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Abstract: Lung cancer is one of the most deadly diseases worldwide. The current first-line 

therapies include chemotherapy using epidermal growth factor receptor tyrosine kinase inhibitors 

and radiotherapies. With the current progress in identifying new molecular targets, acquired drug 

resistance stands as an obstacle for good prognosis. About half the patients receiving epidermal 

growth factor receptor-tyrosine kinase inhibitor treatments develop resistance. Although exten-

sive studies have been applied to elucidate the underlying mechanisms, evidence is far from 

enough to establish a well-defined picture to correct resistance. In the review, we will discuss 

four different currently developed strategies that have the potential to overcome drug resistance 

in lung cancer therapies and facilitate prolonged anticancer effects of the first-line therapies.

Keywords: ALK receptors cancer stem cell, chemotherapy, EGFR-TKI, target therapy, phar-

macology, molecular biology, biotherapy

Introduction
Lung carcinoma is the leading cause of cancer-related death worldwide.1 It is a disease 

characterized by uncontrolled cell growth in tissues of the lung. The primary lung 

cancers are carcinomas that derive from epithelial cells. The main types of lung cancer 

are small-cell lung carcinoma (SCLC), and non-small-cell lung carcinoma (NSCLC). 

Approximately 20% of lung cancer cases are SCLC by histology, with the other 80%, 

which includes adenocarcinoma, squamous cell carcinoma, large-cell carcinoma, and 

bronchoalveolar cell carcinoma, being lumped together as NSCLC.2 While the primary 

lung cancer commonly metastasizes to the brain, bones, liver, and adrenal glands, second-

ary cancers are happening with high incidence and can be derived from various sites.

The poor overall survival rate in lung cancer patients remains a major challenge in 

the clinical management of lung cancer and underscores the urgent need to develop 

novel therapeutic approaches that overcome intrinsic drug resistance.

Tumor drug resistance is a major issue in the management of lung cancer as 

almost all lung tumors are either intrinsically resistant or quickly develop acquired 

resistance to chemotherapeutic drugs.3 At the intracellular level, resistance may result 

from decreased drug accumulation (due to decreased drug uptake or increased efflux), 

increased drug inactivation by detoxifying factors, decreased drug activation or bind-

ing to target, increased DNA damage repair, increased tolerance to DNA damage, 

increased resistance to apoptosis (either by upregulation of antiapoptotic factors or 

downregulation of proapoptotic factors), or altered cell cycling or transcription fac-

tors.3,4 The most cited mechanism for the acquisition of drug resistance is the activation 

of adenosine triphosphate (ATP)-binding cassette transporters, such as p-glycoprotein, 

D
ru

g 
D

es
ig

n,
 D

ev
el

op
m

en
t a

nd
 T

he
ra

py
 d

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.d

ov
ep

re
ss

.c
om

/
F

or
 p

er
so

na
l u

se
 o

nl
y.

http://www.dovepress.com/permissions.php
http://creativecommons.org/licenses/by-nc/3.0/
www.dovepress.com
www.dovepress.com
www.dovepress.com
http://dx.doi.org/10.2147/DDDT.S60672
mailto:dongxifeng@sdu.edu.cn


Drug Design, Development and Therapy 2014:8submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

736

Zhang et al

breast cancer resistance protein (ATP-binding cassette 

sub-family G member 2 [BCRP]), and multidrug resistance 

proteins, which pump the chemotherapeutic agents toward 

the outside of tumor cells, thus protecting them from the 

action of the drugs. However, to date there is no effective 

treatment strategy to override these transporters for clini-

cal therapy. In addition, several receptor-mediated survival 

signaling pathways, including mitogen-activated protein 

kinase (MAPK), protein kinase B (Akt), mammalian target 

of rapamycin (mTOR), nuclear factor kappa B, and notch 

pathways, have been associated with lung cancer drug 

resistance toward conventional chemotherapy.5 Additionally, 

it has been recently demonstrated that some microRNAs 

(miRNAs) can also play an important role in lung cancer 

drug resistance.6–8

Furthermore, resistance to antineoplastic agents has also 

been recently linked to the existence of a small subpopula-

tion of tumor-cell possessing, whose specific properties are 

intrinsically more resistant than the remaining tumor cells, 

the cancer stem-like cells (CSLCs). In order to survive che-

motherapy, CSLCs seem to be able to slow down cell cycle 

kinetics, efficiently repair the DNA, over-express multidrug-

resistance membrane transporters, and resist apoptosis.9 

The fact that conventional cancer therapeutic regimens do 

not seem able to effectively eliminate this subpopulation of 

CSLCs, but only cells constituting the bulk of the tumor, 

may help to explain why tumor recurrence is often observed 

several years following an apparently successful first-line of 

therapy. Nevertheless, it is important to note that, in a great 

number of cases, lung cancer patients’ tumors are intrinsi-

cally resistant to therapy due to one or several of the multiple 

chemoresistance mechanisms described above, so the extent 

of contribution of CSLCs toward cancer-drug resistance 

should be carefully assessed.

