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Abstract

Aims: Epidermal growth factor receptor (EGFR) tyrosine kinase inhibitors (TKIs) have been developed to treat
non-small cell lung cancer (NSCLC) patients with EGFR mutation, but TKI resistance is common. Almost half
of the acquired resistance patients are due to additional T790M mutation on EGFR (EGFRT790M), thus over-
coming TKI resistance is important. In this study, we aim to investigate the role of reactive oxygen species
(ROS) in TKI resistance as well as the molecular and biological effects of EGFRT790M after redox manipulation.
Results: The basal ROS levels in EGFRT790M-containing TKI-resistant NSCLC cell lines were substantially
high. Sixty-three human lung tumors showed higher NADPH oxidase isoform 2 (NOX2) expression than
normal lung tissues, which may contribute to high basal ROS in cancer and poor survival. Interestingly, only
NOX3 was upregulated by sanguinarine, a pharmacological agent to elevate ROS, and resulted in EGFR
overoxidation, degradation, and apoptosis. By contrast, such responses were lacking in EGFRWT cells. Selective
EGFRT790M degradation was manipulated by redox imbalance between NOX3 and methionine reductase A
(MsrA). Furthermore, the in vivo tumor suppression effect of sanguinarine, NOX3 upregulation, and EGFR
degradation were confirmed. Innovation: We have found a new treatment strategy to overcome TKI resistance
by selectively inducing EGFRT790M degradation via specific stimulation of methionine 790 (M790) oxidation. It
can be achieved via manipulating redox imbalance between NOX3 and MsrA. Conclusion: Targeting EGFR by
elevating ROS and redox imbalance is a potential new strategy to develop a new EGFR inhibitor for TKI-
resistant patients with a wide therapeutic window between EGFRT790M and EGFRWT. Antioxid. Redox Signal.
24, 263–279.

Introduction

Personalized therapy is becoming a dominant cancer
therapeutic strategy. Gefitinib, a first-generation epider-

mal growth factor receptor (EGFR) tyrosine kinase inhibitor
(TKI), was first administered to non-small cell lung cancer

(NSCLC) patients 10 years ago (30), and personalized ther-
apy has been increasingly utilized in cancer treatments (29,
41, 42). However, acquired resistance to gefitinib (and other
EGFR inhibitors) has become the most substantial obstacle
for advancing EGFR-targeted treatment (3, 8, 25, 36). Ap-
proximately 50% of NSCLC patients develop acquired

1State Key Laboratory of Quality Research in Chinese Medicine, Macau Institute for Applied Research in Medicine and Health, Macau
University of Science and Technology, Macau (SAR), China.

2Department of Pathology, Queen Mary Hospital, Li Ka Shing Faculty of Medicine, University of Hong Kong, Hong Kong (SAR),
China.

3International Institute for Translational Chinese Medicine, Guangzhou University of Chinese Medicine, Guangzhou, China.

ª Elaine Lai-Han Leung et al. 2015; Published by Mary Ann Liebert, Inc. This Open Access article is distributed under the terms of the
Creative Commons Attribution Noncommercial License (http://creativecommons.org/licenses/by-nc/4.0/) which permits any noncom-
mercial use, distribution, and reproduction in any medium, provided the original author(s) and the source are credited.

ANTIOXIDANTS & REDOX SIGNALING
Volume 24, Number 5, 2016
Mary Ann Liebert, Inc.
DOI: 10.1089/ars.2015.6420

263



resistance due to eventually harboring an additional substi-
tution mutation of threonine with methionine in EGFR at
position 790 (EGFRT790M) (46).

To overcome TKI resistance, second-generation TKIs
have been developed intensively by pharmaceutical compa-
nies, with afatinib approved by the FDA, but it was reported
to have a narrow therapeutic window for EGFRWT and
EGFRT790M patients, which leads to side effects on normal
tissues (14, 25, 60). Combinational therapy has also largely
been investigated to overcome resistance; however, until
now, the efficacy of multiple targeting in clinical trials re-
mained unknown and valid biomarkers for rational combi-
nation protocols are insufficient (24). Recently, third-
generation TKIs with a wider therapeutic window and effi-
cacy to EGFRT790M are currently being developed (9, 26);
however, ultimate drug resistance could not be avoided
without comprehensive investigation of resistance mecha-
nism and complete EGFRT790M elimination.

Although the precise mechanism of resistance remains
unclear, reactive oxygen species (ROS) are heavily involved
in cancer initiation and regulation by low-dose environ-
mental pollutants (16), while the modulation of oxidative
stress is recently proposed as a promising strategy for cancer
therapy (17, 55). Cancer cells frequently exhibit high basal
ROS levels due to oncogene activation and the loss of tumor
suppressors, as well as a higher rate of cellular metabolism
induced by the Warburg effect (6, 18); Therefore, ROS plays
an important role in tumor initiation and progression and
should be suppressed. However, the role of ROS in cancer
cells is dual. For example, oppositely, the small-molecule
piperlongumine was reported to selectively kill cancer cells
by elevating the ROS level using dichlorofluorescein diace-
tate (DCFDA) staining detection (33, 39). This elevated ROS
leads to protein damage due to oxidation, while cancer cells
counteract stress either by increasing their antioxidant de-
fenses via ROS elimination (ROS scavengers) (17) or protein
reduction for redox balance (7, 20).

A pioneer investigation of the oxidation effect of EGFR
revealed that oxidation of the EGFRWT cysteine 797 (Cys797)
residue could enhance EGFRWT binding with NADPH oxi-
dase isoform 2 (NOX2), leading to ROS generation and
further EGFR activation (13, 37, 56); however, to our
knowledge, the oxidation effect on EGFR mutant and its

biological effect in a cancer model have not been investi-
gated. Together, ROS properties and their regulatory mech-
anisms by NOX isoforms (NOX1–5) remain unknown in
gefitinib-resistant EGFRT790M cells. Additionally, determin-
ing the oxidative effect, the threshold to resist oxidative
damage, and the redox balancing capacity of EGFRWT and
EGFRT790M mutants is required for overcoming such ac-
quired resistance.

In this study, we hypothesized that the half-lives of
EGFRT790M mutant and EGFRWT are different and are closely
associated with intracellular ROS level and oxidation capacity.
We have also proposed a new specific therapeutic targeting
strategy for this subgroup of EGFRT790M mutant patients by
manipulating the redox balance and protein oxidation. We have
also proposed a new biomarker for this subgroup of patients for
better personalized medicine decision.

