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Abstract
Background/Aims: The use of tyrosine kinase inhibitors (TKIs) to target active epidermal 
growth factor receptor (EGFR)-harbouring mutations has been effective in patients with 
advanced non-small-cell lung cancer (NSCLC). However, the use of TKIs in NSCLS patients with 
somatic EGFR mutations, particularly T790M, causes drug resistance. Thus, in the present study, 
we investigated overcoming resistance against the TKI gefitinib by combination treatment 
with melatonin in H1975 NSCLC cells harbouring the T790M somatic mutation. Methods: 
H1975 and HCC827 cells were treated with melatonin in combination with gefitinib, and cell 
viability, cell cycle progression, apoptosis, and EGFR, AKT, p38, Bcl-2, Bcl-xL, caspase 3 and Bad 
protein levels were examined. Results: Treatment with melatonin dose-dependently decreased 
the viability of H1975 cells harbouring the T790M somatic mutation compared to HCC827 
cells with an EGFR active mutation. Melatonin-mediated cell death resulted in decreased 
phosphorylation of EGFR and Akt, leading to attenuated expression of survival proteins, such 
as Bcl-2, Bcl-xL and survivin, and activated caspase 3 in H1975 cells, but not in HCC827 cells. 
However, we did not observe a significant change in expression of cell cycle proteins, such as 
cyclin D, cyclin A, p21 and CDK4 in H1975 cells. Surprisingly, co-treatment of gefitinib with 
melatonin effectively decreased the viability of H1975 cells, but not HCC827 cells. Moreover, 
co-treatment of H1975 cells caused consistent down-regulation of EGFR phosphorylation and 
induced apoptosis compared to treatment with gefitinib or melatonin alone. Conclusions: Our 
findings demonstrate that melatonin acts as a potent chemotherapeutic agent by sensitising 
to gefitinib TKI-resistant H1975 cells that harbour a EGFR T790M mutation.
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Introduction 

Non-small-cell lung cancer (NSCLC) is one of the most common lethal cancers worldwide 
and genetic mutations in NSCLC are critical in the progression to metastatic disease [1, 2]. 
Mutations in epidermal growth factor receptor (EGFR), KRAS, and anaplastic lymphoma 
kinase (ALK) have been identified in patients with NSCLC, and a mutation in any one of these 
proteins can influence the response to targeted therapy [1, 2]. Activating EGFR mutations are 
most commonly detected in females, as well as in Asian patients with adenocarcinomas [3], 
where these mutations are found in 50% of the population [4]. 

The use of EGFR tyrosine kinase inhibitors (TKIs), such as gefitinib and erlotinib, to 
treat advanced NSCLC patients has become a standard of care, and other EGFR-directed 
therapeutics are in development [5-7]. Two groups reported EGFR kinase domain mutations, 
causing deletions in exon 19 and L858R in exon 21 of EGFR, in NSCLC patients treated with 
gefitinib [8, 9]; these represent the first molecular targeting marker for TKI treatment. 
However, the T790M EGFR mutation has been detected with low frequency in NSCLC cancer 
patients and is considered to confer secondary resistance to TKIs [10-12]. Monotherapy with 
TKI in NSCLC containing the T790M EGFR mutation was correlated with a poor response 
rate of 14.6% [13]. Thus, development of new drugs or combination strategies to overcome 
resistance to TKI is required in a patient with an acquired EGFR mutation, such as T790M.

Melatonin (N-acetyl-5-methoxytryptamine) is produced primarily by the pineal gland 
at night and is involved in numerous physiological processes, such as circadian rhythm 
regulation, seasonal changes and sleep [14]. Furthermore, accumulated evidence indicated 
that melatonin has an important anti-tumour role with anti-proliferative, pro-apoptotic and 
anti-angiogenic activities [15-19]. Melatonin mediates these effects by targeting the EGFR 
and mitogen-activated protein kinase (MAPK) [15, 20, 21]. 