In order to postpone the progress of drug resistance and 

improve the effects of several chemo- and radiotherapies, 

many studies have been performed to target single or multiple 

sites to effect resistance. Extensive efforts have been applied 

to study the drug resistance mechanism in the first-line 

epidermal growth factor receptor (EGFR)-tyrosine kinase 

inhibitor (TKI) therapy; there is also accumulating evidence 

pointing at the cancer stem cells (CSCs) and molecular 

RNAs as playing an important role in developing resistance. 

A potential strategy to improve pharmacokinetic progress of 

the drugs, and, thus, combating resistance, is an oncologic 

virus delivery system. In the review, we will discuss these 

molecular mechanisms and new strategies with the possibility 

of postponing the onset of cancer-cell drug resistance.

EGFR-TKI therapy and the 
associated resistance
The iterative discovery in various malignancies during the 

past decades that a number of aberrant tumorigenic pro-

cesses and signal transduction pathways are mediated by 

druggable protein kinases has led to a revolutionary change 

in drug development. In NSCLC, the ErbB family of recep-

tors (eg, EGFR,10 human epidermal growth factor receptor 

[HER] 211), rat sarcoma gene (RAS), v-raf murine sarcoma 

viral oncogene homologue B1, MAPK, c- mesenchymal-

epithelial transition (c-MET), fibroblast growth factor 

receptor, discoidin domain receptor 2, phosphatidylinositol-

4,5-bisphosphate3-kinase, catalytic subunit alpha (PIK3CA), 

phosphatase and tensin homologue, Akt, anaplastic lym-

phoma kinase (ALK), rearranged during transfection (RET), 

reactive oxygen species 1, and erythropoietin-producing 

hepatoma are key targets of various agents currently in 

clinical development. These oncogenic targets exert their 

selective growth advantage through various intercom-

municating pathways, such as through RAS/RAF/MEK, 

phosphoinositide 3-kinase/Akt/mTOR, and SRC-signal 

transduction and transcription signaling. In recent clinical 

studies, EGFR-TKIs and crizotinib were considered as 

strongly effective targeted therapies in metastatic NSCLC.12 

Currently, five molecular targeted agents are approved for 

treatment of advanced NSCLC: gefitinib; erlotinib and 

afatinib for positive EGFR mutation; crizotinib for positive 

echinoderm microtubule-associated protein-like 4 (EML4)-

ALK translocation; and bevacizumab (Figure 1).13

EGFR-TKI (such as gefitinib or erlotinib) treatment 

of lung-cancer harboring EGFR gene mutation is one of the 

prototypes of such therapies. Several clinical trials clearly 

demonstrated that progression-free survival of patients 

treated with EGFR-TKI therapy is significantly longer 

than that of those treated by conventional platinum doublet 

chemotherapy.14–16 EGFR-TKI therapy dramatically changed 

the paradigm of lung cancer treatment.11 Which strategy 

is better in the management of advanced NSCLCs – the 

inhibition of mutated EGFR with TKIs (L858R mutation 

increases tyrosine kinase affinity for TKIs) or a combined 

approach with cetuximab (an anti-EGFR monoclonal anti-

body) plus first-line chemotherapy – is yet to be determined.17 

 EGFR-TKI’s associated toxicity is generally well tolerated. 

The two most common toxicities include dermatologic and 

gastrointestinal effects, both of which are mild to moderate, 

easily managed, and reversible.18–20 EGFR-TKI therapy has 

been carried out in more than half of the patients who are 

identified to bear EGFR mutations.
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In many ways, the experience with TKIs in NSCLC 

exemplifies the successes and challenges of personalized 

cancer medicine.15 The finding that EGFR-TKIs were effective 

and had particular activity in 15%–30% of NSCLC patients 

with EGFR mutations was a major advance; however, resistance 

sets in after approximately 1 year of treatment and remains as 

one of the biggest obstacles in anticancer treatments.

