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Introduction

Recent advances in molecular targeted therapies have demon-
strated promising clinical activity of anti-EGFR agents in a vari-
ety of human solid malignancies. Two classes of EGFR-directed 
therapeutic inhibitors are currently in clinical use: anti-EGFR 
monoclonal antibodies, such as cetuximab and small-molecule 
tyrosine kinase inhibitors (TKIs) of EGFR, such as erlotinib. 
Cetuximab is used in the treatment of metastatic colorectal 
cancer and advanced squamous cell carcinoma of the head and 
neck (HNSCC),1 while erlotinib is administered to patients with 
non-small cell lung cancer (NSCLC),2 head and neck cancer and 
pancreatic cancer.3 Although both classes of drugs are capable 
of inducing an initial therapeutic response, primary as well as 
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acquired drug resistance is frequently observed and is associated 
with ultimate disease relapse and a disappointing overall response 
rate.4,5 Genetic analysis has revealed that several mutations in 
EGFR are associated with clinical response to erlotinib,4 while 
mutations in KRAS are associated with cetuximab resistance in 
colorectal cancer.6,7 However, even though these genetic altera-
tions are firmly linked to drug response, they can only explain 
clinical outcome in a limited subset of patients. Thus, in order to 
benefit a larger population of patients, it is crucial to develop a 
more detailed understanding of the factors involved in the devel-
opment of drug resistance and to identify additional therapeutic 
targets that may arise during the evolution of resistance.

Emerging evidence has linked epigenetic changes, such 
as DNA methylation at CpG islands, to the development of 
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N1-acetyltransferase 1 (SAT1) and S100 calcium binding protein 
P (S100P) are functionally associated with cisplatin resistance.11

The rapid acquisition of drug resistance to anti-EGFR agents 
that is often observed clinically prompted us to explore whether 
epigenetic events occur during the forced evolution of resis-
tance to cetuximab and erlotinib. To evaluate this possibility, 
we investigated four cell line pairs developed from two paren-
tal NSCLC and HNSCC cell lines, H226 and SCC1. For each 
pair, drug-resistant cells were generated via exposure of paren-
tal cells to slowly escalating doses of either erlotinib or cetux-
imab. DNA from each pair was extracted and screened using a 
methylation-specific array containing a panel of 56 genes that are 
commonly known to be regulated through promoter methyla-
tion. Identifying differentially methylated genes associated with 
acquired drug resistance, we found that death-associated protein 
kinase 1 (DAPK ) was hypermethylated in drug-resistant cell lines 
generated from both parental strains, and that DAPK expression 
modulated the response to both cetuximab and erlotinib.

Results

Identification of DAPK as a commonly methylated candi-
date gene in cetuximab- and erlotinib-resistant NSCLC and 
HNSCC cells. Four cell line pairs developed from two NSCLC 
and HNSCC cell lines (H226/H226C, H226D/H226T, SCC1/
SCC1C, SCC1D/SCC1T) were used in this study. Resistance of 
drug-induced cells to cetuximab (C) or erlotinib (Tarceva, T) 
was validated by drug response assays (Fig. S1). To determine 
differences in promoter methylation between parental H226 and 
SCC1 cells and their drug-resistant progeny, we subjected DNA 
extracted from each cell line to a 56 gene panel methylation array 
containing genes that are known to be regulated by promoter 
methylation. This approach takes advantage of the well-defined 
methylation regions in the promoters of these known genes for 
array hybridization and offers improved sensitivity and specific-
ity for gene discovery compared with large-scale genome-wide 
methylation arrays. In addition, changes in methylation are likely 
to be detected when any of these genes is differentially expressed 
in resistant cells. Using a computed threshold value to deter-
mine methylation status (genes with Cy5/Cy3 ratios <4.0 were 
scored as methylated, and those with scores >4.0 were scored as 
unmethylated), genes that were unmethylated in parental cells 
but methylated in the corresponding resistant progeny were iden-
tified (Table 1). Twenty of 56 genes were differentially methyl-
ated in at least one cell line pair. Generally, methylation pattern 
was unique in individual pairs, with some notable commonali-
ties across cell lines and drugs. Three genes were differentially 
methylated in three cell line pairs (DAPK, CALC and GPC3). 
Focusing on these genes, we found that DAPK was the top-
ranked gene in three of four cell line pairs. The strong and per-
sistent change in DAPK promoter methylation observed in both 
NSCLC and HNSCC cells resistant to two different anti-EGFR 
drugs prompted us to further investigate the function of DAPK 
in anti-EGFR drug resistance.