Thus, in the present study, we focused on the molecular mechanism mediating 
melatonin-induced suppression of lung cancer cell growth, and the effect of combination 
treatment with gefitinib in H1975 cells harbouring the active L858R mutation and the 
acquired mutation, T790M. 

Materials and Methods

Cell culture
H1975 and HCC827 were obtained from the American Type Culture Collection (ATCC, Manassas, VA, 

USA). Cells were maintained at 37°C in 5% CO2 in RPMI 1640 medium containing 10% heat-inactivated fetal 
bovine serum (FBS) and antibiotics (Welgene, South Korea). Melatonin and gefitinib were purchased from 
Sigma (St. Louis, MO). Melatonin was dissolved in DMSO, stored at -70°C, and diluted in culture medium for 
described experiments. 

Western blotting
Total proteins from H1975 and HCC827 cells were extracted with RIPA buffer (50 mM Tris-HCl, pH 

7.4, 150 mM NaCl, 1% NP-40, 0.25% deoxycholic acid-Na, 1 M EDTA, 1 mM Na3VO4, 1 mM NaF and protease 
inhibitors cocktail [Roche]). Protein samples were quantified using a Bio-Rad DC protein assay kit II (Bio-
Rad, Hercules, CA) and separated by electrophoresis on 8 –15% SDS-PAGE gel and electro-transferred onto 
a Hybond ECL transfer membrane (Amersham Pharmacia, Piscataway, NJ). After blocking with 2–5% non-
fat skim milk, the membrane was probed with antibodies for anti-EGFR, p-EGFR (Tyr1068), AKT, p-AKT 
(Ser473), Bcl-2, Bcl-xL, survivin, Mcl-1, p-Bad (Ser112) and C-Caspase 3 (Cell Signaling, Beverly, MA). 
Anti-Cyclin D, Cyclin A, p21 and CDK4 were purchased from Santa Cruz Biotechnologies (Santa Cruz, CA). 
Monoclonal anti-β-actin was purchased from Sigma Aldrich (St Louis, MO). Secondary antibodies coupled to 
horseradish peroxidase (HRP) were from Vector Lab (Burlingame, CA, USA). Expression was visualised by 
using enhanced chemiluminescence (ECL) (GE Health Care Bio-Sciences, NJ, U.S.A.).

http://dx.doi.org/10.1159%2F000366305


Cell Physiol Biochem 2014;34:865-872
DOI: 10.1159/000366305
Published online: August 21, 2014

© 2014 S. Karger AG, Basel
www.karger.com/cpb 867

Yun et al.: Melatonin Sensitizes Gefitinib in H1975 Cells

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

MTT assay
Cytotoxicity of melatonin and/or gefitinib was evaluated by 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl 

tetrazolium bromide (MTT) (Sigma Chemical Co., St. Louis, MO). Cells were seeded onto a 96-well microplate 
at a density of 0.7 × 10⁴cells per well and treated with various concentrations of gefitinib and/or melatonin. 
After 48 h of incubation, we added 1 mg/ml MTT for 2 h. Optical density (OD) was measured using a 
microplate reader (Tecan Austria GmbH, Grödig, Austria) at 570 nm. Cell viability (%) = [OD (Drug) – OD 
(Blank)] / [OD (Control) – OD (Blank)] × 100.

Apoptosis analysis by annexin V-propidium iodide (PI) double staining
Apoptosis in gefitinib and/or melatonin-treated cells was analysed on a FACSCalibur instrument 

(Becton Dickinson, San Jose, CA) to define those positive for annexin V with or without PI staining. Cells 
were quantitated by double staining with Annexin V-FITC and PI using the Annexin V-Apoptosis Detection 
kit (Biovision, Milpitas, CA), according to the manufacturer's instructions. 

