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Mutations in the p53 tumor suppressor gene and the K-ras on-
cogene have been frequently found in cancer patients, suggesting 
molecular explanations for tumor development and resistance to 
radiotherapy (1). The p53 tumor suppressor protein is a key me-
diator of an ATM-dependent DNA damage response cascade fol-
lowing cellular exposure to irradiation. The p53 gene is mutated 
or deleted in over 50% of all human cancers. In cancers without 
p53 mutations, p53 function can still be attenuated by cytoplasmic 
sequestration or degradation by viral oncoproteins such as HPV-
E6 (2-4). 

The Ras proteins are members of the small GTPase superfa-
mily that regulate intracellular signaling by a cyclic process in-
volving interconversion between active GTP-bound and inactive 
GDP-bound states, playing an essential role in controlling the acti-
vity of several crucial signaling pathways regulating normal cellu-
lar proliferation. It has been established that mutational activation 
of Ras genes can induce cancer in humans and Ras oncogenes are 
apparently involved in the early steps of carcinogenesis. K-Ras 
is an oncogene that has the ability to overcome cell-cell contact 
inhibition during proliferation and about 30% of human tumors 
contain an altered oncogenic K-Ras (5). 

Cell-cycle events are controlled by cyclin-dependent kinases 
(CDKs), whose periodic activation is driven by cyclins. Tumori-
genesis is the result of cell cycle disorganization, leading to un-
controlled cellular proliferation. Normally, these events are highly 
conserved due to the existence of conservatory mechanisms and 
molecules such as cell cycle genes and their products: cyclins, cyc-
lin dependent kinases (Cdks), Cdk inhibitors (CKI) and extracel-
lular factors such as growth factors (6). Cyclin-dependent kinase 
4 (Cdk4) plays a crucial role in the regulation of the progression 
through the G1 phase and also has an impact on G1/S transition (6-
8). Additionally, in epithelial systems, the p16/RB pathway may 
function as a stress senescence-signaling pathway independent of 
telomere shortening. Overexpressing cyclin-dependent kinase 4 
(Cdk4) in human epidermal keratinocytes and human mammary 
epithelial cells prevents the p16(INK4a)-associated premature 
growth arrest due to telomere-independent stress such as inadequ-
ate culture conditions (8).

The telomere hypothesis postulates that progressive shortening 
of the ends of chromosomes occurs in the absence of telomerase, 
and telomerase is considered the mitotic clock that regulates the 
onset of replicative senescence in normal somatic cells. hTERT is 
the key determinant of the enzymatic activity and its transcriptio-
nal control is a major contributor to the regulation of telomerase 
activity in many types of tumors. Telomerase is shown to have a 
correlation with cell cycle progression, which is controlled by the 
regulation of cyclins, cyclin-dependent kinases (cdks) and cyclin-
dependent kinase inhibitors (8-9). 
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dent kinase 4), knockdown  p53 and mutant K-ras overexpression. 
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cimens were placed into short-term culture and were serially transfected 
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ras have higher proliferation rates and additionally they lose the ability of 
growth arrest in response to DNA damage signals such as irradiation. 
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GENETIK FARKLILIK GÖSTEREN İNSAN BRONŞ EPITEL 
HÜCRELERININ RADYOTERAPIYE HASSASIYETLERI

Amaç: Bu çalışmada, insan bronşiyal epitel hücrelerinin hTERT (insan 
telomeraz “reverse” transkriptazı), Cdk4 (siklin bağımlı kinaz 4), “knock-
down”  p53 ve mutant K-ras onkogeni ile enfekte edilmesiyle elde edilen 
hücre serilerinin hücre kültürü ortamında büyüme hızlarının ve radyotera-
piye karşı hassasiyetlerinin karşılaştırılması amaçlanmıştır. 

Metodlar: İnsan bronş dokusu örneklerinden elde edilen bronşiyal hücre-
ler, öncelikle Cdk4 ve hTERT ile enfekte edilerek ölümsüzleştirildi. Daha 
sonra bu hücreler, “knockdown” p53, mutant K-ras ve “knockdown” p53 
‘le birlikte mutant K-ras eksprese eden hücre serilerinin elde edilmesinde 
kullanıldı. 