Validation of DAPK promoter methylation and downregu-
lation in drug-resistant cells. To analyze promoter methylation 

cytotoxic chemotherapeutic drug resistance as well as the ini-
tiation and progression of cancer due to the repressed transcrip-
tion.8-13 Treatment-related DNA hypermethylation may play a 
role in creating drug-resistant phenotypes by inactivating genes 
that are required for cytotoxicity. For example, promoter meth-
ylation of the DNA repair enzyme O6-methylguanine-DNA 
methyltransferase (MGMT) contributes to resistance to car-
mustine (BCNU),9 while methylation of FANCF is associated 
with acquired cisplatin resistance in ovarian cancer.10 Both of 
these genes play functional roles in mediating the resistance. 
In addition, we have previously demonstrated that DNA meth-
ylation is a frequent event in cells that are chronically exposed 
to cisplatin, and that methylation of spermidine/spermine 

Table 1. List of genes methylated in resistant daughter cells but not in 
parental cells

H226 (Cy5/Cy3) H226C (Cy5/Cy3) Ratio

DAPK 14.5 1 14.5

MGMT 10.3 1 10.4

PGK 1 7.3 7.2

FAS 1 7.1 7.1

CALC 9.9 1.7 5.7

ERaA 2.3 6.6 2.8

GPC3 5.2 3.3 1.6

P27 3 4.8 1.6

SCC1 (Cy5/Cy3) SCC1C (Cy5/C3) Ratio

DAPK 57.6 1 57.7

ERaB 21.4 1 21.5

MGMT 6.8 1 6.8

SRBC 18 3.6 4.9

GR 6.4 1.4 4.7

RB1 11 2.6 4.3

GPC3 4.4 1.7 2.6

SYK 7.4 2.9 2.6

EP300 4.3 1.9 2.3

H226D (Cy5/Cy3) H226T (Cy5/Cy3) Ratio

DAPK 24.2 1 24

RPL15 7.3 0.4 20.4

VHL 9 0.7 12.7

CALC 9.3 0.8 11.6

GPC3 8.4 0.9 8.9

APAF-1 7 1 7

S100 2.1 14.1 6.8

FAS 5.8 1 5.8

SCC1 (Cy5/Cy3) SCC1T (Cy5/Cy3) Ratio

14–3-3 23.4 1 23.5

CALC 4.3 0.9 4.8

PGK 2.1 6 2.9
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in DAPK level suggested by our RT-PCR data was further con-
firmed by western blot analysis using an antibody against DAPK 
(Fig. 2B). Taken together, these results demonstrated that DAPK 
was silenced during the process of acquiring cetuximab and erlo-
tinib resistance in H226 cells via promoter hypermethylation.

Restoration of cetuximab and erlotinib sensitivity in resis-
tant NSCLC cells upon reconstitution of DAPK expression. To 
further investigate the role of DAPK in mediating drug response 
in H226 cells, we cloned the full-length coding region of DAPK 
into the pcDNATM 6.2/V5-DEST expression vector and trans-
fected either control or DAPK vector into H226C and H226T 
cells. Pooled cells with stable expression were generated by blas-
ticidine selection. Immunoblot analysis demonstrated either spe-
cific expression of the exogeneous DAPK-V5 fusion protein or 
the CAT-V5 fusion protein in the control vector-transfected cells 
(Fig. 3A). Importantly, we observed a marked re-sensitization of 
H226C cells to cetuximab and H226T to erlotinib after DAPK 
restoration (Fig. 3B and C, upper parts). On the other hand, 
although restoration of DAPK expression in parental SCC1 cells 
further increased the cellular response to both drugs (Fig. 3B and 
C, lower parts), ectopic expression of DAPK-V5 in SCC1C and 
SCC1T cells failed to restore sensitivity of these cells to the drugs 
(data not shown), suggesting that the evolution of anti-EGFR 
resistance in these cell lines is likely to be independent of DAPK.