The majority of resistance to EGFR-TKIs are seen with: 

1) the second-site exon 20 EGFR gatekeeper mutation plas-

mid T790M that reduces drug binding in ∼50% of all cases 

of EGFR mutation;21 2) the plasmid T790M mutation plus 

EGFR amplification in ∼8% of cases;22 3) tyrosine kinase 

switching or receptor dimerization through MET (proto-

oncogene that encodes a protein known as hepatocyte growth 

factor receptor) amplification in ∼5%–19% of cases;23 4) 

overexpression of AXL (encodes tyrosine-protein kinase 

receptor UFO in human) and its ligand GAS6 in 20% and 

25% of cases, respectively;24 and 5) activating mutation of 

the phosphatidylinositol 3-kinase (PI3K) p110α-encoding 

gene PIK3CA in ∼5% of cases.25–27 There is also evidence 

of nuclear factor-κB(NF-κB) signaling being implicated as 

a resistance mechanism to avoid TKI-induced apoptosis, 

possibly through the low expression of the NF-κB inhibi-

tory protein IκB.25

One straightforward method to overcome drug resis-

tance, the intensification of EGFR inhibition, represents a 

 potential method.28 T790M mutation accounts for 50% of all 

the EGFR-specific resistance; it facilitates phosphorylation of 

EGFR despite the presence of a TKI through increasing the 

affinity of mutant EGFR for ATP.29 Thus, the T790M muta-

tion significantly reduces drug binding and avoids reaching an 

efficient blood drug concentration. Many trials have studied 

intensification of EGFR inhibition through use of second-

generation TKIs such as neratinib, afatinib, and dacomitinib.30 

These inhibitors have the advantage that each forms a covalent 

irreversible bond with the EGFR protein, and each also inhibits 

other members of the ErbB family of kinases. However, this 

broader activity leads to greater toxicity, although with the 

power to overcome T790M-mediated resistance.30,31 Other 

mutations in exon 20 are insertions predominantly clustered 

between codons 767 and 774. Importantly, in contrast to the 

more classic activating EGFR mutations, these insertions 

have been associated with de-novo resistance to approved 

EGFR TKIs (erlotinib and gefitinib)32,33 and to irreversible 

inhibitors that have recently entered clinical trials (neratinib, 

afatinib, and dacomitinib).34,35 In vitro studies show that cells 

harboring some of the most prevalent insertions require an 

average of 100-fold higher concentrations of these agents for 

inhibition, well beyond clinically achievable plasma levels. 

Clinical studies, although limited, confirm the preclinical 

findings,36–38 but rare cases with better clinical responses have 

been reported.12,39 Importantly, many of the insertions identified 

EGFR
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RAF

ERK

Tumor cell survival

mTOR

PI3K/AKT

MET amplification

ERBB3

Inhibition

Inhibition

Gefitinib/erlotinib T790M mutation

EML4-ALK/crizotinib

Figure 1 Mechanism of eGFR-related lung cancer drug resistance.
Abbreviations: AKT, protein kinase B; eGFR, epidermal growth factor receptor; eRK, extracellular signal-regulated kinase; mTOR, mammalian target of rapamycin; Pi3K, 
phosphatidylinositol 3-kinase; RAF, rapidly accelerated fibrosarcoma; RAS, rat sarcoma gene; EML4-ALK, echinoderm microtubule associated protein like 4 -anaplastic 
lymphoma kinase. 
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in patient samples have not been tested against these inhibitors. 

Further understanding of the biology as well as the prognostic 

and predictive implications of these mutations is needed, but has 

remained limited by the small number of patients included in 

clinical trials and the lack of preclinical models, such as patient 

derived cell lines or genetically engineered mouse models.

Second- and third-generation EGFR-TKIs are developed 

as part of the strategy to overcome treatment resistance to first-

generation EGFR-TKIs. Second-generation agents include the 

irreversible inhibitors of the ErbB family of receptors: afatinib 

(also known as BIBW 2992, which targets EGFR, HER2, 

and HER4), dacomitinib (also known as PF0299804, which 

targets EGFR, HER2, and HER4), and neratinib (also known 

as HKI272, which targets EGFR and HER2). These agents 

have been or are being evaluated in NSCLC-specific clinical 

trials (for clinical trials see Reungwetwattana and Dy).40 It is 

thought that primary resistance to these agents will still be 

encountered for the EGFR T790M mutation as well as exon 20 

insertions.40 Thus, an alternate schedule of drug administration, 

such as intermittent or pulse high-dose therapy using afatinib to 

determine its activity against T790M (NCT01647711), is under 

investigation. Intermittent high-dose schedule to attain higher 

central nervous system (CNS) penetration has demonstrated 

some efficacy in treating disease progression confined to the 

CNS, wherein the pathophysiology is different from acquired 

resistance in extracranial sites of malignancy.

