
BMB
   Reports

*Corresponding author. Tel: +82-2-2049-6062; Fax: +82-2-3436- 
6062; E-mail: kimde@konkuk.ac.kr
#These authors contributed equally to this work.

https://doi.org/10.5483/BMBRep.2018.51.1.163

Received 22 August 2017, Revised 31 August 2017, 
Accepted 2 September 2017

Keywords: CpG site, DNAzyme, EGFR mutation, Lung cancer, Toll- 
like receptor 9

ISSN: 1976-670X (electronic edition)
Copyright ⓒ 2018 by the The Korean Society for Biochemistry and Molecular Biology

This is an open-access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/li-
censes/by-nc/4.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

Dual effects of a CpG-DNAzyme targeting mutant EGFR 
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Non-small-cell lung cancer (NSCLC) is commonly caused by a 
mutation in the epidermal growth factor receptor (EGFR) and 
subsequent aberrant EGFR signaling with uncontrolled kinase 
activity. A deletion mutation in EGFR exon 19 is frequently 
observed in EGFR gene mutations. We designed a DNAzyme 
to suppress the expression of mutant EGFR by cleaving the 
mutant EGFR mRNA. The DNAzyme (named Ex19del Dz) 
specifically cleaved target RNA and decreased cancer cell 
viability when transfected into gefitinib-resistant lung cancer 
cells harboring EGFR exon 19 deletions. The DNAzyme 
decreased EGFR expression and inhibited its downstream 
signaling pathway. In addition to EGFR downregulation, 
Ex19del Dz containing CpG sites activated Toll-like receptor 9 
(TLR9) and its downstream signaling pathway via p38 kinase, 
causing an immunostimulatory effect on EGFR-mutated NSCLC 
cells. Thus, dual effects of this DNAzyme harboring the CpG 
site, such as TLR9 activation and EGFR downregulation, leads 
to apoptosis of EGFR-mutated NSCLC cells. [BMB Reports 
2018; 51(1): 27-32]

INTRODUCTION

Non-small-cell lung cancer (NSCLC) accounts for approxima-
tely 80% of all lung cancer incidents and is caused by various 
genetic defects. Mutations in epidermal growth factor receptor 
(EGFR) have been identified to be among the gene mutations 
that cause NSCLC (1). As a member of the Her/ErbB receptor 
family, EGFR is a tyrosine kinase receptor located on the cell 
surface. Normal activation of EGFR is achieved by binding 

with extracellular ligands such as epidermal growth factor 
(EGF) and tumor necrosis factor alpha (TNF-α). However, 
EGFR mutations contribute to the development of cancer 
through uncontrolled cell proliferation and metastasis without 
the binding of ligands (2). 

EGFR genes in NSCLC patients are known to have mutations 
in exons 18-20, including deletions of amino acids from 746 
to 750 in exon 19 or point mutations such as T790M in exon 
20 and L858R in exon 21 (3). The exon 19 deletion and L858R 
point mutation increase the kinase activity of EGFR, resulting 
in the uncontrolled proliferation of cancer cells. Tyrosine 
kinase inhibitors (TKIs) such as erlotinib (TarcevaTM) and 
gefitinib (IressaTM) have been administered to patients over the 
last decade (4, 5). However, the conformational change of 
EGFR caused by the T790M point mutation leads to steric 
hindrance at adenosine triphosphate (ATP)-binding sites 
required for the binding of TKIs, inducing drug resistance in 
tumor cells (6). 

For the efficient removal of pathogenic transcripts, RNA- 
cleaving deoxyribozyme (DNAzyme, Dz) has been utilized for 
oligonucleotide-based gene silencing (7, 8). The "10-23" type 
of DNAzyme includes a 15-nucleotide (nt) conserved catalytic 
core and flanking sequences of 6-12 bases as substrate-binding 
arms located on both sides of the core (9). They can bind to 
the target RNA through Watson-Crick base-pairing and cleave 
the RNA between purine-pyrimidine junctions through a 
phosphoester transfer reaction (9). DNAzyme is a more 
attractive material for gene silencing because DNAzyme does 
not require any accessory factors except divalent metal ions 
such as Mg2＋, which are abundant in the cell cytosol (10). In 
addition, DNAzyme has several advantages over siRNA such 
as cost effectiveness, flexible chemical modifications, and 
relatively high stability in serum (11, 12).