Results

Selectively killing gefitinib-resistant NSCLC cells
by elevating the ROS level

In this study, we have first examined the basal ROS levels
and the ROS elevation effect on NSCLC, especially on
NSCLC with EGFRT790M mutation. Among the NSCLC cell
line panels, we found that the gefitinib-resistant cell lines,
H1975 (36) and H820 (2), which harbor additional
EGFRT790M mutation and HEK293 transfected with
EGFRL858R+T790M, showed higher basal ROS levels than cell
lines with EGFRWT and EGFR single mutation (Fig. 1A, B).
To further examine the role of ROS level in cancer cells, a
small molecule, sanguinarine, which was reported to quickly
elevate the ROS level (31), was employed in this study. In-
terestingly, sanguinarine induced substantially stronger cy-
totoxicity and apoptosis in H1975 and H820 cells compared
with other cell lines (Fig. 1C), but is relatively safe for normal
lung cell CCD-19Lu (Supplementary Fig. S1; Supplementary
Data are available online at www.liebertpub.com/ars). To
further quantitatively measure levels of apoptosis induction,
cells were stained with Annexin V/propidium iodide (PI) and
the percentage of apoptotic cells was measured with a flow
cytometer. After drug treatment, 35.5% – 11.6% of apoptosis
was induced by sanguinarine treatment at 1.25 lM when
compared with 9.6% – 2.7% of basal apoptosis in H1975.
Suppression of protein kinase B (AKT) and induction of poly
ADP ribose polymerase (PARP) cleavage were observed,
suggesting inhibition of the antiapoptotic pathway (Fig. 1D).
To examine the downstream apoptotic pathway, JNK inhib-
itor was used. The JNK inhibitor only abolished the apoptotic
effect of sanguinarine in A549, indicating that the induction
of apoptosis in H1975 is independent of the JNK pathways
(Fig. 1E), and there is a new and specific apoptosis mecha-
nism that happened specifically on H1975 against A549.

High basal ROS in NSCLC cells and clinical tumors

To explore the underlying causes of high basal ROS in
cancer cells, we examined the expression levels of the NOX
family among three representative cell lines, A549 has
EGFRWT, HCC827 has single EGFR mutation, and H1975
has EGFRL858R+T790M double mutation, and compared them
with the data with CCD-19Lu normal lung fibroblast cell
line using quantitative real-time polymerase chain reaction

Innovation

Epidermal growth factor receptor (EGFR) mutation is a
key driving force of non-small cell lung cancer (NSCLC).
Molecular targeting on EGFR using tyrosine kinase in-
hibitor (TKI) is effective initially, however, TKI resis-
tance is common. The additional EGFRT790M mutation is
the major cause of resistance. In this study, we have re-
ported a novel method to specifically target NSCLC with
EGFRT790M by localized elevation of reactive oxygen
species, which triggers EGFRT790M overoxidation and
eventual degradation; such effect is absent in EGFRWT

and other mutation forms, potentially with minimal off-
target and harmful effects to normal tissue. Our findings
provide new insights into development of new class of
EGFR-targeting therapeutics via triggering redox imbal-
ance between NADPH oxidase (NOX) and methionine
reductase A (MsrA) activity.
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(Q-PCR). Results showed that among the five NOX isoforms,
NOX2 has the highest expression levels and it also showed
significantly higher expression than normal lung CCD-19Lu
cells (Fig. 2A), while other NOX isoforms were found to be
expressed in low or undetectable levels with NOX3 the
lowest (Ct value*40; data not shown). Therefore, we further
examined and compared both NOX2 and NOX3 expression
in clinical lung tumors with their pair-up normal lung tissues
due to such a big difference in expression pattern of these two
NOX isoforms in cell lines. Similar to cell line data, Q-PCR
analysis of clinical tumors revealed that NOX2 showed
higher expression in 63 NSCLC tumors than 61 normal lung
tissues, whereas 3 of which are clinical tumors with

EGFRT790M mutation also showed an average of around
4.49-fold higher than normal (Fig. 2B); Moreover, 60
NSCLC tumors were chosen to investigate the association
between NOX2 and the prognosis of patients. Thirty pa-
tients with high NOX2 expression level have shorter
progress-free survival time ( p = 0.012) and marginal
shorter overall survival time ( p = 0.054), indicating that the
survival rate of patients in the high NOX2 group is much
lower compared with the low NOX2 expression group (Fig.
2C, D). Similar to cell line data, NOX3 was not detected
from all clinical tissues (Ct >40 or undetectable, indicating
no or low mRNA expression levels), suggesting the basal
ROS that were generated by the NOX family in cancer cell

FIG. 1. High basal ROS levels in NSCLC cell lines and the selective killing effect of sanguinarine on NSCLC cells with
EGFRT790M. (A) Comparison of the basal ROS levels across a panel of NSCLC cell lines and transfected cell lines presented as
a bar chart (*p < 0.05; **p < 0.01; ***p < 0.001). (B) HEK293 transfected with EGFRL858R+T790M showed higher basal ROS
levels than cells overexpressed with EGFRWT and EGFR single mutation. (C) The IC50 value of sanguinarine in six NSCLC cell
lines (*p < 0.05; ***p < 0.001). (D) Flow cytometry and Western blot analysis of the apoptotic effect of sanguinarine in H1975
(***p < 0.001). Actin was used as a loading control. (E) Flow cytometry analysis of single treatment and cotreatment with
sanguinarine and JNK inhibitors in H1975 and A549 (**p < 0.01; ***p < 0.001). All experiments were performed at least thrice
(n = 3). EGFR, epidermal growth factor receptor; NSCLC, non-small cell lung cancer; ROS, reactive oxygen species; WT, wild-
type. To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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lines and clinical tumors correlated with NOX2 over-
expression, but not NOX3.