Acquisition of resistance to cetuximab and erlotinib after 
siRNA-mediated knockdown of DAPK in the NSCLC cells. 
Since ectopic overexpression of genes does not always replicate 
physiologically relevant conditions, we next used siRNA to 
knockdown the endogenous expression of DAPK in H226 and 

of DAPK in resistant cells, we used quantitative methylation-spe-
cific PCR (qMSP) with primers and probes specifically designed 
to amplify the methylated promoter region. Amplification of 
β-actin was used to control for DNA input. We found that the 
DAPK promoter region of H226 parental cells was minimally 
amplified, suggesting it was largely unmethylated. In contrast, 
DNA extracted from drug-resistant H226C cells produced 
strong amplification, indicative of heavy promoter methylation 
(Fig. 1A). The methylation is determined to be 100% when 
using in vitro methylated human normal lymphocyte DNA as 
standard reference. H226 cells exposed to long-term DMSO 
treatment (H226D), which served as a control for erlotinib-
resistant H226T cells, manifested low-level (1%) methylation of 
DAPK, while H226T cells demonstrated complete methylation 
of the DAPK promoter region (100%, Fig. 1B). Unlike H226 
cells, SCC1 parental cells displayed a medium level of methyla-
tion (35%) in the promoter of DAPK. However, the degree of 
methylation was further increased in cetuximab-resistant SCC1C 
cells (100%, Fig. 1C). We next performed real-time RT-PCR 
to examine whether methylation of the DAPK promoter leads 
to transcriptional repression, and found that while DAPK was 
present in H226 and H226D cells, it was almost absent in both 
resistant cell lines, consistent with methylation-induced gene 
silencing (Fig. 2A). In parental SCC1 cells, which displayed a 
moderate level of methylation, however, the expression of DAPK 
was markedly lower, indicating that the promoter methylation 
effectively suppressed its expression. Increased promoter meth-
ylation of DAPK was further observed in SCC1C cells without 
further transcription suppression (Fig. 2A). The expected change 

Figure 1. The promoter of DAPK is methylated in acquired resistant cells to erlotinib and cetuximab. qMSP results of DAPK on (A) H226 and H226C, 
(B) H226D and H226T and (C) SCC1 and SCC1. 100% of DNA methylations were observed in H226C, H226T and SCC1C. The results of qMSP of ACTB as 
internal control are displayed in the bottom part.
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can provide important information in order to optimize treat-
ment and improve patient outcomes.

In this study, we probed for alterations in gene methylation 
associated with acquired resistance to EGFR-targeted therapeutic 
agents, and discovered that in a number of cell line pairs, DAPK 
becomes methylated during the evolution of drug resistance. 
DAPK (also known as DAPK1) belongs to the calcium/calmod-
ulin (CaM)-regulated serine/threonine protein kinase family. 
DAPK exhibits pro-apoptotic function and mediates cell death 
triggered by a variety of death-inducers, including interferonγ,20 
TGF,21 TNFα and Fas ligand.22 The expression of DAPK mRNA 
and protein are often lost in many major types of human cancers, 
at times as a result of silencing by DNA methylation.23 Similarly, 
we found here that when resistance to anti-EGFR agents was 
induced, DAPK-expressing cancer cells silenced expression 
through promoter methylation. Ectopic expression of DAPK 
restored sensitivity to these drugs in the resistant H226C and 
H226T cell lines, while knockdown resulted in acquisition of 
drug resistance in the parental cells, suggesting the functionality 
of this gene in mediating drug resistance. In the drug-sensitive 
HNSCC cell line SCC1, however, DAPK was already methyl-
ated and silenced prior to exposure to anti-EGFR agents, and 
restoration of DAPK in the induced drug-resistant clones failed 
to re-sensitize cells to either erlotinib or cetuximab. Interestingly, 
restoration of DAPK expression in parental SCC1 cells further 
increased the cellular response to the drug. These results sug-
gest that acquisition of resistance to either erlotinib or cetuximab 
in SCC1 is most likely independent of DAPK, and that other 
unknown molecular determinants of resistance may counteract 
the effect of DAPK in inducing drug sensitivity specifically in 
these resistant clones.