Oligonucleotide-based gene therapy has been known to 
induce an immunological challenge such as causing an innate 
immune response (13). The mammalian innate immune system 
responds to infectious agents by recognizing foreign organisms, 
termed pathogen-associated molecular patterns (PAMPs). A 
variety of pattern recognition receptors (PRRs) are involved in 
PAMP recognition (14). The most well understood of these 
receptors are the Toll-like receptors (TLRs), which were first 
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Fig. 1. DNAzyme targeting mutant EGFR mRNA cleaves mutant RNA. (A) Sequence of mutant EGFR with a 15 nt-deletion in exon 19 
(deletion from E746 to A750 in exon 19). (B) Sequences of Ex19del Dz (left) and scrambled DNAzyme (sc Dz, right). The DNAzyme- 
substrate mutant RNA (MT RNA) annealed complex is also shown. Ex19del DNAzyme was designed for cleavage of deletion type mRNA 
at a phosphodiester bond located between an unpaired adenine (A) and uracil (U). The site of cleavage by the DNAzyme is indicated by 
an arrow. (C) Sequences of each EGFR wild-type and deletion-type substrate RNA used for the cleavage reaction. (D) Exon 19 wild-type 
and mutant RNA substrates were incubated with Ex19del Dz and control DNAzyme (sc Dz) at 37oC for 3 h. The RNA products were 
analyzed by denaturing 10% PAGE (w/v) and visualized with SYBR Gold. DNAzyme was degraded with DNase to stop the reaction.

discovered in Drosophila and have been assigned numbers 1 
to 10 (TLR1-TLR10) in humans (15). Among these TLRs, TLR9, 
a member of the TLR family, recognizes unmethylated CpG 
sites in DNA molecules (16). The CpG site, which is 
commonly found in bacterial and viral DNA, indicates a 
consecutive arrangement of a cytosine ("C") and a guanine 
("G") through a phosphodiester bond ("p"). The recognition of 
CpG-DNA by TLR9 activates p38 MAPK, which negatively 
regulates cell cycle progression by responding to cytokines 
and extracellular stress stimuli (17). Sustained activation of the 
p38 MAPK pathway leads to anti-proliferative signals for 
cancer cells (18). Several CpG-DNAs such as CpG-7909 have 
been demonstrated in clinical trials to act as TLR9 agonists to 
induce an immune response against cancer (19).

In this study, we designed a DNAzyme that can specifically 
cleave mutant EGFR (exon 19 deletions) mRNA to suppress 
the proliferation of lung cancer cells. We found that this 
DNAzyme that targets mutant EGFR mRNA (Ex19del Dz) 
could inhibit the expression of mutant EGFR, resulting in 
apoptosis in drug-resistant lung cancer cells. In addition, we 
found that the CpG sites in the DNAzyme activated the 
TLR9/P38 MAPK pathway via the innate immune response 
pathway. 

RESULTS AND DISCUSSION

DNAzyme that targets and cleaves mutant EGFR mRNA 
The DNAzyme targeting the exon 19 deletion sites in EGFR 
mRNA (Ex19del Dz) was designed using the 10-23 DNAzyme 
core format, which contained a 15-nt catalytic core and 
flanking sequences of side arms that are complementary to its 
RNA target. Mutant-type EGFR mRNA lacked 15 nt in exon 19 

of the wild-type EGFR mRNA, which corresponded to a 
deletion of five amino acids (E746-A750) (Fig. 1A). Thus, 
Ex19del Dz was constructed to specifically bind to and cleave 
the 15 nt- deletion mutant-type mRNA (Fig. 1B). A scrambled 
DNAzyme as a negative control was constructed to contain 
the flanking sequences complementary to the Ex19del 
DNAzyme except for the catalytic core (Fig. 1B). 