Selectively inducing EGFRT790M degradation
by ROS elevation

To further examine the effect of ROS elevation and identify
the types of ROS release, we further measured ROS with the
specific detection kit and correlated the changes with bio-
chemical effect on EGFR. ROS were remarkably increased
starting at 30 min, suggesting that sanguinarine quickly initiated
ROS directly after treatment (Fig. 3A). To confirm the source of
ROS elevation, we detected the types of ROS generated using a
kit specific to superoxide (O2

-); the result showed that most of
the elevated ROS species were O2

-, which was the product of
NADPH oxidases (NOXs) (Fig. 3A), suggesting that sangui-
narine had activated NOXs to generate O2

-. Interestingly, ROS
elevation specifically induced cbl-mediated EGFR degradation
in NSCLC cells with EGFRT790M (Fig. 3B), resulting in shut-
down of EGFR downstream proliferation and antiapoptotic
signaling. Importantly, neither afatinib nor the first-line lung
cancer chemo-drug, cisplatin, induced EGFR degradation in
H1975 gefitinib-resistant cell, although the ROS level was
mildly elevated by afatinib, but not cisplatin (Figs. 3B and 5B),

indicating that elevating ROS by sanguinarine (and most likely
other small molecules) represents a new strategy for over-
coming gefitinib resistance. Blocking ROS using N-acetyl-l-
cysteine (NAC) and proteasomal degradation pathway inhibi-
tor (MG132) significantly attenuated sanguinarine-induced
EGFR degradation and apoptosis (Fig. 3C), indicating that
ROS elevation is essential for the sanguinarine-induced apo-
ptosis of H1975 mediated by EGFR proteasomal degradation.
Additionally, the apoptotic effect was mediated through mi-
tochondria disruption (Fig. 3D), EGFR internalization (Fig.
3E), and caspase activation (Fig. 4A, B).

To confirm whether specific and inductive EGFRT790M

degradation effect of sanguinarine is due to the individual
characteristics of H1975 and H820, we further transfected
WT, multiple common single and double EGFR mutant
constructs into HEK293 cells. Interestingly, only the T790M-
containing transfectants, both single mutant and those coupled
with mutation partners, responded to sanguinarine-induced
EGFR degradation and apoptosis (Fig. 4C), suggesting that
the presence of T790M mutation on EGFR is a determinant of
ROS-mediated EGFR degradation. Moreover, EGFR degra-
dation was only induced by sanguinarine in NSCLC cells
with EGFRL858R+T790M in a dose-dependent manner, which
did not happen in the case for NSCLC cells with EGFRWT

FIG. 1. (Continued)
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(Fig. 4D). Hydrogen peroxide (H2O2) is a species of ROS and
therefore it was used to further confirm whether ROS ele-
vation is involved in EGFR degradation induction (Fig. 4D).
Distinct responses of EGFR were revealed in H1975 with the
activation of Y1045, which leads to activation of cbl-
mediated EGFR internalization, and deactivation of Y845
and Y1068 of EGFR, which leads to shutdown of down-
stream cell survival signal, while in contrast, the maintenance
of EGFR expression was observed in A549 (Fig. 4D), sug-
gesting a distinct biological behavior and cell fate in response
to ROS elevation between H1975 and A549.

NOX3 upregulation by sanguinarine causing selective
EGFRT790M degradation

Direct inhibition of superoxide dismutase 1 (SOD1) by
small molecule, causing intracellular accumulation of H2O2,
can also induce cell death on broad types of NSCLC cells
with different mutational profiles; however, specific induction
of cell death via EGFRT790M degradation was not achieved by
increasing H2O2 alone (15, 49), suggesting that NOX3 plays an
additional role in redox balancing rather than just elevating
ROS in mediating the specific EGFRT790M degradation effect.

Therefore, an array of molecular assays was performed to
identify the drug action target of sanguinarine-mediated EGFR
degradation. In the current study, we found that sanguinarine
only upregulated NOX3, but not other NOXs (Fig. 5A), sug-
gesting that NOX3 plays a central role in the sanguinarine-
mediated EGFR degradation and apoptosis of EGFRT790M

cells. Sanguinarine-mediated EGFR degradation and apoptosis
were remarkably attenuated by NOX3 inactivation using NOX3
small interfering RNA (siRNA) (with nonspecific siRNA as
control) or NOX inhibitor (diphenyleneiodonium [DPI]) (Fig.
5B–D), indicating that NOX3 plays a crucial role in mediating
the sanguinarine effect. Physiologically, methionine reductase
A (MsrA) can use NADPH as the substrate to reduce the oxi-
dized form of methionine back to the reduced form for protein
protection (7, 20); therefore, under high basal ROS conditions,
MsrA knockdown slightly weakened basal methionine protec-
tion (when compared with the nonspecific siRNA control), re-
sulting in EGFR oxidation and degradation (Fig. 5D).

To investigate if EGFR is the direct target of sanguinarine,
computational docking analysis was employed, and the
docking data showed that sanguinarine had no selective
binding to EGFRWT or EGFRT790M (Fig. 6A); thus, the dif-
ference in cell responses to sanguinarine by direct drug

FIG. 2. The expression level of NOX2 in NSCLC cell lines and NSCLC patients was significantly higher. (A) Q-PCR
analysis showed that NOX2 was highly expressed in NSCLC cell lines than normal lung CCD-19Lu fibroblast cell line. (B) Q-PCR
analysis showed that NOX2 expression in 63 clinical lung tumor is much higher compared with 61 normal tissues (***p < 0.001).
NOX2 is also highly expressed in tumor tissue with T790M mutation than normal tissue. (C, D) The association between NOX2
and the prognosis of patients (n = 60). The survival rate of patients in the high NOX2 group is also much lower compared with low
NOX2 expression group. NOX2, NADPH oxidase isoform 2; Q-PCR = quantitative real-time polymerase chain reaction. To see
this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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binding on EGFRT790M is unlikely, but indirectly caused by
NOX3 upregulation. Under sanguinarine treatment condi-
tion, NOX3 oxidized NADPH, causing severe NADPH de-
pletion and increase in NADP+/NADPH ratio (Fig. 6B) and
eventual MsrA inactivation (19). To further confirm that
apoptosis was induced by NOX3 activation and MsrA inac-
tivation, we cotreated H1975 with sanguinarine and NADPH;
we found that NADPH supplement attenuated the EGFR
degradation and apoptotic effect of sanguinarine (Fig. 6C).
Based on biochemical properties of the structure of these two
amino acids, methionine and cysteine have a particular ten-
dency to oxidize due to the presence of the sulfur atom (4, 7,
56). To further examine whether the methionine of
EGFRT790M has a high tendency to be locally oxidized by
ROS, we investigated a short synthetic amino acid peptide
corresponding to the EGFRT790M mutant from amino acid
position 788–792 (LIMQL) that contains a mutant methio-
nine amino acid; we treated the synthetic peptide with both
sanguinarine and H2O2 to induce oxidation. Mass spec-
trometry (MS) data showed that methionine 790 (M790) was
specifically oxidized after treatment with H2O2 (but not
sanguinarine) in a dose-dependent manner (Fig. 7A), indi-
cating that sanguinarine-mediated ROS elevation relies on
NOX3-induced ROS. A presynthesized (LIM(O)QL) oxi-
dized form of methionine peptide was used as the MS stan-
dard of reference of the oxidized peptide form (Fig. 7A).