Bulgular: Hem “knockdown” p53, hem de K-ras ekspresyonu gösteren 
hücrelerin büyüme hızlarının in vitro şartlarda diğer hücre serilerine oran-
la daha yüksek olduğu ve kontakt inhibisyon özelliklerini kaybettikleri 
saptandı. Kontrol hücreleri ile Cdk4, hTERT, “knockdown” p53 ve K-ras 
ile enfekte edilmiş olan hücrelere 1 Gy ile 10 Gy arasında farklı dozlarda 
radyoterapi uygulandı, 1 hafta sonra canlı kalan hücrelerin oranı belir-
lendi. 

Sonuç: Bu çalışmanın sonuçları, hem“knockdown” p53 hem de mutant 
K-ras ile enfekte edilen bronşiyal epitel hücrelerinin, sadece K-ras veya 
“knockdown” p53 ile enfekte edilenlere oranla in vitro şartlarda yüksek 
proliferasyon hızına sahip olduklarını ve ayrıca DNA hasarına yol açan 
radyoterapiye cevap olarak büyüme duraklamasına girme özelliklerini 
kaybettiklerini ortaya koymaktadır. 
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In this study, our aim was to analyze the proliferation rates 
and radiosensitivity of human bronchial epithelial cells (HBE-
Cs) with genetic alterations including human telomerase re-
verse transcriptase (hTERT), Cdk4 (cyclin-dependent kinase 
4), knockdown p53 and mutant K-ras overexpression.

MATERIALS AND METHODS

Primary Culture of Human Bronchial Epithelial Cells: The 
bronchial tissue from a 36-year-old lung transplant patient was 
transported to the cell culture laboratory in sterile 1xPBS on 
ice. The tissue was washed with sterile 1xPBS, cut into small 
pieces and incubated with 4 ml of dispase (Sigma) solution at 
4oC overnight. The next day, the tube was mixed by vortex, 
and the dispase solution was aspirated and transferred to ano-
ther tube. The rest of the tissues were digested with 1 ml of 
trypsin (Sigma) for 30 min at 37oC in a water bath. Following 
the addition of 100 μl of trypsin inhibitor, the supernatant was 
transferred to the dispase tube and spun (2000g) for 5 min. 
The supernatant including the cells were plated on collagen-
coated (1%) plates in KSFM (Gibco) under low O2 conditions 
at 370C. Each week the cell lines were collected, counted and 
replated. The population doubling (PD) was calculated each 
week by the following formula: log (number of cells collec-
ted/number of cells initially plated)/log 2.

Retroviral Vector Construction and Infection: We establis-
hed immortal human bronchial epithelial cells by introducing 
mouse cyclin-dependent kinase 4 (Cdk4) and human telome-
rase reverse transcriptase (hTERT) into normal bronchial epit-
helial cells. Primary HBECs (PD:3) were infected with me-
dium containing viral supernatant produced from pSRαMSU 
expressing the Cdk4 vector in the presence of 4 μg/ml Polyb-
rene (Sigma) for 10 to 12 hours. Cells were allowed to reco-
ver for 72 hours, followed by 30 μg/ml gentamycin selection 
(Calbiochem) for 10 days. Bronchial epithelial cells (PD:10) 
were then infected with a second retroviral construct, pBABE 
expressing hTERT in the presence of 4 μg/ml Polybrene (Sig-
ma), followed by selection with 250 ng/ml puromycin (Sig-
ma) for 3 to 4 days, initiated 72 hours later. 

Using this immortalized cell line we produced knockdown 
p53 and mutant K-ras expressing bronchial epithelial cells. 
pSRZ-p53 vector was used to obtain p53 knockdown cells, 
whereas pSUPER.retro (pSR) was used to produce stable and 
specific knockdown of oncogenic K-ras. The vectors were 
obtained from University of Texas Southwestern and they 
were used with 4 μl/ml Polybrene (Sigma) for the infection of 
HBECs expressing Cdk4 and hTERT. 