To examine the specific RNA cleavage activity of Ex19del 
Dz, an RNA cleavage assay was carried out using short RNA 
substrates, wild-type EGFR RNA (Ex19 WT RNA, 68 nt) and 
mutant-type RNA (Ex19del RNA, 56 nt) (Fig. 1C). RNA 
substrates were incubated with the DNAzyme at 37oC for 3 h, 
and the DNAzyme was then degraded with DNase I to stop 
the reaction. The degraded DNAzyme and cleaved RNA 
substrates were resolved by agarose gel electrophoresis (Fig. 
1D). When the Ex19del Dz was incubated with wild-type 
EGFR RNA, RNA cleavage was not observed, while mutant 
RNA was significantly cleaved into two fragments by Ex19del 
Dz. The control scrambled DNAzyme did not have any effect 
on either RNA substrate. These results indicate that Ex19del 
Dz specifically recognizes and cleaves the target RNA (EGFR 
Ex19del RNA) without affecting the non-target EGFR WT RNA.

Cleavage of mutant EGFR transcripts reduced EGFR 
expression and cell proliferation 
To determine whether Ex19del Dz can induce mRNA cleavage 
and further suppress the expression of EGFR in cells, the 
DNAzyme was transfected into lung cancer cells harboring the 
exon19 deletion mutant EGFR gene (PC9/GR) or wild-type 
EGFR gene (A549). The scrambled DNAzyme was also used as 
a control to assess nonspecific effects of the transfected 
oligonucleotides. When the Ex19del Dz was transfected into 
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Fig. 2. EGFR expression was decreased after transfection of 
Ex19del DNAzyme into lung cancer cells. Oligo DNAs (100 nM) 
such as scrambled DNAzyme and Ex19del DNAzyme were 
transfected into PC9/GR lung cancer cells (5 × 105 cells). 48 h 
after transfection, total RNA and cellular proteins were obtained 
for analysis. (A) Real-time PCR for detection of EGFR cDNA was 
performed in DNAzyme-transfected cells, as described in the graph.
cDNA amplified from EGFR transcripts was relatively quantified 
by normalization to control cells that were untreated. **P ＜
0.01. (B) Western blot analysis revealing the inactivation of EGFR 
protein in DNAzyme-transfected cells. Histograms show the levels 
of total EGFR including phospho-EGFR (black bar) expressed 
relative to the loading control (β-actin) and phospho-ERK1/2 
(white bar) relative to total ERK1/2, which were normalized to 
the non-treated control. **P ＜ 0.01. (C) The viability of cancer 
cells treated with different DNAzymes and EGFR siRNA was 
measured using methylene blue 48 h after treatment with 
DNAzyme or siRNA. 

the mutant EGFR cells, the expression of EGFR transcripts was 
reduced by about 40% compared to the control or the group 
treated with the scrambled Dz (Fig. 2A). In A549 cells, 
however, transfection with the DNAzyme did not significantly 
decrease the amount of EGFR mRNA (Fig. 2A), indicating that 
Ex19del Dz selectively reduced the amount of mutant EGFR 
mRNA lacking 15 nt in exon 19. 

We next monitored the expression of the EGFR and EGFR 
downstream signaling factor ERK1/2 by western blot analysis. 
As shown in Fig. 2B, expression of EGFR was significantly 
decreased by about 40% by Ex19del Dz. Furthermore, as the 
EGFR expression level was downregulated, the phosphorylation 
of ERK1/2 was also suppressed by about 60%. These effects 
induced by Ex19del Dz were also observed with EGFR- 
targeting siRNA. In contrast, the control DNAzyme (scrambled 
Dz) did not show any effect on EGFR expression and ERK1/2 
phosphorylation. Taken together, these results indicate that the 
Ex19del DNAzyme efficiently suppresses transcription of 
EGFR by cleaving mRNA, resulting in a decrease in mutant 
EGFR expression and attenuation of downstream signaling in 
lung cancer cells. 

