexpression of sCLU 
is associated with the number of cancer cells. In order to 
determine whether an effective inhibition of cancer growth 
can be achieved by targeting sCLU, additional studies are thus 
required.

In conclusion, the findings from our study demonstrate that 
IGF-1 elevates the expression of sCLU. sCLU is required for 
the activation of the PI3K/AKT signaling pathway. sCLU ASO 
represses the IGF-1-activated PI3K/AKT signaling pathway. 
Taken together, these results prove that IGF-1 activates the 
P13K/AKT signaling pathway via the upregulation of sCLU, 
suggesting that targeting sCLU may be an alternative thera-
peutic strategy against malignant progression.
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