Determination of telomerase activity: TRAP assay was 
used to show telomerase activity as described by Kim et al. 
(10); 1x105 cells were collected and lysed in 40 μl NP-40 ly-
sis buffer (10 mM Tris-HCl pH 8.0, 1.0 mM MgCl2, 1 mM 
EDTA, 1% NP-40, 0.25 mM sodium deoxycholate, 10% gly-
cerol, 150 mM NaCl, 5 mM β-mercaptoethanol, 0.1 mM AE-

BSF) for 30 min on ice, and 1 μl of total cellular lysate (2500 
cells) was used for each reaction. Samples were analyzed with 
TRAP-eze kit reagents and were exposed to 30 minutes of 
telomerase extension at 30ºC. Telomerase was inactivated at 
94°C for 90 seconds and the extension products were amp-
lified by 28 PCR cycles (94°C for 30 sec, 52°C for 30 sec, 
72°C for 45 sec) in the presence of a Cy5-labeled TS primer 
(5’-Cy5-AATCCGTCGAGCAGAGTT) (Integrated DNA 
Technologies, Inc.). A549 lung cancer cells were used as a 
positive control, whereas lysis buffer was used as a negative 
control for each run. PCR samples (20 μl) were run on a 10% 
non-denaturing acrylamide gel in 0.5 x TBE at 250 V for 2.5 
hrs. Gels were scanned using a STORM 860 PhosphorImager 
scanner system (Molecular Dynamics).

Exposure to Irradiation: The control group of HBECs and 
the Cdk4, hTERT, knockdown p53 and mutant K-ras expres-
sing HBECs were plated 100x103 cell/plate. Following their 
attachment (24-48 hrs), fresh media were given and they were 
irradiated with 1-10 Gy at a dose rate of 0.63 Gy/min (The-
ratron 780-C, Philips Medizin Systeme) at room temperature 
(200C). The plates were incubated at 370C for 5 days without 
changing the media and the living cells were counted by Beck-
mann Coulter at the end of this period. 

RESULTS

The proliferation rate and the final density of the con-
trol HBECS and the immortalized cells with four diffe-
rent genetic alterations were evaluated: Cdk4+hTERT, 
Cdk4+hTERT+p53 knockdown, Cdk4+hTERT+mutant 
K-Ras and Cdk4+hTERT+p53 knockdown+mutant K-Ras. 
Knockdown p53 expressing, mutant K-Ras expressing and 
p53RNAi+mutant K-Ras expressing cells had higher growth 
rate compared to immortal and primary HBECs. The prolife-

Figure 1. Determination of telomerase activity by TRAP: Lane 
1.hTERT (+) HBEC, Lane 2.Cdk4 (+) HBEC, Lane 3. hTERT 
and Cdk4 (+) HBEC, Lane 4. Control (HBEC), Lane 5. Ne-
gative control (Lysis buffer), Lane 6. Positive control (A549 
lung cancer cell line).
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ration rate of the cells expressing both knockdown p53 and 
mutant K-Ras were significantly higher than the other cell ty-
pes at each split. The growth rates of the HBEC series were 
compared by the population doublings (PD) as shown in Fig. 
2. The cells expressing Cdk4 and hTERT bypassed growth 
arrest and telomere dependent senescence, immortalized and 
continuously replicated, exceeded 45-50 PD, whereas the life 
span of primary HBECs stopped at around 14-18 PD. 

In our study, we observed some morphologic changes 
after these genetic alterations. Cdk4 and hTERT expressing 
cells also showed a loss of collagen-coated surface dependen-
ce in addition to low O2 incubators, which are essential for 
primary bronchial cells. Additionally, both mutant K-Ras and 
p53 knockdown cells lost contact inhibition partially as well 
as the mutant K-Ras+p53 knockdown expressing cells. The 
morphology of the control HBECs and the cells with expres-
sing hTERT+Cdk4+mutant K-Ras+knockdown p53 is given 
in Fig. 3A and 3B. 