We next tested the viability of lung cancer cells following 
EGFR knockdown with the DNAzyme. PC9/GR cells were 
transfected with Ex19del Dz for 6 h, and then, cell viability 

was measured using the methylene blue assay (Fig. 2C). EGFR 
siRNA, the effects of which were previously reported (20), was 
also used, and scrambled Dz (sc Dz) was used as a control to 
compare the cytotoxic effects of oligonucleotides transfected 
into the cells. Ex19del Dz significantly reduced cell viability in 
a dose-dependent manner. Contrary to our expectations, the 
control DNAzyme (sc Dz) lacking the complementary sequence 
to the target mutant RNA sequence also caused significant cell 
death, albeit lesser than that caused by Ex19del Dz and EGFR 
siRNA. Importantly, Ex19del Dz reduced cell viability more 
than siRNA. Considering the nonspecific sequence-independent 
effect caused by the scrambled DNAzyme, Ex19del Dz 
targeting the EGFR mutant sequence induced markedly more 
cancer cell death via a nonspecific oligonucleotide effect and 
sequence-specific EGFR mRNA cleavage effect. Thus, we 
suggest that Ex19del Dz targeting the EGFR mutant RNA 
sequence is superior to EGFR siRNA for suppressing lung 
cancer cell proliferation due to an additional nonspecific 
oligonucleotide effect on cell viability.

Oligo DNAs containing CpG sites are responsible for cellular 
apoptosis 
We hypothesized that the nonspecific cellular response 
incurred by oligo DNAs (sc Dz and Ex19del Dz), as shown in 
Fig. 2C, was an innate immune response caused by non-
methylated CpG dinucleotides. DNA harboring nonmethylated 
CpG sites is recognized by TLR9 on the endoplasmic 
reticulum (ER) and endosomes, resulting in the induction of 
inflammatory innate immune responses and cancer cell death 
mediated via p38 MAPK (18, 21). Thus, we determined 
whether the CpG-DNA would affect the fate of lung cancer 
cells using flow cytometry analysis (Fig. 3A). DNA composed 
of only thymine (i.e., oligo dT) was used as a negative control 
for the CpG-mediated immune response. The oligo dT did not 
affect lung cancer cell fate, similar to the effect of the 
transfection vehicle control (mock control). In contrast, two 
oligo DNAs (i.e., Sc Dz and CpG7909) that do not recognize 
the mutant EGFR mRNA induced apoptosis in about 30% of 
PC9/GR cells, which was a two-fold enhancement in apoptosis 
compared with the negative controls. When PC9/GR cells 
were transfected with Ex19del Dz, the population of apoptotic 
cells significantly increased up to ∼40%, which was the 
highest level of apoptosis induction. This result was consistent 
with the preceding data showing a significant reduction in cell 
viability by Ex19del Dz (Fig. 2C). 

Next, we determined whether the oligodeoxynucleotide 
effect on cancer cell viability occurred in other cancer cells 
(i.e., hepatoma cells). As shown in Fig. 3B, cell viability was 
measured in lung cancer cells and hepatoma cells transfected 
with the oligonucleotides used in the flow cytometry 
experiment. The cell viability results were similar to those 
observed in the flow cytometry analysis of lung cancer 
epithelial cells (PC9/GR); both DNAzymes (scrambled Dz and 
Ex19del Dz) and CpG-DNA caused significant cell death, 
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Fig. 4. CpG-DNAzyme induces an increase in TLR9 expression 
and subsequent p38 MAPK activation. (A) FITC-labeled Ex19del 
Dz (100 nM, green fluorescence) was transfected into lung cancer 
cells for 6 h, and the cells were fixed in 4% paraformaldehyde 
and imaged under a fluorescence confocal microscope. After 
fixation, endosomes and lysosomes were stained with Endo-/Lyso 
tracker dye (red fluorescence). Nuclei were stained with TOPRO-3 
(blue fluorescence). Merged images indicate the co-localization of 
FITC-labeled DNAzyme and endosomes/lysosomes, as shown in 
yellow-colored fluorescence (indicated with arrows). (B) Oligo DNAs
(100 nM) were transfected into PC9/GR lung cancer cells (5 ×
105 cells). At 48 h after transfection, total RNAs were obtained 
for analysis. Real-time PCR for the detection of TLR9 cDNA was 
performed in oligo DNA-transfected cells, as described in the 
graph. cDNA amplified from TLR9 transcripts was relatively 
quantified by normalization to control cells that were untreated. 
*P ＜ 0.01 and **P ＜ 0.005 vs. the oligo dT group. (C) Confocal
microscopic images of PC9/GR and HepG2 cells that were 
transfected with 100 nM individual oligo DNA as indicated. At 
48 h after transfection, cells were fixed in 4% paraformaldehyde 
and incubated with primary antibody against TLR9. After 12 h of 
incubation, goat anti-rabbit IgG with fluorophore was used as the 
secondary antibody (green fluorescence). Nuclei were counterstained
using TOPRO-3. (D) Oligo DNAs (100 nM) were transfected into 
lung cancer cells (PC9/GR and A549) for 6 h. After 24 h of 
incubation, total cellular proteins (30 μg) were obtained and 
resolved by 10% SDS-PAGE. In addition to probing PARP cleavage,
TLR9, Akt, p38, and their phosphorylated forms were probed by 
western blot analysis. (E) Oligo DNAs (100 nM) were transfected 
into lung cancer cells (PC9/GR) for 24 h. Cell culture supernatants
were harvested and 100 μl of supernatants was used for ELISA to 
detect IL-6. Bar graphs show the mean ± S.D. of three indepen-
dent experiments, and the values were normalized to those of the 
non-treated control.

