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Ubiquitin ligase Cullin7 has been identified as an oncogene in some malignant diseases such as choriocar-
cinoma and neuroblastoma. However, the role of Cullin7 in lung cancer carcinogenesis remains unclear. In 
this study, we explored the functional role of Cullin7 in lung cancer cell proliferation and tumorigenesis and 
determined its expression profile in lung cancer. Knocking down Cullin7 expression by small interfering RNA 
(siRNA) in lung cancer cells inhibited cell proliferation and elevated the expression of p53, p27, and p21 pro-
teins. The enhanced p53 expression resulted from activation of the DNA damage response pathway. Cullin7 
knockdown markedly suppressed xenograft tumor growth in vivo in mice. Moreover, Cullin7 expression was 
increased in primary lung cancer tissues of humans. Thus, Cullin7 is required for sustained proliferation and 
survival of tumor cells in vitro and in vivo, and its aberrant expression may contribute to the pathogenesis of 
lung cancer. Thus, our study provided evidence that Cullin7 functions as a novel oncogene in lung cancer and 
may be a potential therapeutic target for lung cancer management.
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INTRODUCTION

Lung cancer is one of the most common malignancies 
worldwide. However, the progression into invasive can-
cer is a multistep process with numerous alterations, with 
the underlying molecular mechanism poorly understood 
(1,2). In addition, because of a lack of reliable early diag-
nostic markers, the prognosis of lung cancer remains poor, 
with a low 5-year survival rate (3–6). Therefore, better 
defining the pathogenesis of lung cancer and exploring 
novel therapeutic targets is urgent.

Cullin7 assembles a SCF-like E3 complex containing 
Skp1, the Fbw8F-box protein, and ROC1 (7–9). Cullin7 
selectively interacts with the Skp1•Fbw8 heterodimer 
(7,10,11). Recently, Cormier-Daire and colleagues have 
linked the 3-M syndrome, which is characterized by pre- 
and postnatal growth retardation, to Cullin7 germline 
mutations, a majority of which have been implicated for 
loss of the functional cullin domain (12). In addition to 
the genetic evidence in mice, Cullin7 mutations have also 
been identified in 3-M syndrome and the Yakuts short 
stature syndrome, both of which are characterized by 
pre- and postnatal growth retardation but with relatively 
normal mental and endocrine functions (12,13). Cullin7 

may have additional functions that include transforma-
tion mediated by simian virus-40 (SV40) large T antigen, 
apoptosis, p53 regulation, and the degradation of cyclin 
D1 (7,14–16). Taken together, the emerging genetic evi-
dence has strongly suggested a pivotal role for the Cullin7 
E3 ligase in growth control. However, whether or not 
Cullin7 functions in lung cancer development remains 
unknown.

In the present study, we explored the potential onco-
genic activities of Cullin7 and its expression profile in 
human lung cancer.

MATERIALS AND METHODS

Cell Culture and Reagents

The lung cancer cell lines (H1299, A427, H460, and 
A549) were obtained from the American Type Culture 
Collection (Rockville, MD, USA). Antibodies that had 
been raised against Cullin7, p53, p27, and p21 were pur-
chased from Cell Signaling Technology (Beverly, MA, 
USA), and a mouse anti-g-H2AX antibody was obtained 
from Abcam (Cambridge, MA, USA). All of the remain-
ing reagents were obtained from Sigma-Aldrich (St. 
Louis, MO, USA) unless otherwise specified.
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Small Interfering RNA (siRNA) Treatment

Chemically modified Stealth™ siRNA targeting Cullin7 
and control siRNA were from Invitrogen. siRNA for p53 
was from Santa Cruz Biotechnology (sc-29435). Cells 
were transfected with siRNA by the Lipofectamine 2000 
method (Invitrogen).

RNA Extraction, RT-PCR, and Real-Time 
Quantitative PCR (qRT-PCR)

RNA was extracted using TRIzol reagent, according to 
the manufacturer’s recommended protocol (Invitrogen). 
qRT-PCR was performed using Applied Biosystems 
(Foster City, CA, USA) Step One and Step One Plus 
Real-Time PCR Systems. GAPDH was used as a load-
ing control. The experiments were repeated a minimum 
of three times to confirm the results.