Although the precise mechanism of DAPK-mediated resis-
tance to anti-EGFR agents is unknown, we speculate that it may 
involve DAPK’s role in mediating apoptosis. Enhanced anti-
apoptotic and pro-survival signaling is commonly seen in cancer 
cells that display primary or acquired resistance to conven-
tional chemotherapeutic drugs and molecular targeted agents. 
For example, elevations in Bcl-2 expression cause resistance to 
multiple conventional chemotherapeutic drugs, while decreases 
in Bcl-2 expression promote apoptotic responses to anticancer 
drugs.24-28 Patients with ovarian cancer who have p53 mutations 
in their tumors are generally more resistant to platinum-based 
drugs such as cisplatin as compared with patients with wild-type 
p53.29 In addition, elevated activity of pro-survival PI3K-Akt sig-
naling has also been observed to mediate resistance of NSCLC 
cells to both erlotinib and gefitinib, another anti-EGFR TKI. 
Interestingly, a reciprocal regulation between DAPK and ERK, 
one of the major downstream signal transducers of EGFR, has 
been established that promotes the apoptotic activity of DAPK. 
DAPK interacts with ERK through a docking sequence within 
its death domain and is a substrate of ERK. Conversely, DAPK 
promotes the cytoplasmic retention of ERK, thereby inhibiting 
ERK signaling in the nucleus.30 Thus, it is likely that the loss 
of expression of DAPK through methylation weakens pro-apop-
totic signaling, compromising the effectiveness of anti-EGFR 
agents.

H226D cells. Knockdown of DAPK was confirmed by both real-
time RT-PCR and western blot for up to 5 d (Fig. 4A and B). 
As expected, DAPK knockdown in both cell lines resulted in the 
development of resistance to both drugs (Fig. 4C and D). Taken 
together, these results clearly demonstrated that loss of DAPK 
expression played a key role in the acquired resistance of H226 
cells to anti-EGFR agents.

Discussion

The impact of gene methylation on drug response has broad 
clinical implications. Methylation frequently leads to silencing 
of genes that may play a causal role in drug resistance. Thus, 
detection of promoter methylation can be a rapid and efficient 
approach to identifying transcriptional regulation of key resis-
tance genes. In addition, genes that are differentially methylated 
have increasingly been appreciated as a source of clinically rel-
evant biomarker candidates.14,15 Cell-free circulating tumor DNA 
found in the bloodstream of cancer patients as well as tumor 
DNA obtained non-invasively from other body fluids, such as 
sputum, saliva or urine, can provide sufficient quantities of DNA 
for the purpose of gene methylation analysis.16-18 We have found 
that bisulfite treatment of 100 ng of tumor DNA is often suf-
ficient for subsequent methylation analysis at a confident level, 
and that this quantity can often be obtained from around 1 ml 
of patient serum. We have also successfully performed 56 gene 
part methylation arrays, such as those used in this study, with 
only 5 ng of plasma DNA.19 Thus, non-invasive identification of 
specific gene methylation patterns associated with both patient 
disease and drug response is increasingly technically feasible and 