In vivo study of the anticancer effect of sanguinarine

To verify the in vivo effect of sanguinarine, H1975 xenograft
using nude mice was tested by 32 days of intraperitoneal (i.p.)
treatment with sanguinarine and the oral administration of afa-
tinib. Compared with untreated animals, the tumor size in the
sanguinarine-treated mice (5 mg/kg) showed a suppressive trend
starting at day 22 (25%) and significant suppression (40%) at day
26; the suppressive potency was similar to that of afatinib (5 mg/
kg) (Fig. 7B). The net tumor weight of sanguinarine-treated mice
was significantly lower than the nontreated animals (Fig. 7C).
Western blot of mouse tumor protein lysate showed NOX3
upregulation and EGFR downregulation, but no change of
NOX2 after sanguinarine treatment. However, EGFR down-
regulation was not induced by afatinib, confirming the specific
role of NOX3 in inducing EGFR degradation in response to
sanguinarine and specific drug action of sanguinarine (Fig. 7D).

Discussion

The role of ROS in cancer has been discussed controver-
sially; it has been long understood that antioxidants are

beneficial in cancer prevention (1), while recent new hy-
pothesis and data suggest that insufficient ROS can lead to
complex diseases, for example, cancer and diabetes (32, 44,
57). Overall, it seems that a valid biomarker is indeed needed
to provide clues for making a rational decision on ROS ele-
vation or suppression in cancer therapy. Furthermore, the role
of ROS in specific subtype of TKI-resistant NSCLC also
needs to be clearly clarified.

In the current study, we have first reported the role of ROS
in TKI-resistant NSCLC, we found particularly high basal
ROS levels in TKI-resistant NSCLC cell lines, and associa-
tion of high NOX2 expression levels with poor patient
survival in clinical lung tumors. Based on these clinical ev-
idences, we hypothesized and reported a new specific tar-
geting treatment strategy and treatment mechanism for this
subgroup of TKI-resistant NSCLC patients with EGFRT790M

additional mutation, which represents almost half of all
NSCLC TKI resistance cases. By using small-molecule
sanguinarine to induce redox imbalance between NOX3 and
MsrA and based on the specific weak protein oxidation pro-
tection capacity of EGFRT790M characteristics, we are able to
specifically induce EGFRT790M degradation and apoptosis.
Furthermore, we have also verified the role of basal and el-
evated levels of ROS in this subtype of lung cancer and have
validated the findings using a mouse model. Sanguinarine has
been previously shown to induce apoptosis in lung cancer via
glutathione depletion using the A549 cell line, which has
wild-type (WT) EGFR (22), or it can act as an inhibitor of
VEGF (12, 58). However, its clinical utility has been de-
scribed as limited due to the nonselective anticancer effect
(10). However, in this study, we have found a new alterative
role of sanguinarine, which can selectively and effectively
target NSCLC with EGFRT790M mutation, with a different
treatment mechanism from the previously reported literature.

Conventionally, EGFR degradation is a physiological
protein recycling mechanism triggered by first EGF stimula-
tion, followed by activation of EGFR Y1045 phosphorylation
site and docking of cbl, and then EGFR internalization via the
proteosomal degradation pathway (45, 47, 53). However,
biochemical studies on the clinically reported common
EGFR mutants found in NSCLC patients revealed that these
common EGFR mutations are activating mutation, which
leads to constitutive activation of EGFR signaling without
the need of ligand binding, and plays a causative role in lung
tumor initiation, progression, and maintenance (30, 50).
Moreover, previous studies demonstrated that EGFRT790M

mutants exhibit prolonged half-life by defective dimeriza-
tion with HER2, resulting in impaired EGFR ubiquitination

FIG. 3. Elevation of the ROS and specific induction of EGFRT790M degradation are essential to mediate sanguinarine-
induced apoptosis. (A) Flow cytometry quantitative analysis of the ROS and superoxide levels in H1975 after sanguinarine
treatment (***p < 0.001). (B) Sanguinarine-induced EGFR degradation was mediated by first activation of EGFR Y1045, fol-
lowed by activation of cbl. Afatinib and cisplatin did not induce EGFR degradation even at dosage much higher than the IC50 value
of sanguinarine. (C) Combined-use effect of sanguinarine and NAC or MG132 in H1975 and selective EGFR degradation
induction effect by sanguinarine in H1975. (D) Sanguinarine induced mitochondria disruption. Flow cytometry data showed that
the mitochondrial membrane potential was lost after treatment with sanguinarine. Western blot results showed that sanguinarine
treatment slightly increased Bax, while significantly decreasing Bcl-2 and Bcl-xl proteins in a dose-dependent manner, which
resulted in a remarkable increase in the ratio of Bax/Bcl-2, leading to mitochondrial disruption. (E) Image of EGFR IF of H1975
after sanguinarine treatment. EGFR internationalization is indicated by a red arrow. The green fluorescence represents the EGFR
immunofluorescence signal. All experiments were performed at least thrice (n = 3). IF, immunofluorescence; NAC, N-acetyl-l-
cysteine. To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars

‰

268 LEUNG ET AL.



and lysosomal degradation, thus maintaining downstream
EGFR survival signaling (48). Therefore, specifically inducing
EGFRT790M degradation would be a promising strategy for
developing fourth-generation TKIs to overcome gefitinib re-
sistance that is related to acquiring EGFRT790M additional

mutation, and currently, there is no drug of this type clinically
available yet. To date, although combined application of
monoclonal antibody, cetuximab, and irreversible TKI, afati-
nib, was previously shown to be able to inhibit both EGFR
phosphorylation and downregulate EGFR in vivo, the
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downregulation effect is not specific to EGFRT790M and
the mechanism still remains unknown (40). More impor-
tantly, such combined remedy is still unable to induce
EGFRT790M protein degradation, thus gefitinib resistance is
still unavoidable.