Fig. 3. DNA containing the CpG site causes apoptotic cell death 
in lung cancer cells. (A) 100 nM individual oligo DNA was 
transfected into lung cancer cells (PC9/GR). After 48 h of incuba-
tion, cell fate was analyzed by flow cytometry (FACS analysis). 
The graph represents the estimated percentage of apoptotic cells 
determined in the FACS analysis. *P ＜ 0.05 and **P ＜ 0.01 
(B) Lung cancer cells (PC9/GR) and liver cancer cells (HepG2) 
were seeded onto 24-well plates, and each oligo DNA (100 nM 
final concentration) and EGFR siRNA (50 nM) were transfected 
into the cells followed by incubation for 48 h. Cell viability was 
assessed using the methylene blue assay. Data are the mean ±
S.D. of three independent experiments; *P ＜ 0.05 and **P ＜
0.01 vs. the oligo dT group.

while oligo dT did not. In HepG2 hepatoma cells, CpG- 
dependent apoptosis was less obvious than that observed in 
the lung cancer cells. This result indicates that the cell death 
via innate immunity exerted by the CpG-DNA was more 
pronounced in lung cancer epithelial cells. This explanation is 
further supported by the fact that human lung cancer cells 
actively express the CpG-DNA receptor TLR9, which can 
recognize CpG-DNA on the ER membrane (22). More 
importantly, the viability of PC9/GR cells was reduced more 
by Ex19del Dz than by EGFR siRNA. Based on these results, 
we suggest that Ex19del Dz possesses a secondary action in 
addition to the suppression of EGFR expression compared with 
EGFR siRNA. 

CpG-DNAzyme upregulates TLR9 expression in lung cancer 
cells
The CpG site in oligonucleotides is known to be recognized 
by TLR9, which is located on the ER membrane, and induces 
an innate immune response through cytokine production (21, 
23). To observe the co-localization of transfected Dz and 
endosomes expressing TLR9, Ex19del Dz was labeled with 
FITC, and lysosomes were stained with a specific fluorescent 
dye. When FITC-labeled Ex19del Dz was transfected into cells, 
it mostly co-localized with lysosomes, visualized as yellow- 
colored fluorescence in the merged image (Fig. 4A). Thus, we 
assumed that Dz surrounded by a liposome was imported into 

the cell cytosol via endocytosis and moved to the lysosome, 
suggesting that Dz containing the CpG sites may recognize 
and activate TLR9. 

To compare the effects exerted by each oligo on TLR9 
mRNA levels, we transfected each oligo DNA and siRNA into 
PC9/GR cells and quantitated TLR9 mRNA (Fig. 4B). The 
amount of TLR9 mRNA was decreased up to 50% by TLR9 
siRNA. However, in the cells transfected with Ex19del Dz, the 
amount of TLR9 mRNA increased by about 12 times compared 
with that in the non-treated control cells 48 h after trans-
fection. Sc Dz and CpG 7909 upregulated TLR9 transcripts by 
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about 10 and 15 times, respectively. As expected, transfection 
of oligo dT into the cells did not increase TLR9 mRNA levels. 