Figure 2. The expression of DAPK is silenced in acquired resistant cells 
to erlotinib and cetuximab. (A) RT-PCR results of normalized DAPK 
mRNA expression in H226, H226C, H226D, H226T, SCC1, SCC1C, SCC1D 
and SCC1T cells. P, parental; C, cetuximab; D, DMSO; T, tarceva (erlotinib). 
(B) Immunoblotting of DAPK in the indicated cell lines. β-actin (ACTB) 
was used as internal control.
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then diluted in serum-free culture medium at a 1:10 ratio. Cells 
were incubated for 2–3 h at 37°C, followed by medium removal 
and color extraction by DMSO. The plates were read using a 
SpectraMax plate reader (Molecular Devices Corp.) at 570 nm 
with a reference wavelength of 650 nm. A minimum of 6 wells 
were tested for each erlotinib dose.

DNA extraction and methylation array analysis. Genomic 
DNA was extracted using standard phenol/chloroform technique 
followed by ethanol precipitation. Methylation detection in a 
56-gene (MethDet-56) test was performed as described in refer-
ence 19 and 34. Briefly, equal amounts of DNA were treated with 
Hin6I (Fermentas Inc.) or mock digested, and each was ampli-
fied by PCR using gene-specific primers as described in reference 
35. The Hin6-treated PCR product was labeled with Cy3, and 
the undigested PCR product was labeled with Cy5 (both from 
GE HealthCare). The labeled DNA was combined and hybrid-
ized to custom microarrays (Microarrays, Inc.), washed and 
scanned using a GenePix 4000B scanner (Molecular Devices). 
Signal intensity for each spot was determined using GenePix Pro 
6 software after subtraction of background.

Each MethDet-56 microarray was printed in triplicate as 8 
x 8 subarrays with 56 promoter-specific, five control and three 

In summary, this study com-
pared the 56 gene methylation 
profiles of parental H226 and 
SCC-1 cells to their erlotinib- and 
cetuximab-resistant daughter cell 
lines. We found that DAPK was 
methylated in the resistant deriva-
tives of both type of drugs, and that 
its silencing was a strong media-
tor of acquired drug resistance in 
NSCLC but not HNSCC cells 
used in this study. While DAPK 
expression has previously been 
demonstrated to be associated with 
resistance to other cytotoxic che-
motherapeutic agents used to treat 
gastric cancer31 and acute lympho-
cytic leukemia,32 its relationship to 
anti-EGFR therapeutic agents has 
never before been reported. Finally, 
while our results support a strong 
predictive value of DAPK methyla-
tion to drug response in NSCLC, 
further studies are required to 
clinically confirm these findings, 
including evaluation of the methyl-
ation status of clinical tumor speci-
mens obtained from patients with a 
known drug response.

Materials and Methods

Cell lines and chemicals. Eight 
cell lines were used in this study: 
the non-small lung cancer cell (NSCLC) cell line H226 and its 
cetuximab-resistant progeny H226C; the Dimethyl sulfoxide 
(DMSO)-treated control cell line H226D and the erlotinib-
resistant H226T; the head and neck squamous cell carcinoma 
(HNSCC) cell line SCC1 and its cetuximab-resistant progeny 
SCC1C; the DMSO-treated control cell line SCC1D and the 
erlotinib-resistant derivative SCC1T. These cell lines were gener-
ous gifts from Dr. P.M. Harari. Drug resistance arose during a 
process of slowly escalating drug exposure over a period of 6 mo 
as reported previously in reference 33. H226 and its derivatives 
were cultured in RPMI1640 (Mediatech Inc.), and SCC1 and its 
resistant derivatives were cultured in DMEM (Mediatech Inc.), 
supplemented with 10% FBS (Invitrogen). Cells were maintained 
in a humidified atmosphere containing 5% CO

2
 at 37°C. All 

cells were routinely monitored for mycoplasma. Both cetuximab 
and erlotinib were ordered from the Johns Hokpins Pharmacy.

