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as the standard first-line therapy in patients 
with advanced NSCLC. However, resistance to 
platinum-based drugs reduces the survival rate 
which, as a result, has not improved to anything 
like the extent seen in other cancers [6]. Advan-
ces in the understanding of molecular genetics 
in NSCLC have led to the identification of key 
genetic aberrations in NSCLC. These genetic 
aberrations occur in oncogenes that encode 
signalling proteins that are crucial for cellular 
proliferation and survival [7].  Genetic profiling 
has identified driver mutations in over 60% of 
lung adenocarcinomas, with 9–14% being new 
targetable oncogenes such as HER2, BRAF, 
PIK3CA, and RET [8]. SCLC accounts 10–15% 
of all lung cancer cases and represents the most 
aggressive subset of lung cancer. Treatment 
of SCLC has changed minimally over the last 
few decades. Patients continue to receive non-
-targeted, chemotherapy regimens consisting 
of etoposide plus platinum agents, often combi-
ned with irradiation. Although SCLC patients 
respond well to this first-line treatment, relapse 
is virtually inevitable and resultant tumours are 
resistant to further therapy [9]. Based on above 

Gene therapy in management of lung cancer 
Zbyněk Heger1, Ondřej Zítka1, Vojtěch Adam1 and René Kizek1*

1	 Central European Institute of Technology, Brno University of Technology, Technicka 3058/10, CZ-616 00 
Brno, Czech Republic - European Union, E-Mails: kizek@sci.muni.cz (R.K.)

*	Author to whom correspondence should be addressed; E-Mail: kizek@sci.muni.cz; 
Tel.: +420-5-4513-3350; Fax: +420-5-4521-2044.

Received: 29.5.2015 / Accepted: 29.5.2015 / Published: 1.7.2015

Keywords: Antisense; CRISPR-Cas9; Chemoresistance; NSCLC; SCLC; Vectors

1. Introduction 
Lung cancer is the most common cause of can-

cer-related deaths worldwide. Despite advances 
in diagnostics and therapeutics of lung can-
cer, a 5-year survival rate is still reaching only 
about 15% [1]. This disease largely affects the 
socioeconomic statuses of patients and their 
families, as well as the society. Clinical and 
molecular evidence has proven that lung cancer 
is a heterogeneous disease, which demonstrates 
significant implications in diagnosis [2] and 
treatment [3]. An increasing number of clinical 
trials have emphasized targeted and personali-
zed treatments that specifically benefit patients 
diagnosed by using observed gene expression 
profiles. The term lung cancer usually refers 
to tumors that originate from the lining cells 
of the respiratory tract (epithelial cells) [4]. 
Based on differences in biological characteri-
stics, lung cancer is classified into two types, 
namely non-small cell lung cancer (NSCLC) and 
small cell lung cancer (SCLC). NSCLC accounts 
approximately 85% of lung cancer cases [5]. 
Platinum-based chemotherapy is prescribed 
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mentioned information, in lung carcinoma ma-
nagement, the personalized medicine is at the 
forefront, with the goal to cure patients with a 
predicted modality to be efficacious based on 
the molecular characteristics of the tumor. Such 
approach can offer increase of survival rates of 
oncopatients, significant reduction of tumor 
chemoresistence and decrease of a number 
of potential relapses. Gene therapy can be a 
powerful weapon to combat lung cancer and 
to elevate the therapeutic successes.

2. Gene therapy
Gene therapy can be defined as the transfer 

of genetic material into a cell for therapeutic 
purposes [10]. Gene therapy was conceptualized 
in 1972, by authors who urged caution before 
commencing human gene therapy studies. The 
first gene therapy experiment approved by the 
US Food and Drug Administration occurred 
in 1990, when Ashanti DeSilva was treated for 
adenosine deaminase deficiency with severe 
combined immunodeficiency. By January 2014, 
some 2000 clinical trials had been conducted 
or approved and no one was FDA approved for 
clinical utilization in management of lung can-
cer. Despite these facts, gene therapy still offers 
huge potential, which nevertheless encounters 
numerous obstacles. The aim of present study 
is to summarize the approaches employable for 
gene therapy of lung cancer and to highlight 
their possible advantages and disadvantages. 
Given the large size and the negative charge 
of these macromolecules, their delivery is ty-
pically mediated by carriers or vectors as is 
discussed below. 