Flow cytometry analysis 
Approximately 2 × 105 H1975 cells were suspended in 100 µl PBS and 200 µl of 95% ethanol were 

added during vortexing. The cells were incubated at 4°C for 1 h, washed with PBS, and resuspended in 200 
µl of 1.12% sodium citrate buffer (pH 8.4) together with 12.5 µg RNase. Incubation was continued at 37°C 
for 40 min. The cellular DNA was then stained by applying 200 µl of propidium iodide (50 µg/ml) for 30 min 
at room temperature. The stained cells were analysed by FACScan flow cytometer for relative DNA content 
based on red fluorescence.

Statistical analyses
For statistical analysis of the data, Sigma plot ver. 12 software (Systat Software Inc., San Jose, CA, U.S.A.) 

was used. All data were presented as means ± standard deviation (S.D.). One-way ANOVA was used for 
comparison of multiple groups. Student’s t-test was used for comparison of two groups. Statistical difference 
was set at p <0.05 between control and melatonin or control and combination or gefitinib and melatonin-
treated groups. All experiments were carried out in triplicate. 

Results

Melatonin treatment increased sub-G1 populations in H1975 cells
Deletion of exon 19 and L858R in NSCLC is known to participate the response to TKI 

treatment, whereas the T790M point mutation of exon 20 confers resistance [22]. To verify 
drug sensitivity of EGFR mutations, we evaluated resistance of H1975 cells harbouring both 
L858R and T790 mutations to gefitinib using a cytotoxicity assay. The IC50 of gefitinib in 
H1975 cells was >10 μM after a 48 h incubation, while it was < 500 nM after a 24 h incubation 
in HCC827 cells, which have a deletion in exon 19 (Fig. 1A). In contrast, melatonin was more 
sensitive in H1975 than HCC827 cells after a 48 h incubation (Fig. 1B). Next, we compared the 
effects of melatonin and gefitinib on H1975 cells by cell cycle analysis. Melatonin treatment 
significantly increased sub-G1 populations, while gefitinib treatment did not affect cell cycle 
progression of H1975 cells compared to untreated control (Fig 1C and D). This indicates that 
melatonin is more sensitive in H1975 cells compared with gefitinib. 

Melatonin decreased phosphorylation of EGFR in H1975, but not in HCC827 cells
The inhibitory effect of melatonin on the circadian-dependent tumour growth is 

mediated by suppression of EGFR [15, 20]. To confirm this, we verified phosphorylation of 
EGFR in melatonin treated H1975 and HCC827 cells by immunoblotting. Melatonin (1 mM) 
effectively decreased the phosphorylation of EGFR in H1975 cells, whereas it did not affect 
the EGFR phosphorylation in HCC827 cells (Fig. 2A and B). In contrast, gefitinib significantly 
decreased the EGFR phosphorylation level in HCC827 cells, but not in H1975 cells (Fig. 2C 
and D). These data suggest that melatonin can regulate the phosphorylation of EGFR, while 
gefitinib has no effect on EGFR phosphorylation in H1975 cells. 
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Melatonin regulates EGFR/AKT signal pathway and survival-related proteins
In Figure 2, we confirm that melatonin suppressed EGFR signalling. To verify changes 

in downstream target proteins induced by melatonin, Western blotting of H1975 cells was 
performed. We found that melatonin dramatically suppressed the phosphorylation of Akt 
and EGFR, but not p38 MAPK, in 1 mM melatonin-treated H1975 cells (Fig. 3A). However, 
melatonin did not regulate cell cycle regulators such as cyclin D, cyclin A, p21 and CKD4 

Fig. 1. Effects of gefitinib 
and melatonin on H1975 
and HCC827 cell lines. 
H1975 and HCC827 cells 
were treated with (A) 
gefitinib and (B) mela-
tonin for 24 and 48 h at 
the indicated concentra-
tions and then measured 
cytotoxicity. Cells were 
treated with (C) gefitinib 
and (D) melatonin for 
48 h and cell cycle pro-
gression was analysed 
by FACS. Data represent 
means ± S.D. of three in-
dependent experiments. 
**p <0.01 vs. untreated 
control. 