Third-generation EGFR inhibitors designed to inhibit 

the EGFR T790M mutant include WZ4002, CO-1686, and 

AZD9291. Poziotinib (also known as HM781-36B), a new 

potent irreversible inhibitor of EGFR, HER2, HER4, and 

transient erythroblastopenia of childhood family of kinases 

inhibitor (BTK, BLK, and BMX), demonstrated preclinical 

efficacy against T790M mutant at eightfold lower doses 

compared to afatinib.

A different approach in addressing EGFR-TKI resistance 

involves the use of combination regimens. Therefore, the 

combination of erlotinib with cetuximab, and the combina-

tion of erlotinib with MM-121 (a fully human mAb that 

targets HER3), in patients with acquired resistance to EGFR-

TKIs did not show sufficient clinical activity for further 

investigation in this population. Other combination regimens, 

such as with c-MET inhibitors, heat shock protein 90, and 

PI3K/mTOR inhibitors will be investigated further.

ALK and leukocyte tyrosine  
kinase receptors
The EML4-ALK fusion gene (EML4 fused with the ALK) 

is one of the newer molecular targets elucidated in NSCLC. 

The ALK is a member of the insulin superfamily of receptor 

tyrosine kinases normally expressed only in the CNS, small 

intestine, and testis.10 The translocation of two genes in the 

short arm of chromosome 2, between the C-terminal kinase 

domain of ALK and the N-terminal portion of the EML4, was 

discovered in an NSCLC patient in Japan in 2007. This trans-

location causes aberrant activation of downstream oncogenic 

signaling pathways such as the RAS/RAF/MEK, PI3K/Akt/

mTOR, and the Janus kinase/signal transducer and activator 

of transcription signaling pathway, leading to cell prolif-

eration, invasion, and inhibition of apoptosis (Figure 1).18  

EML4-ALK translocation is found in 3%–6% of all cases 

of NSCLC.40 Crizotinib (PF-02341066), an oral dual ALK/

MET inhibitor, is currently the only US Food and Drug 

Administration-approved agent for advanced ALK-positive 

NSCLC.

Despite the remarkable initial responses, acquired 

resistance to crizotinib develops within a year.40 Various 

mechanisms of acquired resistance have been documented, 

several of which may coexist simultaneously.  Multiple 

secondary mutations have already been identif ied in 

patients treated with crizotinib.40 Homologous to the gate-

keeper EGFR T790M mutation is the L1196M substitution, 

which, unlike EGFR T790M, does not appear to confer a 

growth disadvantage to cells.40 Other secondary mutations 

such as G1269A, C1156Y, L1152R, and 1151Tins may 

affect affinity of the mutant ALK for either ATP or drug, and 

these differences have ramifications on the development of 

next-generation ALK inhibitors, which have varied mutation-

specific efficacy among different agents. Other implicated 

resistance mechanisms include amplification of ALK gene, 

aberrant activation of other kinases such as amplification of 

KIT, or direct MAPK pathway activation as represented by 

either KRAS mutation upregulation of EGFR or detection of 

an activating EGFR mutation not seen in the initial tumor 

tissue.40 Another potential approach that may be effective is 

dual inhibition of PI3K and MEK pathway, which demon-

strated significant activity in an ALK-translocated NSCLC 

cell line.40

Several second-generation agents against crizotinib-

 resistant EML4-ALK-positive cancers are being developed. 

Heat shock protein 90 inhibitors also show preclinical and 

clinical activity in ALK-rearranged NSCLC and may have 

broader activity across different ALK mutations.40 The revers-

ible dual ALK/EGFR inhibitor AP26113 is a more potent 

ALK inhibitor than crizotinib and demonstrates preclinical 

activity against various secondary mutations resistant to 

crizotinib, including L1196 and G1269A. In an ongoing 
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Phase I dose-escalation study, it demonstrated activity in up 

to two-thirds of crizotinib-resistant ALK-positive patients. 