2.1 Gene delivery
  Gene therapy relies on the principle of intro-

ducing exogenous DNA into malignant cells 
causing them to die. Since lung cancer can be a 
highly disseminated malignancy, the gene the-
rapeutic agent must be administered systemica-
lly, obligating a high level of targeting of tumor 
tissue and the use of delivery vehicles designed 
for systemic circulation of the therapeutic DNA 
[11]. The possible target cells include not only 
the tumor cells and the immune cells but also 
surrounding normal tissue. Gene therapy of 

tumor cells could result in correction of their 
abnormal growth and re-establishment of apo-
ptosis, or in increased drug or radio-sensitivity 
of the tumor cells. Gene modification of tumor 
cells could also enhance their immunogenicity 
[12]. Various physical and biological methods 
are available to deliver genes into target cells. 
Which delivery method one chooses depends 
generally on the local, regional, or systemic 
route of administration chosen or needed to 
reach the tumor [13]. Physical methods, such as 
calcium phosphate precipitation, electropora-
tion, direct microinjection, and gene gun, may 
be suitable for introducing naked DNA into 
established cell lines in vitro, but are generally 
of low efficiency and are often impractical for in 
vivo applications. Nevertheless, gene delivery 
to lung tumors by aerosolization of adenoviral 
vectors incorporated into calcium phosphate 
precipitates resulted in much greater expression 
in tumors than in normal lung tissue [14]. Bio-
logical vectors - genetically modified, replicati-
on-defective viruses are effective by exploiting 
their natural tropism for mammalian cells and 
biological life cycles to achieve gene transfer and 
gene expression. Retroviral vectors can infect 
a variety of cell types and have the advantage 
of being able to integrate into the target cell 
genome. However, because retroviral-mediated 
transduction might result in permanent inte-
gration of the foreign gene into the target cell, 
the promoter used to drive the transcription 
of the foreign gene must be carefully selected. 
Moreover, one of the biggest challenges facing 
viral vectors in gene delivery is the host immune 
response. Cell-mediated responses to viral vec-
tors have been documented, but this response 
may be dependent on the route of administra-
tion [15] and vector serotype [16]. For instance, 
a potent immune response to adeno-associated 
virus-ovalbumin was observed when vector was 
administered intraperitoneally, intravenously, 
or subcutaneously but not when administered 
intramuscularly [17]. A replication-deficient 
type 5 adenovirus (Adp53) in which the viral 
E1 gene was replaced with a wt p53 expression 
cassette driven by cytomegalovirus promoter 
has been evaluated in two Phase I clinical trials 
in NSCLC patients [18,19]. From these trials, it 
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was found that disease stabilization lasted up 
to 14 months, and >50% tumor regression was 
seen in two patients. The observed response rate 
in this heavily pretreated group of patients with 
progressive disease was encouraging.

Non-viral gene delivery strategies are gene-
rally regarded as safer and less immunogenic 
alternatives to viral vectors. Nonviral methods 
of gene delivery have recently expanded and 
several effective nanomaterials exist including 
lipid-based [20], polymeric [21], and inorganic 
nanoparticles [22], some of which have reached 
clinical trials. Modern non-virals vector are 
characterized by a high level of transfection 
efficiency, low production costs, they are easy 
to prepare and enable a flexible size of DNA to 
be transported. As was shown by Ji and collea-
gues, restoration of wt-FUS function in 3p21.3-
-deficient NSCLC cells significantly inhibits 
tumor cell growth by induction of apoptosis and 
alteration of cell cycle kinetics [23]. A Phase I 
clinical trial is underway to evaluate delivery 
of the FUS1 gene using repeated intravenous 
injection of liposomal particles composed of 
DOTAP and cholesterol.