Cell viability and drug sensitivity assay. Cells were plated at 
a density of 3,000/well in 96-well plates. The following day, cells 
were treated with 0, 0.01, 0.033, 0.1, 0.33, 1 or 3.3 μM erlotinib 
or 0, 0.2, 1, 2.5 or 5 μg/ml cetuximab for an additional 72 h. 
Cell viability was subsequently assayed using the MTT colori-
metric assay. Briefly, MTT was dissolved in PBS at 5 mg/mL and 

Figure 3. Ectopic expression of DAPK increased sensitivity of H226 cells to erlotinib and cetuxiamb. 
(A) Immunoblotting analysis demonstrated exogeneous expression of fusion proteins. The pools of 
stable clones of DAPK using pcDNA6.2/V5-DEST-DAPK were compared with that of control empty vector 
using pcDNA6.2/V5/GW/CAT. Expression of β-actin (ACTB) was used as the internal control. Significantly 
decreased cell viability after cetuximab treatment in DAPK-expressed H226C and SCC1 cells (B) or after 
erlotinib treatment in DAPK-expressed H226T and SCC1 cells (C) was observed.
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following fast amplification program for 40 cycles: 95°C for 1 sec 
and 60°C for 20 sec on an ABI PRISM7000 Sequence Detection 
System (Applied Biosystems). All reactions were performed 
in duplicate or triplicate with water controls. The expression 
of the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
gene was monitored as an internal control. Specific PCR primer 
sequences were designed using Primer Express software (Applied 
Biosystems). The primer sequences of DAPK were 5'-ACC AGT 
GCC CTA GCC AAA GA-3' (forward) and 5'-ATC GCT TCT 
GGC AAC ACT CA-3' (reverse), and primer sequences for 
GAPDH were: 5'-CAA CTA CAT GGT TTA CAT GTT C-3' 
(forward) and 5'-GCC AGT GGA CTC CAC GAC (reverse). 
Expression of DAPK mRNA relative to GAPDH was calculated 
based on the threshold cycle (Ct) as 2-Δ(ΔCt), where Δ(ΔCt) = 
ΔCt

DAPK
 - ΔCt

GAPDH
.

Antibodies and immunoblot analysis. Antibody against 
DAPK was obtained from Cell Signaling Technology, Inc. 
Monoclonal anti-β-actin antibody was obtained from Sigma. 
Monoclonal V5 antibody was obtained from Invitrogen. EGFR 
and phosphor-EGFR antibodies (pY1068) were obtained from 
Cell Signaling Technology and Invitrogen, respectively. Cells 
were lysed in RIPA lysis buffer containing protease inhibitors 
(Roche Diagnostic Systems) and phosphatase inhibitor cocktails 
(Sigma-Aldrich). Samples were homogenized in RIPA buffer fol-
lowed by sonication. Protein concentrations were determined by 
the Lowry protein assay (Bio-Rad Laboratories). Equal amounts 
of protein were mixed with Laemmli sample buffer (62.5 mM 
TRIS-HCl, pH 6.8, 2% SDS, 10% glycerol, 0.1 M DTT and 
0.01% bromophenol blue), run on 4–12% NuPAGE gels and 
transferred to nitrocellulose membrane (Bio-Rad Laboratories). 

empty spots. Signal intensities for each promoter spot were com-
pared with the average intensities of five control spots, and values 
less than 2.5 times the control were considered non-informative 
(NA). The Cy5/Cy3 ratio was determined for each remaining 
spot; spots with ratios <4.0 were considered methylated, while 
spots with ratios >4.0 were considered unmethylated.34 The final 
methylation call for each promoter was determined by the major-
ity call in at least two of the subarrays; if no majority call could 
be determined (e.g., two different calls and an NA call), the pro-
moter was excluded from analysis (NA).