Immunohistochemistry of Tissue

Immunohistochemical analyses were as described (9). 

Slides of tissue sections underwent deparaffinization and 

antigen unmasking, then were incubated with the anti-

body against Cullin7 (1:100, Bethyl Laboratories, USA) 

at 4°C overnight. Rabbit immunoglobulin was used as a 

negative control. Then slides were incubated with horse-

radish peroxidase-conjugated goat anti-rabbit IgG, and 

color was developed with use of the DAB Horseradish 

Peroxidase Color Development Kit (P0202, Beyotime). 

Slides were counterstained with hematoxylin.

Western Blot Assay

Equal amounts of protein were separated using SDS 
polyacrylamide gels and were electrotransferred to poly-
vinylidene fluoride membranes (Millipore, Bedford, MA, 
USA). The membranes were immunoblotted overnight at 
4°C with primary antibodies, followed by their respec-
tive secondary antibodies. b-Actin was used as the load-
ing control.

Colony Formation Assay

The cells were seeded in 6-cm dishes at a density of 
300 cells per dish. After incubation for 14 days, the colo-
nies were fixed with methanol for 10 min and stained with 
crystal violet for 15 min, after which point the number of 
colonies containing more than 50 cells was scored.

Immunofluorescence Staining

The cells were grown on the sterile coverslips, and 
the cells were fixed with 4% paraformaldehyde and per-
meabilized using 0.1% Triton X-100. Cells were blocked 
with rabbit anti-g-H2AX antibody followed by rhodamine-
 conjugated anti-rabbit secondary antibody. Finally, the cells 
were further stained with 4,6-diamidino-2- phenylindole 
(DAPI).

Tumor Formation Assay In Vivo

The in vivo tumorigenesis and metastasis assays were 
performed as previously described (9). Briefly, 1 × 106 cells 
were injected subcutaneously into the right flanks of severe 
combined immunodeficient mice. Tumor length (L) and 
width (W) were measured every 3 days, and tumor volume  
was calculated using the equation: volume = (W2 × L)/2. 

Figure 1. Impaired clonogenesis of lung cancer cells coupled 
with elevated expressions of p53, p21, and p27 proteins with 
Cullin7 siRNA knockdown. (A) RT-PCR analysis of Cullin7 
expression in lung cancer cells with and without Cullin7 siRNA 
knockdown. Efficient depletion of Cullin7 expression was veri-
fied. (B) Clonogenic potential of lung cancer cells with Cullin7 
siRNA knockdown. **p < 0.01 (foci numbers in Cullin7 siRNA 
vs. Control siRNA). (C) Western blot analysis of protein expres-
sion of Cullin7, p53, p27, and p21 in lung cancer cells with 
and without Cullin7 siRNA knockdown. GAPDH and b-actin 
were used as the internal controls for RT-PCR and Western blot, 
respectively.
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After 6 weeks, the mice were killed, and the tumor vol-
ume and weight were measured. All of the animal experi-
ments were performed with the approval of the Shandong 
University Animal Care and Use Committee.

Patients and Tissue Samples

A total of 39 lung cancer tissue samples, along with 
matched normal tissues, were used in this study. All 
of the samples were obtained from the Department of 
Respiratory, Shandong Provincial Hospital Affiliated to 
Shandong University between 2010 and 2013. For all of 
the patients who participated in this study, written informed 
consent was obtained, which was approved by the Ethical 
Committee of Shandong University.

Statistical Analysis

The results were analyzed using SPSS18.0 software 
(Chicago, IL, USA). Each experiment was repeated a 
minimum of three times. A two-tailed t-test was used to 
determine statistical significance. The results were pre-
sented as the means ± SD. Values of p < 0.05 were consid-
ered to be statistically significant.

RESULTS

Impaired Clonogenic Potentials of Tumor  
Cells Treated With Cullin7 siRNA

We knocked down the expression of Cullin7 using 
its specific siRNA in the lung cancer cells A549, H460, 
A427, and H1299. Efficient silencing of Cullin7 expres-
sion in all these cells was verified by qRT-PCR (Fig. 1A). 
Knockdown of Cullin7 led to significantly reduced foci 
numbers and sizes of all cell lines compared with the con-
trol (Fig. 1B).