There is increasing evidence that ROS serves as a second
messenger to mediate multiple signaling pathways and cel-
lular responses, for example, H2O2 can exert reversibly redox
regulation on protein tyrosine phosphatases, which act as
housekeeping enzymes to reverse upstream kinase activity

FIG. 4. Selective induction of EGFR degradation and apoptosis in gefitinib-resistant NSCLC with EGFRT790M. (A)
Sanguinarine-mediated apoptosis is caspase dependent in H1975. Caspases-3/7 were activated by sanguinarine in a dose-
dependent manner (*p < 0.05; ***p < 0.001). (B) Caspase-8 was activated by sanguinarine in a dose-dependent manner and
pan-caspase inhibitor nearly completely blocked the apoptosis induced by sanguinarine (***p < 0.001). (C) Specific in-
duction of EGFR degradation in HEK293 transfectants with EGFRT790M constructs by sanguinarine. (D) The effect of ROS
elevation by sanguinarine and H2O2 on both EGFRT790M and EGFRWT cells. The phosphorylation of Y1045 was detected at
6 h after treatment, while phosphorylation of other sites on EGFR and total EGFR levels were detected at 24 h. Actin was
used as loading control. All experiments were performed at least thrice (n = 3). To see this illustration in color, the reader is
referred to the web version of this article at www.liebertpub.com/ars

FIG. 5. Sanguinarine induced apoptosis in gefitinib-resistant NSCLC with EGFRT790M by upregulating and acti-
vating NOX3. (A)Western blot analysis of the effect of sanguinarine on EGFRT790M and EGFRWT NSCLC cell lines
(H1975, H820, A549, and H1650). (B) The ROS levels of control and drug treatment for 24 h in H1975 (***, +++, and
###p < 0.001; gefitinib 10 lM, afatinib 10 lM, DPI 10 lM, NAC 5 mM, cisplatin 10 lM, sanguinarine 1.25 lM, and H2O2

100 lM). (C) The effect of the NOX3 inhibitor (DPI) on sanguinarine treatment in H1975 (***p < 0.001). (D) The effect of
NOX3 and MsrA knockdown at basal conditions and under sanguinarine treatment conditions in H1975. Actin was used as a
loading control for all Western blot analysis (*p < 0.05 and **p < 0.01) All experiments were performed at least thrice
(n = 3). DPI, diphenyleneiodonium; MsrA, methionine reductase A. To see this illustration in color, the reader is referred to
the web version of this article at www.liebertpub.com/ars

‰
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(38, 43, 51, 52). Besides protein oxidation, other impor-
tant protein modifications can also be mediated by gaso-
transmitters such as nitric oxide (NO) and hydrogen sulfide
(H2S) (11, 23). In this study, we found that ROS not only acts
as second messenger of a signaling pathway but it can also
directly modulate EGFR kinase activity. Since methionine
has a particular high oxidation tendency due to the presence
of the sulfur atom (4, 7, 56), EGFRT790M protein has lower
oxidative capacity; based on this biochemical property, we
have designed a targeting tool drug, sanguinarine, to induce
elevation of ROS levels. Our study demonstrated that ROS
elevation effectively induced oxidation on methionine resi-
due of EGFRT790M mutant and eventually led to excessive
EGFRT790M protein damage and degradation, while no effect
was shown in EGFRWT. Physiologically, NADPH is a critical
modulator of cell redox state; under basal conditions, MsrA
physiologically protects the M790 of EGFR from mild oxi-
dative stress due to the presence of substrate NADPH, which
can reduce the oxidized form of methionine back to the re-
duced form (54). When NOX3 is activated by small-molecule
sanguinarine, it oxidizes NADPH and produces H2O2

(causing excessive ROS elevation and NADPH depletion that

are beyond the theoretical threshold limit); MsrA inactivates
due to lack of substrate NADPH, resulting in induction of
redox imbalance between NOX3 and MsrA activity. As a re-
sult, methionine maintained oxidation due to insufficient
reduction by MsrA, thus triggering EGFR overoxidation, deg-
radation, oncogenic shock, and eventual apoptosis (Fig. 8A, B).
These findings suggest that a novel treatment strategy could be
formulated for T790M-associated gefitinib resistance via ROS
elevation and redox imbalance between NOX3 and MsrA ac-
tivity, while the T790M mutation is a valid biomarker of this
condition. The induction of NOX3 activation and M790 oxi-
dation is the optimal target for gefitinib-resistant T790M-
positive NSCLC cells. Notably, active NOX2 and NOX3 were
reported to be localized at the plasma membrane where they
have close proximity to EGFR (5, 34, 37), which indicates high
possibility of localized production of high concentration of ROS
on the plasma membrane. However, the subcellular localization
of active NOX3 and the exact roles of NOX3 should be further
investigated and verified using multiple approaches, including
those with patients and transgenic mice.

In conclusion, our findings provide profound insights into
how to design a new class of EGFR-targeting therapeutics via

FIG. 6. Binding prediction of sanguinarine and depletion of NADPH by NOX3 is essential to mediate sanguinarine-
induced apoptosis in H1975. (A) The binding mode of sanguinarine to WT EGFR and EGFR double mutant (T790M/L858R)
crystalline structures obtained with a molecular docking calculation. (i) WT EGFR; (ii) EGFR double mutant (T790M/L858R). The
proteins are represented with a green cartoon. Sanguinarine and the residues in the active site are represented as sticks. Hydrogen
bonds are represented as red dashed lines. The docking score showed no difference between the EGFRWT (-6.40 kcal/mol) and
double mutant (-6.91 kcal/mol), suggesting that sanguinarine has no selectivity between EGFRWT and EGFRT790M/L858R. (B)
NOX3 activation leads to NADPH depletion. An increase in the NADP+/NADPH ratio was observed after sanguinarine
treatment, suggesting that NOX3 activation caused a significant increase in NADPH oxidation, which resulted in NADPH
depletion (***p < 0.001). (C) The supplementation of NADPH attenuated sanguinarine-induced apoptosis and EGFR degradation.
Actin was used as loading control for all Western blot experiments (***p < 0.001). All experiments were performed at least thrice
(n = 3). To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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NOX3 and trigger redox imbalance between NOX3 and
MsrA activity to induce EGFR degradation for gefitinib-
resistant patients, which advance translational research on
personalized medicine and further global analysis in the re-
dox proteomics of cancers (13). Our findings also provide a
supplement to the current opinion of new drug development
using small-molecule modulators of pro-oxidant or antioxi-
dant pathways in cancer treatment (21).