Quantitative methylation-specific PCR (qMSP). Up to 2 
μg of DNA was bisulfate converted and subsequently cleaned 
using the EpiTect kit (Qiagen) according to the manufacturer’s 
instructions. Taqman quantitative methylation-specific PCR 
(qMSP) was performed as described previously in reference 36. 
In vitro-methylated human lymphocyte DNA (recognized to 
be 100% methylated) from normal donors was used to gener-
ate standard curves and served as reference to estimate methyla-
tion levels in samples.36 The primer sequences of DAPK were: 
5'-GGA TAG TCG GAT CGA GTT AAC GTC-3' (forward) 
and 5'-CCC TCC CAA ACG CCG A-3' (reverse), and the probe 
sequence was: 5'-TTC GGT AAT TCG TAG CGG TAG GGT 
TTG G-3'.

RNA extraction, reverse transcription and real-time PCR. 
RNA was extracted using RNeasy mini kit (Qiagen) following 
manufacturer’s instructions. 400 ng of total RNA was reverse 
transcribed to single stranded cDNA using qScript cDNA 
SuperMix (Quanta BioSciences), which was then used as tem-
plate for real-time PCR. Real-time PCR was performed using 
Fast SYBR® Green Master Mix (Applied Biosystems) with the 

Figure 4. siRNA-mediated DAPK knockdown rendered cells more resistant to cetuximab and erlotinib. Scramble siRNA or siRNA against DAPK were 
transfected into H226 cells. DAPK knockdown was confirmed by either real-time RT-PCR (A) or immunoblotting with antibody against DAPK (B). 
(C) Transfected cells were exposed to either erlotinib or cetuximab, and increased resistance was observed after DAPK knockdown.
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siRNA was dissolved into Dharmacon siRNA buffer (Thermo 
Scientific) to a final concentration of 20 μmol/L. H226 and 
H226D cells were plated in either 6-well or 96-well plates and 
were transfected with siRNA against DAPK using RNAiMAX 
transfection reagent (Invitrogen) according to the manufac-
turer’s instructions. Twenty-four hrs after transfection, cells 
were treated with either cetuxiamb or erlotinib for additional 
72 h. ON-TARGETplus Non-Targeting Pool siRNA (Thermo 
Scientific) was used as the experimental control.

Statistical analyses. All analyses were performed in duplicate 
or triplicate. Two-sided t-tests were performed to compare the 
mean of two samples with Sigmastat 3.0 software. The statistical 
significance was established at p < 0.05.
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The membrane was blocked with PBS supplemented with 0.1% 
Tween 20 and 5% nonfat milk for 1 h at room temperature and 
probed with primary antibody for overnight at 4°C, followed by 
HRP-conjugated appropriate secondary antibodies (Santa Cruz 
Biotech). Signals from immunoreactive bands were detected by 
enhanced chemiluminescence (ECL, GE Health Care according 
to the manufacturer’s instructions).

Cloning, transfection and establishment of stable cell lines. 
pDONR223-DAPK, which carries the full-length coding regions 
of DAPK, excluding stop codon, was purchased from Addgene. 
The coding region of the DAPK was subcloned into pcDNATM 
6.2/V5-DEST vector (Invitrogen) using Gateway LR Clonase 
II enzyme Mix (Invitrogen). The expression vector, here named 
pcDNA6.2-DAPK-V5, was then used for transfection to estab-
lish stable cell lines. FuGENE® HD or X-tremeGENE HP DNA 
Transfection Reagent (Roche Diagnostic Systems) were used 
to transfect H226C, H226T, SCC1, SCC1C and SCC1T cells 
according to the manufacturer’s instructions. pcDNATM 6.2/V5/
GW/CAT (Invitrogen) was used as the experimental control to 
establish the stable control cell lines. 48 h after transfection, cells 
were exposed to 5 μg/ml blasticidine for 10 to 14 d to establish 
pooled stable cell lines. DAPK expression was confirmed by both 
RT-PCR and western blotting.

Short interference RNA transfection. The expression of 
DAPK was knocked down by ON-TARGETplus SMARTpool 
short interfering RNA (Thermo Scientific) against DAPK. The 
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