LDK378 is a selective ALK inhibitor with weak c-MET 

activity that showed substantial clinical activity, with an 

overall response rate of 81% at doses .400 mg in ALK-

positive NSCLC patients previously treated with crizotinib. 

Both agents demonstrated tumor responses against crizotinib-

resistant brain metastases.

miRNA is a promising target  
to overcome drug resistance  
in chemotherapies
miRNA is a small noncoding RNA molecule that functions 

in transcriptional and posttranscriptional regulation of gene 

expression. miRNA genes are evolutionarily conserved and are 

located within the introns or exons of protein-coding genes, 

as well as in intergenic areas.41,42 miRNA has been implicated 

with cancer development. An interesting observation is that, 

for the widespread miRNA downregulation observed in 

human cancers, p53 is often dysfunctional.43 Moreover, dele-

tion of Dicer abrogates the production of mature miRNAs,44 

and conditional deletion of Dicer1 enhances lung tumor 

development in a K-ras-induced lung cancer mouse model.45 

There are a variety of miRNAs, including the let-7 miRNA 

which is a cancer suppressor. In humans, the let-7 family is 

a cluster of miRNAs whose genes map to different chromo-

somal regions that are frequently deleted in lung cancer.46 All 

members of the miR-17-29 cluster and miR-31 are oncogenes. 

A recent in vitro study by Galluzzi et al47 showed that miR-630 

inhibits p53-regulated proapoptotic signaling pathways that 

are specifically induced by cisplatin and carboplatin. The fact 

that miRNAs may involve chemosensitivity/chemoresistance 

determination, especially in EGFR-TKI treatments, suggests 

the possibility that manipulating miRNAs may be potentially 

useful to modulate the cancer chemoresistance. These novel 

therapeutic interventions of miRNA include drug-induced 

apoptosis by sensitizing tumor cells as well as inhibiting tumor 

proliferation and invasive capabilities.

Oncomirs in lung cancer
Oncomirs have higher basal expression in malignant, as 

compared to adjacent, normal lung tissues. Some are poten-

tial prognostic biomarkers, as in the case of miR-92a-2* in 

SCLC48 or the examples of miR-155, miR-130a, let-7f, and 

miR-30e-3p in NSCLC.49,50 To date, few candidate oncomirs 

have had mechanistic validation or identification of the target 

genes that would exert their oncogenic effects.

One of these oncomirs is miR-21; it plays a key functional 

role in several cancers,51–53 including lung cancer.54 Prior work 

revealed that miR-21 promotes cellular growth and augments 

tumor invasion and metastasis39 by reducing expression of spe-

cific sets of target genes that exert tumor suppressive effects. 

For example, in K-ras-dependent mouse lung cancers, there 

is an increase in miR-21 expression; miR-21 targets multiple 

negative regulators of the RAS/MEK/extracellular regulated 

MAP kinase pathway. Also, miR-21 inhibits apoptosis by 

reducing expression of proapoptotic gene products.

It is also reported that miR-31 acts as an oncomir in 

murine and human lung cancers.55 That miR-31 and other 

miRNAs were overexpressed in transgenic cyclin E-driven 

murine lung cancers implied that a similar miRNA expression 

profile would occur in human lung cancers.56 This was the 

case when human lung cancers (versus adjacent normal lung 

tissues) were found to have a similar expression pattern for 

several of the miRNAs that were highlighted in previously 

described transgenic lung cancers (Figure 2).56

Tumor suppressive miRNAs  
in lung cancer
In contrast to oncomirs, expression profiles of candidate 

tumor-suppressive miRNAs are repressed in cancers versus 

adjacent normal lung tissues. For example, reduced expres-

sion of the miRNA let-7 was reported to occur in bronchi-

oloalveolar carcinoma57 and lung adenocarcinoma.58 The 

miR-146b expression patterns in squamous cell lung cancer 

were found to predict a poor clinical outcome, and miR-34a 

expression was found as a biomarker for clinical relapse in 

surgically resected NSCLC.59 Also, miR-34a was inactivated 

by CpG methylation and this caused transcriptional silencing 

in lung cancers.60 The precise mechanisms through which 

these miRNAs exert their tumor-suppressive effects remain 

to be determined.