Materials and Methods

Materials

Sanguinarine powder, NAC, and MG132 were purchased
from Sigma-Aldrich (St. Louis, MO). Pan-caspase inhibitor,
JC-1, and Annexin V/PI staining dye were purchased from
BD Biosciences (Franklin Lakes, NJ). The specific NADPH
oxidase (NOX) inhibitor DPI was purchased from Calbio-
chem (San Diego, CA). NADPH powder was purchased from
Beyotime (Shanghai, China). A Caspase-GIo 3/7 Assay kit
and NADP/NADPH-GIo� assay kit were purchased from
Promega (Madison, WI). Radioimmunoprecipitation assay
(RIPA) lysis buffer (10x) and primary antibodies of actin, total

EGFR, phospho-845, phospho-1045 and phospho-1068 of
EGFR, total/phospho-AKT, PARP, and cbl were purchased
from Cell Signaling Technology (Danvers, MA). The primary
antibodies of NOX1-5 were purchased from Sigma-Aldrich.
The primary antibodies of Bcl-2, Bax, and MsrA were pur-
chased from Santa Cruz (Dallas, TX). Fluorescein-conjugated
goat anti-rabbit and mouse antibodies were purchased from
Odyssey (Belfast, ME). ROS probe DCFDA staining, fetal
bovine serum, 100 U/mL penicillin and 100 lg/mL strepto-
mycin, Opti-MEM� I Reduced Serum Medium, Lipofecta-
mine� LTX Reagent, RNA extraction kit, and Prolong� Gold
Anti-fade Reagent with DAPI were bought from Invitrogen
(Carlsbad, CA). Superoxide detection kit was purchased from
Enzo (Farmingdale, NY). Taq DNA Polymerase kit and
cDNA synthesis kit were purchased from Roche (Basel,
Switzerland). Plasmid extraction kit was purchased from
Favogene (Ping-Tung, Taiwan).

Cell lines and cell culture

CCD-19Lu, A549, HCC827, H820, H1650, H1975, and
H2228 were purchased from ATCC and cultivated with

FIG. 7. MS analysis of methionine oxidation and in vivo antitumor effect of sanguinarine. (A) MS analysis of the
molecular weight of the EGFR peptide before and after H2O2 treatment. Unoxidized and oxidized form peptides were syn-
thesized and used as standards. The molecular weight of the unoxidized form peptide standard (LIMQL) is 616.83, while the
oxidized form peptide standard (LIM(O)QL) is 632.78, analyzed by MS analysis. (B) Suppression of tumor growth of H1975
xenograft by sanguinarine and afatinib (*p < 0.05; **p < 0.01; n = 10 for each group). (C) Comparison of tumor net weight in
sanguinarine and afatinib treatment groups with the control (*p < 0.05; **p < 0.01; n = 10 for each group). (D) Western blot
analysis of EGFR, NOX2, NOX3 protein expression on protein lysate of control, and drug-treated mouse tumors. Actin and
GAPDH were used as loading control. All experiments were performed at least thrice (n = 3). MS, mass spectrometry. To see this
illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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RPMI 1640 medium supplemented with 10% fetal bovine
serum, 100 U/mL penicillin, and 100 lg/mL streptomycin.
All the cells were cultivated at 37�C with 5% CO2 incubator.
In the cotreatment experiments, the cells were pretreated with
DPI, NAC, NADPH, and MG132 for 1 h, and then cotreated
with sanguinarine.

MTT assay

Cells were seeded on a 96-well microplate with 4000 cells/
well and cultured overnight for cell adhesion. Wide con-
centrations of the range of sanguinarine were added with the
vehicle control; dimethyl sulfoxide and the microplates were
incubated for 24 or 48 h. Each dosage was repeated in

triplicate. MTT (5 mg/mL, 10 lL) solution was added to
every well and incubated for 4 h. After solubilization of the
formazan crystals, the colorimetric signal of the plate was
measured at 570 nm (absorbance) and 650 nm (reference)
using a microplate reader. The cell viability was calculated as
the percentage change of the absorbance of the treated cells
divided by the absorbance of the untreated cells.

Assessment of apoptosis levels via Annexin
V/PI staining

After treatment, the cells were harvested, washed with
phosphate-buffered saline (PBS), and resuspended with 1x
binding buffer. Then, the cells were double stained with

FIG. 8. Hypothetical cell model
of basal and elevated ROS con-
ditions on the fate of EGFRT790M.
(A) At basal condition, active
EGFR mutant oxidizes NOX2, el-
evates ROS, and further oxidizes
EGFRCysteine797, resulting in mild
oxidation of methionine on M790.
However, basal activity of MsrA
can reduce the oxidized form, me-
thionine, back to the reduced form
and protect it from degradation,
resulting in cell survival. (B) Under
treatment condition, sanguinarine
triggers REDOX imbalance by ac-
tivating NOX3, causing NADPH
oxidation and depletion, resulting
in MsrA inactivation and loss of
protein reduction protection of the
oxidized form, methionine, on
M790 of EGFR. Accumulation of
excessive amount of localized ROS
induced EGFRT790M overoxidation,
degradation, shutdown of the
EGFR downstream survival path-
way, and induction of apoptosis.
M790, methionine 790. To see this
illustration in color, the reader is
referred to the web version of this
article at www.liebertpub.com/ars
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Annexin V/PI for 15 min at room temperature in the dark. The
apoptotic cells were quantitatively counted with a flow cyt-
ometer.

Analysis of the mitochondrial membrane potential

The cell-permeable and mitochondrial-specific fluorescent
dye, JC-1, was applied to determine the mitochondrial
membrane potential (MMP) of H1975. After treatment, the
cells were harvested, washed, and stained with JC-1 for
15 min in the incubator at 37�C. Then, the cells were washed
again and resuspended with regular medium. The change in
the MMP of the cells was measured with a flow cytometer
according to the manufacturer’s protocol.