Induction of p53, p27, and p21 Expression in Cancer 
Cells With Cullin7 siRNA Knockdown

To determine the underlying mechanism of Cullin7 
inhibition, we examined the expression of the tumor sup-
pressor p53, its target CDK inhibitor p27 and p21 in cells 
with Cullin7 siRNA knockdown. The expression of p53 
and its downstream molecule p27 and p21 was increased 
in all cells with Cullin7 siRNA knockdown compared 
with control cells (Fig. 1C). To further define a causal 
relationship between p53 induction and defective foci 

Figure 2. Induction of p53 by Cullin7 siRNA knockdown is via activation of the DNA damage response pathway. (A) Partial recov-
ery of foci formation of A549 cells with Cullin7 and p53 siRNA knockdown. **p < 0.01 (foci numbers in Cullin7 siRNA only vs. Ctr 
siRNA), ##p < 0.01 (foci numbers in Cullin7 siRNA only vs. Cullin7 siRNA + p53 siRNA). (B) Western blot analysis of protein expres-
sion of the Cullin7, p53, p27, p21, and g-H2AX with Cullin7 and p53 siRNA knockdown.
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formation, we transfected A549 cells with both Cullin7 
siRNA and p53 siRNA. p53 inhibition significantly 
restored the clonogenic potential of A549 cells treated 
with Cullin7 siRNA (Fig. 2A). Thus, Cullin7 siRNA 
knockdown impaired the clonogenic potential of tumor 
cells at least in part through p53 induction.

Induction of p53 by Cullin7 siRNA Knockdown Is via 
Activation of the DNA Damage Response Pathway

A change in chromatin configuration mimics DNA dam-
age and contributes to the activation of the DNA damage 
response pathway with increased p53 protein expression. 
DNA damage results in rapid phosphorylation of histone 
H2AX at Ser139 by ATM, and the phosphorylated H2AX 
(g-H2AX) then localizes to sites of DNA damage at sub-
nuclear foci. Therefore, we examined g-H2AX activity 
in cells with Cullin7 siRNA knockdown. Inhibition of 
Cullin7 led to increased g-H2AX foci formation in A549 
cells, as revealed by Western blot assay. To further define 
a causal relationship between g-H2AX and p53 induc-
tion, we transfected A549 cells with both Cullin7 siRNA 
and p53 siRNA. p53 inhibition significantly restored the 
g-H2AX induction of A549 cells treated with p53 siRNA 
(Fig. 2B). We further tested the role of p53 in Cullin7 
siRNA-induced p27 and p21 expression by Western blot. 
As shown in Figure 2B, the p27 and p21 expressions  that 
were induced by Cullin7 siRNA were obviously attenuated 
following p53 knockdown using siRNA. Thus, Cullin7 
siRNA knockdown impaired the g-H2AX, p27, and p21 
expression in lung cancer cells at least in part through 
p53 induction.

Impaired In Vivo Tumorigenesis With  
Cullin7 siRNA Knockdown

To explore the effects of Cullin7 on tumorigenesis in 
vivo, different cells were injected subcutaneously into the 
flanks of nude mice. We found that the tumor volumes 
were much smaller in those that were formed from the 
knockdown cells than in those that were formed from the 
control cells (Fig. 3A). We also analyzed the weight of 
the tumors (Fig. 3B). Therefore, Cullin7 may be required 
for tumor growth in mice.

Overexpression of Cullin7 in Human  
Cancerous Lung Tissues

Immunohistochemistry revealed normal lung mucosa 
negative for Cullin7 protein level. Most cells were nega-
tive for Cullin7, but a small proportion of epithelial cells 
showed weak Cullin7 signals in cytoplasm (Fig. 4A, B). 
However, in tumors, most cells were Cullin7 positive, 
with much stronger staining than in matched normal tis-
sues. Cullin7 signal intensity was significantly heterog-
enous within the same tumor. Cullin7 protein was present 
in both cytoplasmic and nuclear compartments of tumor 

cells, but a much stronger signal was seen in the nucleus 
(Fig. 4A, B).