The results showing enhanced TLR9 expression were further 
supported by TLR9 protein levels as examined by immuno-
cytochemistry (Fig. 4C). After PC9/GR cells were transfected 
with each oligonucleotide for 6 h, the expression of TLR9 was 
significantly elevated by CpG-containing oligo DNAs, such as 
Sc Dz, Ex19del Dz, and CpG 7909. Based on these results, we 
suggest that Ex19del Dz upregulated TLR9 expression in the 
lung cancer epithelial cells because of the presence of CpG 
sites in the DNAzyme. The elevated level of TLR9 was 
responsible for the activation of the innate immune response, 
which caused apoptotic cell death. Thus, Ex19del Dz, which 
cleaves the mutant EGFR mRNA, has an auxiliary immunos-
timulatory effect due to the CpG site, and it was named 
CpG-DNAzyme. 

CpG-DNAzyme activates p38 MAP kinase and IL-6 secretion 
through TLR9 signaling 
To determine whether the CpG DNAzyme can activate the 
p38 MAPK and/or AKT pathway in lung cancer cells, sub-
sequently leading to apoptosis, the activation (i.e., phosphory-
lation) of p38 and Akt was examined after transfection of each 
DNA into lung cancer cells (Fig. 4D). In PC9/GR cells, the 
levels of phosphorylated p38 were 1.8-times higher in cells 
transfected with the CpG-containing DNAs (Ex19del Dz and 
CpG 7909) than in cells transfected with oligo dT. CpG 
oligonucleotide induced a significant enhancement in p38 
phosphorylation and subsequent proPARP cleavage in both 
cell groups. However, there was no detectable increase in Akt 
phosphorylation with CpG-containing DNAs. Interestingly, the 
CpG DNAzyme targeting the mutant EGFR gene resulted in 
p38 activation and proPARP cleavage only in PC9/GR cells 
containing the mutant EGFR gene, not in the other lung cancer 
cells (A549 cells) harboring the wild-type EGFR gene. This 
result indicates that CpG-containing DNAs induced apoptosis 
in lung cancer cells by activating the p38 MAPK pathway but 
not the AKT pathway. More importantly, Ex19del Dz induced 
an apoptotic response by activating p38 and PARP cleavage 
only in the EGFR mutant lung cancer cells, suggesting that 
CpG-DNAzyme targeting EGFR induces apoptotic cell death 
by EGFR knockdown in addition to the CpG-induced TLR9 
activation. 

It has been reported that the secretion of IL-6 is mediated by 
NF-κB signaling through TLR9 activation (24). Thus, we next 
examined CpG-dependent IL-6 production using an ELISA. As 
shown in Fig. 4E, after treatment with CpG motifs containing 
DNA (i.e., Sc Dz, Ex19del Dz, and CpG 7909) IL-6 was 
released at significantly higher levels than those in the 
non-treated control or oligo dT groups. Importantly, Ex19del 
Dz activated IL-6 secretion to a similar extent as CpG 7909, 
which was used as a TLR9 agonist. Taken together, we 
demonstrated that CpG sites in Ex19del Dz induced the 
activation of the TLR9-p38 MAPK pathway and cytokine 

secretion in PC9/GR cells.
In conclusion, Ex19del Dz targeting the exon 19 deletion in 

mutant EGFR RNA has dual effects on apoptosis in lung cancer 
cells by downregulating EGFR through a specific RNA-cleaving 
activity and nonspecifically activating TLR9-p38 MAPK through 
CpG sequences. This RNA-cleaving DNAzyme with dual 
effects caused a stronger suppression of NSCLC proliferation 
than siRNA. We thus suggest that the Ex19del DNAzyme can 
be used as a therapeutic agent that acts by inducing apoptosis 
in lung cancer cells through CpG sequences in DNA and 
knocking down EGFR through cleavage of transcripts.

MATERIALS AND METHODS

Cell culture and oligonucleotide transfection, RNA cleavage 
with DNAzyme, Cell proliferation assay, Western blot analyses, 
Flow cytometry, RT-PCR, Immunocytochemistry, and ELISA 
methods are described in “Supplementary information”. 
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