2.2 Antisense oligonucleotides (ASOs)
The field of oligonucleotides (ODNs) has been 

developed in a sophisticated manner and no-
vel pharmaceutics appear to emerge based on 
ODNs. Evidently, several approaches using 
ODNs could be done at the gene therapy level 
using the ODN genes. This will reduce cost, 
toxicity and ensure the presence of steady state 
levels of a therapeutic ODN in the cytoplasm or 
nucleus [24]. Because nucleases that cleave the 
phosphodiester linkage in DNA are expressed 
in almost every cell, unmodified DNA molecules 
are generally degraded before they reach their 
targets. Therefore, antisense drug candidate 
molecules are generally modified during the 
drug discovery phase of their development 
[25]. Amongst the most succesfull nucleic acid 
backbone modifications belong phosphoro-
thioates, morpholinos, locked nucleic acids 
(LNAs), ribozymes or peptide nucleic acids 
(PNAs) [26-28]. In lung cancer management, 
the rational drug design has resulted in agents 
directed against a number of important cellular 

targets, including the mRNA of bcl-2, cyclin D1, 
protein kinase (PK) C-alpha, PKA-I, H-ras, c-raf, 
R1 and R2 subunit of ribonucleotide reductase, 
and transforming growth factor beta2 [29,30]. 
Saini and Klein demonstrated that NSCLC and 
mesothelioma cells can be significantly weake-
ned by using CD1 ASOs within the meaning of 
cell proliferation and CD1 de novo synthesis 
[30]. Other suitable targets are cyclooxygena-
ses. For instance cyclooxygenase 2 (COX-2), 
overexpressed in several tumor entities, can be 
efficiently blocked, as was shown by Windhovel 
and coworkers [31]. Interestingly, they tested 
twelve phosphorothioates and a range of acti-
vities was reached on protein, RNA and growth 
level. This points at importance of selection of a 
duplexing site on mRNA sequence, which sub-
sequently affects the translation into protein.

2.3 CRISPR-Cas9
CRISPR-Cas9 is a versatile genome editing 

technology for studying the functions of ge-
netic elements. The bacterial type II clustered 
regularly interspaced short palindromic repeat 
(CRISPR)/CRISPR-associated (Cas) systems 
have recently shown great potential for RNA-
-guided genome editing, including multiplexing 
genome engineering, homologous recombina-
tion, gene targeting and regulation of trans-
cription [32]. Using both, viral (lentivirus) and 
non-viral (nanoparticles) mediated delivery of 
guide RNA, Platt et al. simultaneously modeled 
the dynamics of KRAS, p53, and LKB1, the 
top three significantly mutated genes in lung 
adenocarcinoma [33]. CRISPR-Cas9 techno-
logy arises many discussions in the scientific 
community, particularly due to its exceptio-
nal properties, thus it can be expected that 
CRISPR-Cas9 can significantly affect future of 
modern medicine, not only within the meaning 
of malignant diseases.

3. Conclusion
Although limitations still exist to the wi-

despread application of gene therapy, the 
strategy has been shown to be applicable in 
several clinical situations. Currently, the most 
fundamental issue is development of efficient 
and non-immunogenic vectors for delivery of 
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nucleic acids, which are easily cleaved by en-
donucleases. Another option is further deve-
lopment of nucleic acids backbone modifica-
tions, which provide higher stability and are 
nucleases-proof. Gene therapy offers a number 
of future possibilities from simple blocking of 
expression through mRNA duplexing to highly 
effective replacement and deletions of entire 
dysfunctional genes. Hence, gene therapy can 
be considered as powerful future-weapon to 
combat lung cancer. 
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