Western blot analysis

Cells were lysed in RIPA lysis buffer with protease and
phosphatase inhibitors added to extract the total whole cell
protein. The concentration of the total protein extract was de-
termined with a Bio-Rad DCTM Protein Assay Kit. Then, 30 lg
of total protein lysate was loaded and electrophoresed onto a
10% sodium dodecyl sulfate–polyacrylamide gel electropho-
resis gel; the separated proteins were transferred to a nitrocel-
lulose membrane. Membranes were blocked with 5% milk
without fat in tris-buffered saline and tween 20 (TBST) for 1 h at
room temperature. Primary antibodies (1:500 dilutions; Santa
Cruz; 1:1000 dilutions; Invitrogen and Cell Signaling Tech-
nology) were incubated overnight at 4�C. After washing the
membrane thrice with TBST (5 min/wash), secondary fluores-
cent antibody (1:10,000 dilutions) was added to the membrane
at room temperature for 1 h. Actin was used as the loading
control and for normalization. The signal intensity of the
membranes was detected with the LI-COR Odyssey Scanner.

Caspase-3/7 activity assay

This experiment was guided using the Caspase-GIo 3/7
Assay kit. The assay provides a luminogenic caspase-3/7
substrate, which contains the tetrapeptide sequence DEVD.
H1975 cells were seeded on a 96-well plate at a concentration
of 5000 cells/well and cultured overnight for cell adhesion.
The following day, the cells were treated with a range of
concentrations of sanguinarine for 24 h. After treatment,
caspase-GIo 3/7 reagent was added to each well of the 96-
well plate (100 lL/well), and the cells were incubated at room
temperature for 1 h; the luminescence signal was measured
using a luminometer. The changes of the intensity of lumi-
nescence were normalized to the vehicle control.

Reactive oxygen species detection

The levels of cellular ROS generation were analyzed using
fluorescent probe DCFDA staining, which is a specific su-
peroxide tracing dye (39). The cells were pretreated with
DCFDA at a working concentration of 20 lM for 30 min at
37�C before treatment. Then, the cells were incubated with
compounds and vehicle control for a specific duration, fol-
lowed by harvesting and resuspending in PBS. To avoid
blocking the pipeline of flow cytometer and assure single cell
detection, cell suspension was filtered by Falcon 5-mL dis-
posable sterile round bottom tubes w/Caps. After filtration, the
ROS signal was measured with a flow cytometer with excita-
tion and emission settings of 488 and 525 nm, respectively.

Superoxide detection

The superoxide (O2
-) levels were analyzed using a su-

peroxide detection kit. After drug treatment, the cells were
collected and stained with superoxide detection reagent for
30 min in the dark at 37�C, followed by two washes with
PBS. After filtration, the fluorescence signals of the cells
were detected with a flow cytometer.

Clinical sample preparation

Paired samples of primary NSCLC and normal lung from
60 Chinese patients who underwent surgical resection at the
Grantham Hospital, Hong Kong, were prospectively col-
lected and snap-frozen in liquid nitrogen until use. Tumor
tissues were examined histologically and microdissected to
ensure at least 75% tumor by area, and normal lung tissues
were examined to ensure the absence of tumor.

Kaplan–Meier statistical analysis of clinical results

Each of the 60 patients was stratified to a high or low
NOX2 expression group according to the median value of
the tumor/normal relative expression ratio. Statistical anal-
ysis was performed using IBM SPSS Statistics, version 20.
The correlation with survival data was analyzed using the
Kaplan–Meier survival analysis, and a two-sided p < 0.05
was taken to be the threshold for statistical significance.

Animal xenograft model

The mixture of 1 · 106 H1975 cells was resuspended in
100 lL of RPMI 1640 medium and 50 lL of Matrigel and
injected into the armpit of the right forelimb of 6- to 8-week-
old nude mice. Five days later, the mice with tumor formation
were administered with sanguinarine via i.p. injection and
afatinib via intragastric administration 5 days/week 32 for
consecutive days. The tumor growth was monitored every
3–4 days using calipers. The tumor volume was calculated
using the following equation: volume = (width2 · length)/2.

RNA extraction and cDNA synthesis

RNA was extracted by the RNA extraction kit according to
the manufacturer’s instructions as previously reported (27).
The concentration of RNA was determined using Nano2000,
and the quality of RNA was confirmed via electrophoresis.
The synthesis of the first strand of cDNA was followed ac-
cording to the instructions of the cDNA synthesis kit. The
final product (cDNA) was stored at -80�C until further use.

PCR and real-time PCR

PCR products were generated following the instructions of
the Taq DNA Polymerase Kit. Primers were designed by
Primer 5.0 software according to the sequence of genes from
NCBI. Primers used were as follows: NOX1: Forward:
TTGTCCGGGGTCAAACAGAG, Reverse: GGGAGTCAC
GATCATCCCAC; NOX2: Forward: AAGTGCCCAAAG
GTGTCCAA, Reverse: CCCAACGATGCGGATATGGA;
NOX3: Forward: AGGGCAGTACATCTTGGTGC, Re-
verse: CGGATGTGCACGCTGAAAAA; NOX4: Forward:
CTACATGCTGCTGACGTTGC, Reverse: CCGGGAGGG
TGGGTATCTAA; NOX5: Forward: GCTGTCGAGGAGT
GTGACAA, Reverse: CAGAGGCAAAGATCCTGCG; and
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Actin: Forward: AATGAGCGGTTCCGCTGCCC, Reverse:
GATGGAGGGGCCGGACTCGT. For clinical samples, the
primers of NOX2: Forward: GGTGGCATGGATGATTG-
CAC, Reverse: CGGGCATTCACACACCATTC, and prim-
ers of B2M: Forward: AGGCTATCCAGCGTACTCCA,
Reverse: GGCATCTTCAAACCTCCAT-3, were used.

Construct preparation

The constructs were extracted using a FavorPrep� Plasmid
DNA Extraction Mini Kit. The sequence of the constructs
was confirmed via sequencing, and a large scale of the con-
struct was prepared using a FavorPrep Plasmid DNA Ex-
traction Maxi Kit. The DNA pellet was dissolved in 300 lL of
ddH2O.