DISCUSSION

Lung cancer is one of the most common cancers in the 
world. Despite the decline in lung cancer mortality, a num-
ber of lung cancer patients develop metastatic tumors even 
after surgical removal of the primary tumors (17,18). Its 
early diagnosis is difficult. Lung cancer can be diagnosed 
effectively in some cases with serological assessment, but 
the molecular mechanism of cell proliferation and effec-
tive biological markers for diagnosis are unclear (19–21). 
In the present article, we identified Cullin7 as a candidate 
target gene for the promotion of lung cancer growth.

The involvement of Cullin7 in tumorigenesis has been 
supported by recent findings of high expression of Cullin7 
in ER-positive primary breast cancers and regulated by 
both Era and HIF1a in normoxia and hypoxia (7,22). 
However, the mechanisms underlying Cullin7-involved 
carcinogenesis and the roles of Cullin7 in other tumors 

Figure 3. Impaired in vivo tumorigenesis with Cullin7 siRNA 
knockdown. (A) The tumors of cells expressing control or Cullin7 
siRNA were photographed together with a ruler. (B) Weight of 
tumors was measured, **p < 0.01.
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are largely unknown. In the present study, we knocked 
down Cullin7 with its siRNA and found that the clono-
genic potential was substantially impaired in all tested 
cells with Cullin7 siRNA knockdown. In addition, even 
transient Cullin7 knockdown could significantly inhibit 
tumor formation in mice injected with tumorigenic A549 
cells. Therefore, Cullin7 may be essential for proliferation, 
survival, and tumorigenesis of cancer cells. Moreover, 
overexpression and aberrant distribution of Cullin7 was 
observed in primary tumor cells from patients with lung 
cancer. Cullin7 may be an important factor contributing 
to the pathogenesis of lung cancer.

Clonogenic assay revealed that cells with Cullin7 
knockdown showed highly diminished ability to form foci. 
We further found the level of the tumor suppressor p53 
increased substantially in p53-carrying cancer cells with 

Cullin7 siRNA knockdown. Consistent with the enhanced 
expression of p53, that of p27 and p21, the downstream 
targets of p53, was upregulated in the same cells. Given 
the key role of p53 in inhibiting proliferation, increased 
expression of p53, p27, and p21 is likely responsible for 
growth arrest in Cullin7-inhibited cells. In support of this 
finding, abolishing p53 upregulation attenuated the clono-
genic decrease in cancer cells with Cullin7 knockdown. 
We observed a significantly increased phosphorylated 
g-H2AX signal in those cells, which indicates activation 
of the DNA damage response pathway. Structural altera-
tion of chromatin mimics DNA damage and triggers DNA 
damage response from ATM phosphorylation to p53 sta-
bilization (23,24). Therefore, Cullin7 inhibition may lead 
to consequent activation of the DNA damage response 
pathway. Increased p53 level would result from its stabili-
zation in cancer cells with Cullin7 inhibition.

Furthermore, the severely impaired clonogenicity with 
Cullin7 knockdown contrasted with the low degree of 
growth arrest in lung cancer cells. Because a clonogenic 
assay reflects the repopulation potential of cancer stem/
progenitor cells (25), these findings strongly indicate that 
such cells are vulnerable to Cullin7 inhibition. This result 
may be implicated in cancer therapy. Further investigations 
are required to elucidate the effect of Cullin7 on cancer 
stem and progenitor cells and to test Cullin7 as a therapeu-
tic target for cancer stem/progenitor cell clearing.

The Cullin7 expression profile differed significantly in 
normal and cancerous human lung tissues. We observed 
overexpression of Cullin7 in most lung cancer specimens, 
and its nuclear accumulation increased with less differ-
entiated tumors, which indicates a clinical relevance of 
Cullin7 in lung cancer. These observations, together with 
those from in vitro and in vivo experiments, suggest that 
Cullin7 may be an important factor contributing to lung 
tumorigenesis, and targeting this molecule may be a novel 
therapeutic strategy for human lung malignancies.
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