The radiosensitivity of the HBEC series with different ge-
netic alterations is given in Fig.4. Our results suggest that pri-
mary HBECs and HBECs immortalized by overexpression of 
Cdk4 + hTERT are the most radiosensitive cell lines. HBECs 
infected with knockdown p53+ mutant K-ras were found to be 
most radioresistant cell line. The combination of knockdown 
p53 and mutant K-ras makes the cells more radioresistant than 
the cells infected with only mutant K-ras or knockdown p53. 

DISCUSSION

Radiotherapy alone or in combination with chemotherapy 
can be curative for a number of tumor sites. Typical radio-
curative regimens require a series of individual fractions of 
1.8-2 Gy over 6 to 8 weeks (i.e. total doses in the order of 
60-80 Gy) in which fractionation maximizes the cell killing in 
tumor cells. The final level of cell killing during radiotherapy 
is due to multiple factors, which can be summarized as the 
five R’s of radiotherapy: intrinsic radiosensitivity, redistribu-
tion of cells within the cell cycle, the repair capacity of both 
normal and tumor cells, reoxygenation and repopulation of the 
cells during radiotherapy. The epithelial human tumors treated 
with radiotherapy are reported to undergo radiation-induced 
terminal growth (tumor cell senescence) or mitotic catastrop-
he, whereas isogenic cells that lack p53 function are relatively 
radioresistant due to inhibition of p53-dependent apoptosis 
(11,12). 

A large number of genes involved in controlling the malig-
nant transformation of human bronchial epithelial cells (HBE-
Cs), as a result of either qualitative or quantitative alterations 
in expression, have been identified in the last ten years. The 
ability of mutated active K-Ras to modulate the activity of 
signaling pathways, following exposure to ionizing radiation, 
is still unknown (13). p53 readily facilitates radiation indu-
ced apoptosis in radiosensitive cells such as lymphocytes, 
thymocytes, and germ cells. Additionally, in fibroblasts and 
epithelial cells, p53 acts to induce cell cycle arrest in G1 and 
G2 phases of the cell cycle to prevent cells from proliferating 
under conditions of DNA damage and repair. It is reported that 
a loss of p53 function due to mutation or degradation causes 
alterations in G1 and G2 cell cycle check point control, cell 
death, DNA repair and genetic stability. The results of these 
alterations can cause generation of radioresistant mutant tu-
mor cells and decreased chemosensitivity in vitro (12). 

In the present study, we reproducibly immortalized HBE-
Cs from routine cultures of bronchial specimens using Cdk4 
and hTERT expression vectors without introducing viral on-
coproteins. Ectopic Cdk4 was introduced to eliminate the 
stress response of the bronchial epithelial cells to the in vitro 

Figure 2. Growth rates of HBEC series with different genetic alte-
rations.

Figure 3. Primary bronchial epithelial cells (A), Cdk4 + 
hTERT + ‘knockdown’ p53+K-Ras expressing bronchial epit-
helial cells (B).

Figure 4. Radiosensitivity of HBEC cells with different genetic al-
terations.
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culture conditions, followed by the introduction of hTERT to 
prevent further telomere shortening (14,15). The combinati-
on of knockdown p53 and mutant K-ras caused partial loss 
of contact inhibition and made the cells more radioresistant 
than the cells infected with only mutant K-ras or knockdown 
p53. HBECs lost the dependence of collagen-coated plates 
and low O2 cell culture conditions after they began to express 
Cdk4+hTERT but they were still radiosensitive compared to 
knockdown p53 and mutant K-ras expressing cells.

Although we report here that HBECs with four genetic 
alterations, including hTERT and Cdk4 overexpression, ina-
ctivation of p53 and mutant K-ras, lose the ability of contact 
inhibition, Ramirez et al. (16) showed that using these four 
genetic alterations is not sufficient for HBECs to transform to 
cancer. Additional genetic alterations are required for malig-
nant transformation of human bronchial epithelial cells. 

In summary, HBEC lines with defined genetic changes are 
a valuable new tool for studying the molecular pathogenesis 
of lung cancer in addition to the differentiation and radiosen-
sitivity of bronchial epithelial cells. 
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