The miR-34 family is reported as a p53-induced tumor-

suppressive miRNA family in diverse types of cancers.61–63 

As a transcription factor, p53 directly induces miR-34 fam-

ily transcription. Ectopic miR-34 expression can augment 

apoptosis, cell-cycle arrest, or senescence. The promoter 

regions of the miR-34 family are often inactivated by CpG 

methylation.60 Repression of the miR-34 family was linked to 

resistance to p53-activating agents that can cause apoptotic 

response to specific chemotherapy treatments.64

Therefore, specif ic miRNAs play critical roles in 

regulating tumorigenicity. It is thus appealing to consider 

pharmacologic strategies to target specific miRNAs in lung 

carcinogenesis. These approaches can use miRNA  derivatives 
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as anticancer agents. Inhibition of specific oncomirs is 

achieved by use of optimized antisense derivatives. As an 

example, locked nucleic acid (LNA) miRNA derivatives 

represent a class of chemically modified nucleic acids that 

inhibit specific miRNAs in mouse models65 and in nonhuman 

primates.66 LNAs and related compounds are designed to be 

stable in serum and to exert limited off-target toxicities.66 Use 

of LNAs to target oncomirs in lung cancer is an attractive 

approach. Other chemically-modified nucleotide compounds 

were shown to antagonize miRNA activities in in vitro and 

in vivo models. For example, 2′-O-methyl-modified nucle-

otide derivatives inhibited miR-122 (cholesterol-conjugated 

antagomir) in mice, which caused a decrease in cholesterol 

biosynthesis.67 An analogous approach inhibited miR-10b 

activity in a mouse mammary tumor model, and this caused 

a decrease in lung metastases.

In contrast to suppression of oncomirs as a way to confer 

antitumorigenic effects, restoration of tumor suppressive 

miRNAs was also examined in preclinical models. A chemi-

cally synthesized miR-34a analog was used along with a 

lipid-based formulation.67 This was delivered to murine mod-

els by intravenous delivery, which caused antitumorigenic 

effects.67 Other examples were that of intratumoral or intra-

nasal delivery of let-7 to established tumors in mouse models 

of NSCLC, and this conferred antineoplastic effects.68

Agents that affect expression of specific miRNAs were 

shown to overcome tumor-suppressive or oncogenic miRNA 

effects. These agents are in the early phases of preclinical 

testing. Preclinical validation would set the stage for conduct 

of proof of principle clinical trials targeting desired  miRNAs. 

In this regard, the miRNA expression profile within a patient’s 

lung cancer might need to be discerned before selection of 

the miRNA-based therapy that would target aberrant miRNA 

expression within the tumor.

CSC is the obstacle  
to chemotherapy
Tumor drug resistance is a major issue in the management 

of lung cancer patients as almost all lung tumors are either 

intrinsically resistant or quickly develop acquired resis-

tance to chemotherapeutic drugs. Cancer drug resistance 

has recently been linked, at least in part, to the existence of 

CSLCs, a small subpopulation of cells within the tumor that 

possess stem-like properties.13

The major criteria of stem cells is their ability to self-

renew and differentiate into various cellular lineages via 

asymmetric division. Moreover, stem cells are characterized 

by slow division kinetics, drug and irradiation resistance, 

and an increased capacity of invasion, metastasis, tumor 

formation, and proliferation.69,70 CSCs are cancer cells (found 

within tumors or hematological cancers) that possess char-

acteristics associated with normal stem cells; specifically, 

the ability to give rise to all cell types found in a particular 

cancer sample. CSCs are, therefore, tumorigenic in contrast 

to other nontumorigenic cancer cells. It is assumed that lung 

cancer derives from a multipotent stem-like cell that is able to 

generate these various histological components because lung 

cancers show frequent intratumoral heterogeneity.71,72

So far, little heed has been taken of the specific drug 

resistance mechanisms of CSCs in antineoplastic treatment. 

CSCsEGFR-TKIs

ALK Inhibitors

Tumor growth,
invasion, metastasis

LNAs

Oncomirs

Tumor suppressive miRNAs

miRNAs

eg,
miR-21
miR-31
et al

   eg, gefitinib
         erlotinib
         dacomitinib
         afatinib
         neratinib
         et al