Fig. 2. Effect of me-
latonin on EGFR phos-
phorylation in gefitinib-
resistant H1975 cells. 
H1975 and HCC827 cells 
were treated with (A, B) 
gefitinib and (C, D) mela-
tonin for 48 h. Whole-cell 
extracts were prepared 
and analysed by Western 
blotting using anti-EGFR, 
-p-EGFR and -β-actin an-
tibodies. Data represent 
means ± S.D. of three in-
dependent experiments. 
**p <0.01 vs. untreated 
control.
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(Fig. 3B), which is consistent with Figure 1C and D. Next, we verified the levels of proteins 
related to cell survival. As shown Figure 3C, melatonin down-regulated p-Bad, Bcl-2, Bcl-
xL and survivin levels but did not affect that of Mcl-1. Furthermore, melatonin treatment 
induced cleavage of caspase3 in H1975 cells (Fig. 3C). 

Melatonin increases sensitivity to gefitinib treatment in H1975 cells
Next, we verified the combined effect of melatonin and gefitinib on HCC827 and H1975 

NSCLC cells. The viability of H1975 cells was gradually decreased by increasing concentrations 
of melatonin combined with 2 μM gefitinib, compared to the untreated control (Fig. 4A 
and B). However, co-treatment with melatonin and gefitinib showed no synergistic effect 
in HCC827 cells (Fig. 4A and B). Co-treatment of H1975 cells with melatonin and gefitinib 
suppressed EGFR phosphorylation and expression of Bcl-2 compared to application of 
melatonin or gefitinib alone (Fig. 4C). Furthermore, cell cycle analysis using PI and Annexin 
V staining revealed that co-treatment with melatonin and gefitinib resulted in a significant, 
twofold, increase in the apoptotic population in H1975 cells compared to non-treated or 
gefitinib-treated cells (Fig. 4D and E). These data suggest that combination treatment with 
melatonin and gefitinib has the potential to sensitise cells to gefitinib monotherapy in NSCLC 
harbouring EGFR mutations. 

Discussion

NSCLC represents 85–90% of all lung cancers and includes squamous cell epidermoid 
carcinoma, adenocarcinoma and large-cell undifferentiated carcinoma [23]. Despite 
continuous efforts to develop novel molecular-targeted or combination therapies, treatment 
for NSCLC frequently results in drug resistance, often due to various EGFR mutations that 
affect TKI-targeted therapy [11]. Deletions in exon 19 and L858R in exon 21, which are 
dominant somatic EGFR mutations, are most common in Asian patients and confer active 
EGFR mutations [11, 24, 25]. Treatment response in patients with these active mutations 
is associated with sensitivity of NSCLC to gefitinib or erlotinib monotherapy, whereas the 
T790M point mutation or other mutations in exon 20 results in resistance to TKIs [8, 9, 26]. 
EGFR with active mutations is easily inactivated by TKIs via TKI binding to the EGFR, which 
restricts ATP binding in the ATP-binding pocket of EGFR. However, patients who harbour the 
active mutation, L858R, and the acquired mutation, T790M, developed resistance to gefitinib 
or erlotinib monotherapy because T790M resulted in modification of the ATP-binding pocket 
in EGFR, which is required for TKI access. For these reasons, development of a new drug 
that overcomes resistance due to inactive EGFR mutations, such as T790M, is required. This 
study is the first to determine that melatonin increases the sensitivity to gefitinib therapy of 

Fig. 3. Effect of melatonin on 
downstream EGFR targets, cell 
cycle progression, and apopto-
sis-related proteins. H1975 cells 
were treated with 1 mM mela-
tonin for 48 h. Whole-cell extracts 
were prepared and analysed by 
Western blotting using antibod-
ies against (A) downstream EGFR 
signalling targets, (B) cell cycle 
proteins, or (C) apoptosis-asso-
ciated proteins. The same blots 
were stripped and re-probed with 
an anti-β-actin antibody to verify 
equal protein loading.
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H1975 cells harbouring both L858R and T790M by inducing apoptosis. These data suggest 
that melatonin treatment can significantly suppress EGFR phosphorylation, which suggests 
the potential benefit of combination therapy with TKIs in patients with EGFR inhibitory 
mutations. However, further research is necessary to determine why melatonin affected 
EGFR phosphorylation in H1975 cells, but not HCC827 cells. 