Transfection

DNA and siRNA transfections were performed with Li-
pofectamine LTX Reagent based on our previous publication
(28). Cells were seeded on a six-well plate 1 day before
transfection and reached 50%–80% confluence at the time of
transfection. The DNA or siRNA transfection complexes
were prepared as follows: 2 lL DNA or 100 lM siRNA was
diluted in 100 lL Opti-MEM I Reduced Serum Medium
without serum and mixed gently. Lipofectamine LTX Re-
agent (4 lL) was added directly to the diluted DNA. The
complexes were incubated for 30 min at room temperature,
and then added to the well. The culture medium and trans-
fection mixture were mixed gently by rocking the plate back
and forth. The transgene expression was tested via immu-
noblotting after incubating the cells at 37�C in a CO2 incu-
bator for 24–48 h. The siRNA of NOX3 and MsrA were from
Origene, and the Cat. Nos. are TG302912 and SR302974,
respectively. They were compared with the nonspecific siRNA
control.

The automated LC-MS/MS analysis of the peptides

After trypsin digestion, EGFR peptide was applied for
detection. Ultra-high-performance liquid chromatography
was performed using an Agilent 1290 Infinity UHPLC sys-
tem equipped with a binary solvent delivery system and
a standard autosampler. The chromatography was performed
on a Waters ACQUITY UPLC� BEH C18 column
(2.1 · 100 mm, 1.7 lm) (Waters, Milford, MA). The mobile
phase consisted of 0.1% formic acid in Milli-Q water (A) and
0.1% formic acid in acetonitrile (B). A linear gradient was
optimized as follows: 0–20 min, 5%–80% B; 20–23 min,
80%–100% B; 23–25 min, 100%–100% B; and finally
equilibration with 5% B for 3 min at a flow rate of 0.35 mL/min.
The injection volume was 5 lL and the column temperature
was maintained at 40�C. MS was performed on an Agilent
6230 time-of-flight mass spectrometer (TOF/MS). The opti-
mized TOF/MS conditions were as follows: the electrospray
ionization (ESI)-MS spectra were acquired in positive
modes. Ultrapure nitrogen (N2) was used as the nebulizing
and sheath gas. Product ion scanning experiments were
conducted using ultra-high-purity N2 as collision gas. The
ESI parameters were set as follows: the capillary voltage is
4.5 kV. The flow rate and temperature of sheath gas were
11 L/min and 350�C, respectively. The flow rate and tem-
perature of drying gas were 11 L/min and 300�C, respec-

tively. The pressure of nebulizer gas was 40 psi. The
fragmentor voltage is 175 V. The mass analyzer was scanned
from m/z 100 to m/z 3200. The results were analyzed by
Agilent Bioconfirm protein deconvolution software.

Molecular docking

All molecular docking calculations were performed in
Schrödinger Suite 2009. The structure of sanguinarine was
optimized using the OPLS-2005 force field. The ionized state
was assigned using Epik at a target pH value of 7.0 – 2.0. The
crystal structures of WT and double-mutant EGFR were re-
trieved from the Protein Data Bank (PDB ID: 3W2S, 3W2R)
(35, 59). Protein Preparation Wizard was used to remove
crystallographic water molecules, add hydrogen atoms, as-
sign partial charges, and protonate states using the OPLS-
2005 force field. Sanguinarine was docked into the binding
site of the EGFR using the Glide program with the extra
precision scoring mode. In molecular docking, 5000 poses
were generated during the initial phase of the docking cal-
culation, of which the best 1000 poses were chosen for energy
minimization via 1000 steps of conjugate gradient minimi-
zations.

Immunofluorescence

A sterile cover slide was placed in a six-well plate. Cells
were seeded into the plate and cultured overnight for cell
adhesion. After treatment, the cells were fixed with 1 mL of
4% PFA for 15 min, and then washed with PBS thrice. Triton
X-100 (1 mL of 0.1%) was added to the cells and incubated
for 5 min to penetrate the cell membrane; the cells were
washed thrice with PBS. After 1 h of blocking in normal
serum from the same species as the secondary antibody,
the cells were incubated with primary antibody in blocking
solution (1:500 dilution) at 4�C overnight and washed thrice
in PBS. Then, the cells were incubated in fluorochrome-
conjugated secondary antibody that was diluted in blocking
solution (1:500) for 1 h at room temperature in the dark. Fi-
nally, cover slides were fixed with Prolong Gold Antifade
Reagent with DAPI. The immunofluorescence images were
captured with the DeltaVision Live Cell Imaging System.

NADP/NADPH-GIo assay

Cells were seeded in a 96-well plate (5000 cells/well) 1 day
before treatment. The next day, the cells were treated with a
series of sanguinarine concentrations for 1 h; the medium was
then replaced with 50 lL of PBS/well. The plates were
equilibrated at room temperature for 5 min. NADP/NADPH-
GIo detection reagent (50 lL) was added to each well and
incubated for 30–60 min at room temperature. Finally, lu-
minescence was detected with a luminometer.

Statistical analysis

All data are expressed as the mean – SEM of three inde-
pendent experiments. Differences between groups were de-
termined using one-way analysis of variance using GraphPad
Prism 5, which was followed by Bonferroni’s test to compare
all pairs of columns. Student’s t-test was used for comparing
two groups. The level of significance was set at p < 0.05 for
all tests.
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Abbreviations Used

Cys797¼ cysteine at position 797
DCFDA¼ dichlorofluorescein diacetate

DPI¼ diphenyleneiodonium
EGFR¼ epidermal growth factor receptor
H2O2¼ hydrogen peroxide

i.p.¼ intraperitoneal
M790¼methionine 790

Met¼methionine
MMP¼mitochondrial membrane potential

MS¼mass spectrometry
MsrA¼methionine reductase A
MTT¼ 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide
N2¼ nitrogen

NAC¼N-acetyl-l-cysteine
NOX¼NADPH oxidase

NSCLC¼ non-small cell lung cancer cell
O2

-¼ superoxide
PBS¼ phosphate-buffered saline

Q-PCR¼ quantitative real-time polymerase chain
reaction

RIPA¼ radioimmunoprecipitation assay
ROS¼ reactive oxygen species

siRNA¼ small interfering RNA
SOD1¼ superoxide dismutase 1

T790M¼ a substitution mutation of threonine with
methionine at position 790 of EGFR

TKIs¼ tyrosine kinase inhibitors
TOF/MS¼ time-of-flight mass spectrometer

WT¼wild-type
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