   eg, AP26113
         L1196
         G1269A
         LDK378
         et al

eg,
miR let-7
miR-34 family
et al

Figure 2 Schematic diagram of potential therapies combating resistance in lung cancer.
Notes: eGFR-TKis and ALK inhibitors help postpone drug resistance and suppress tumor progression. CSCs may be an obstacle for therapies. Though oncomirs promote 
tumor growth, tumor suppressive micro (mi)RNAs play positive roles in tumor inhibition.
Abbreviations: ALK, anaplastic lymphoma kinase; CSCs, cancer stem cells; eGFR-TKis, epidermal growth factor receptor-tyrosine kinase inhibitors; LNAs, locked nucleic acids.
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The ability for asymmetric cell division, the slow division 

kinetics or even quiescence, and the expression of several 

drug efflux pumps and DNA repair proteins represent the 

major escape mechanisms of CSCs.73–75 As most classical 

cytostatics require cell division in order to be effective, qui-

escence or slow division kinetics protects tumor cells against 

lethal DNA damage. Moreover, novel molecular drugs such 

as Akt-TKI might support rather than suppress CSCs as they 

favor asymmetric cell division and the generation of slowly-

cycling drug-resistant tumor cells.76

Besides division symmetry and slow division kinetics, 

CSCs show an increased expression of DNA repair proteins 

and drug efflux transporters. Salnikov et al and Ota et al 

demonstrated that overexpression of TS and ERCC1 (both are 

DNA repair proteins), which might predict resistance against 

pemetrexed and cisplatin, respectively, correlated with the 

expression of the stem cell antigens cluster of differentiation 

(CD)133 and BCRP1;77,78 The findings of Ota et al demon-

strated a correlation between protein expression of ERCC1 

and the stem cell antigen BCRP1 (P=0.012), and the results 

of Salnikov et al, who demonstrated a correlation between 

protein expression of TS and the stem cell antigen CD133 

(P,0.01), indicate that tumor cells with predominant expres-

sion of these enzymes might bear stem cell characteristics.77,78 

CSCs possess several mechanisms to overcome irreversible 

damage by cytostatic drugs. These mechanisms have neither 

been studied sufficiently nor have they been considered in 

cancer therapy so far.

As the ability of asymmetric cell division and the gen-

eration of slowly cycling or quiescent progenies represent 

important escape mechanism of CSCs, pivotal molecules 

and mechanisms involved in the regulation of division sym-

metry might provide one important target in treating NSCLC. 

 Currently, several Phase I and II studies testing inhibitors 

of the Wnt, Notch, and Hedgehog pathway as well as the 

PI3K/Akt/mTOR signal transduction axis are in progress. 

 Eradication of these CSCs might contribute to better response 

and prolonged survival in lung cancer.79

Summary
Over the last decade, our understanding of human cancer 

development has greatly increased and much progress 

has been made in cancer therapy. Nevertheless, our abil-

ity to develop clinically effective therapies based on this 

knowledge has had limited success.80 After an apparently 

successful initial therapy, many tumors often relapse in a 

more aggressive form than the original tumor. Lung cancer 

is the worldwide leading cause of cancer-related deaths, and 

one of the most incurable cancers due to late presentation, 

disease relapse, and low rate of curative therapy.81 Indeed, 

after an apparent good response to initial therapy, lung can-

cer has a particularly poor prognosis, with 5-year survival 

lower than 15%.

Drug resistance has been one of the hindrances to 

the progress of cancer treatment. The irresponsiveness to 

chemotherapies at a later stage of treatment leads to poor 

prognosis. To study the methods combating resistance, 

NSCLC has been used frequently as a model. Looking into 

the resistance mechanism in the standard and relatively effi-

cient EGFR-TKIs in lung cancer offers the opportunity to 

develop second-generation TKIs to improve drug concentra-

tions during treatment. Moreover, the emerging evidence of 

CSCs and miRNA pathways provide other novel molecular 

targets for postponing resistance onset (Figure 2). Although at 

preliminary research stage, CSCs and miRNAs are potential 

powerful targets to efficiently combat resistance in that they 

are both involved in several aspects of cancer-cell develop-

ment. Besides the hope to develop novel drugs through these 

targets, an alternative idea is to develop efficient drug delivery 

systems, which can both maintain blood drug concentration, 

especially within tumor cells, and at the same time initiate 

apoptosis. However, as discussed above, combating drug 

resistance is not only an issue in cancers. Although the mecha-

nisms have been studied for decades, individual diseases 

have specific mechanisms to be elucidated. Maintaining drug 

concentration through either novel targets or novel delivery 

strategies, and stimulating the internal apoptosis signaling 

through immunity onset, remain the two most focused aims 

to delay resistance and prolong therapeutic effects. 
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