An important mechanism underlying the melatonin-mediated inhibition of tumour 
growth is the suppression of EGFR and activity of mitogen-activated protein kinases (MAPKs) 
in various cancer cell lines [15, 20, 21]. Based on our data, melatonin suppressed activation 
of Akt via inhibition of EGFR phosphorylation but did not affect MAPK signalling (Fig. 3). 
Zhou et al. reported that Akt activation, but not MAPK activation, was related to coordinated 
activation of receptor tyrosine kinases, EGFR, MET, and Axl in mesothelioma [27], indicating 
that simultaneous activation of multiple signalling pathways is required for MAPK induction. 
This indicates that melatonin participates only in regulation of EGFR signalling pathway, not 
other pathways such as MET and AXL, in H1975 cells with EGFR mutations.

Apoptosis includes an intrinsic mitochondrial pathway and extrinsic cell death 
pathway [28, 29]. Several proteins, such as caspases, Bcl-2 family members, and survivin, 
have been demonstrated to participate in the regulation of apoptosis [30-32]. Caspase 
cleavage is controlled by various cellular factors, including members of the Bcl-2 family. 
One such protein, Bad, participates in apoptotic and non-apoptotic processes controlled by 
phosphorylation. Growth factors such as EGF suppress the proapoptotic activity of Bad via 
Akt phosphorylation [33, 34]. Consistent with these reports, we found that Bcl-2 and Bad 
phosphorylation was dramatically decreased in melatonin-treated H1975 lung cancer cells 

Fig. 4. Effects of the gefitinib and 
melatonin combination on apop-
tosis, EGFR phosphorylation, and 
Bcl-2 expression. (A) HCC827 and 
H1975 cells were treated with the 
indicated concentrations of mela-
tonin ± 2 µM gefitinib for 48 h, and 
cell viability was analysed by MTT 
assay. (B) HCC827 and H1975 cells 
were treated with 1 mM melatonin 
± 1 µM gefitinib, and cell viability 
was analysed by MTT assay. (C) The 
expression levels of p-EGFR, EGFR, 
Bcl-2 and β-actin in H1975 cells 
treated with the indicated concen-
trations of melatonin and gefitinib 
were determined by Western blot-
ting. β-actin served as the loading 
control. (D, E) Cells were treated 
with melatonin ± gefitinib for 48 
h. The cells were stained with pro-
pidium iodide (PI)/Annexin V and 
then analysed by FACS. Con, con-
trol; Mel, melatonin; Gef, gefitinib; 
M+G, melatonin and gefitinib. Val-
ues represent the standard devia-
tion (SD); *P <0.05 vs. control. (F) 
Proposed scheme for apoptosis 
activation by melatonin in H1975 
cells via inhibition of downstream 
EGFR signalling.
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(Fig. 3C). As a consequence, changes in the levels of these two proteins resulted in increased 
apoptosis via induction of caspase 3 activity. 

Therefore, melatonin induces apoptosis and down-regulates survival related proteins 
such as Bcl-2 and Bad phosphorylation via inhibition of EGFR/Akt signalling. Melatonin 
also increases the sensitivity to gefitinib of H1975 cells containing active and somatic 
EGFR mutations, which leads to TKI resistance. These findings suggest that melatonin may 
be a potent chemotherapeutic agent in combination with gefitinib for treatment of NSCLC 
harbouring EGFR mutations resistant to TKI monotherapy. 
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