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Metformin reverses chemoresistance in non-small cell lung
cancer via accelerating ubiquitination-mediated degradation of
Nrf2
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Background: The therapeutic efficacy of cisplatin-based chemotherapy for non-small cell lung
cancer (NSCLC) is limited by drug resistance. In NSCLC, hyperactivation of nuclear factor erythroid
2-related factor 2 (Nrf2) counteracts oxidative stress to promote chemoresistance. Metformin-mediated
downregulation of Nrf2 plays a pivotal role in overcoming drug resistance in NSCLC cells. Therefore,
a deeper understanding of the molecular mechanisms of combination therapy and the role of Nrf2 in
chemotherapeutic response is critical to clinical translation.

Methods: The effects of combination therapy with metformin and cisplatin on cell proliferation and
apoptosis, intracellular reactive oxygen species (ROS) levels, and xenograft tumor formation were analyzed in
NSCLC cells. Co-immunoprecipitation (co-IP) and Phos-tag assays were used to explore the mechanism of
metformin-mediated Nrf2 suppression. Immunohistochemical (IHC) staining was performed to detect Nrf2
expression in matched tumor samples before and after neoadjuvant chemotherapy.

Results: Metformin was observed to synergistically augment cisplatin-induced cytotoxicity by strongly
inhibiting the level of Nrf2, thereby weakening the antioxidant system and detoxification ability of Nrf2 and
enhancing ROS-mediated apoptosis in NSCLC. The synergistic antitumor effect of combination therapy
is blocked by treatment with the ROS scavenger N-acetyl cysteine (NAC) as well as overexpression of Nrf2
and its downstream antioxidant protein. Mechanistically, metformin extensively dephosphorylates Nrf2 by
attenuating the interaction between Nrf2 and extracellular signal-regulated kinases 1/2 (ERK1/2), which
then restores its polyubiquitination and accelerates its proteasomal degradation. Moreover, for the first
time, an association of non-decreased Nrf2 expression in patients after neoadjuvant chemotherapy with poor
survival and chemoresistance in NSCLC was revealed.

Conclusions: Our findings illustrate the mechanism of metformin-mediated Nrf2 degradation through
posttranslational modifications (PTMs), which weakens the ROS defense system in NSCLC. Fluctuations
in Nrf2 expression have a strong predictive ability for chemotherapeutic response in neoadjuvant NSCLC
patients. Targeting of the Nrf2 pathway could be a therapeutic strategy for overcoming chemoresistance,

with metformin as the first choice for this strategy.
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Introduction

Lung cancer is responsible for more deaths worldwide
than any other malignancy (1). Non-small cell lung cancer
(NSCLC) accounts for approximately 85% of lung cancer
cases (2). In recent years, the tumor responses and clinical
outcomes of patients with NSCLC have been dramatically
improved by targeted therapy and immunotherapy (3,4).
However, platinum-based systemic chemotherapy is still
the preferred first-line therapy for the remaining patients
and is the cornerstone in the treatment of resectable
patients who undergo neoadjuvant chemotherapy (5).
However, various factors can result in the development
of resistance to chemotherapy (including reduced drug
accumulation, enhanced drug-mediated detoxification of
oxidative stress, and increased DNA adduct repair), which
is a major obstacle that limits our ability to treat advanced
NSCLC (6-8).

With the increasing number of combination strategies to
attenuate tumor resistance and decrease chemotherapeutic
toxicity (9), metformin, which is widely prescribed for the
treatment of type II diabetes, has shown important anti-
lung cancer effects in both in vitro and in vive preclinical
studies. The effect of metformin in combination with other
treatment strategies has also been studied (10). Metformin
was demonstrated to sensitize different cancer cell types to
cisplatin cytotoxicity, and various mechanisms have been
described, from mitochondrial apoptosis to the inhibition
of DNA synthesis (11). Although the signal transduction
mechanisms by which the combination of metformin
with cisplatin potentiates cytotoxicity in lung cancer are
evidenced by a large body of research (12-14), fewer studies
have focused on the detoxification of reactive oxygen
species (ROS) under cisplatin-induced oxidative stress.
Notably, mutagenic ROS is involved during carcinogenesis
and chemotherapy resistance (15). Conversely, high levels
of ROS can further form DNA double-strand breaks,
resulting in a DNA catastrophe and subsequently inducing
apoptosis (16). Therefore, the increased cellular antioxidant
capacity may play a vital role in lung cancer cellular
adaptation to cisplatin-induced oxidative stress. ROS are
generated in mitochondria. As a drug regulating glucose
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metabolism, metformin also regulates mitochondrial
function. However, its effect on cellular ROS has not yet
been fully elucidated.

The transcription factor nuclear factor erythoid-2-
related factor 2 (NFE2L2/Nrf2), a master regulator of the
antioxidant response, plays a role in the most important
endogenous defense mechanism by which ROS are
maintained at low physiological levels. Nrf2 is essential
to redox homeostasis, especially after cells have been
exposed to chemotherapeutic agents (17,18). Nrf2 exerts
its detoxifying effect by binding to the antioxidant response
element (ARE) and transactivating various cytoprotective
genes, especially, heme oxygenase 1 (HO-1), which is one of
the strongest antioxidant phase II detoxifying enzymes.

“Nrf2 addiction” refers to hyperactivation of the
Nrf2 pathway in lung cancer cells, which promotes
the development of NSCLC and can also enhance
chemoresistance (19,20). Emerging evidence has shown
that targeting Nrf2 is a potential therapeutic strategy for
overcoming cisplatin resistance (21). Intriguingly, Truong
Do M revealed that metformin suppresses the expression
of Nrf2 at the transcriptional level by inhibiting Sirtuin 1
(Sirtl) (22), while another study reported the opposite
result, with metformin also upregulating Sirtl expression
for decreasing the acetylation of Nrf2 and preventing its
nuclear distribution (23). Metformin somehow negatively
modulates Nrf2 expression in lung cancer, but there
is complete lack of understanding of the underlying
mechanisms. Some Nrf2-ECH homology (Neh) domains
in Nrf2 are tightly regulated by various posttranslational
modifications (PTMs), such as phosphorylation and
ubiquitylation (24), which effectively confer changes in Nrf2
expression. Effective PTMs in Nrf2 can change its location
or expression level (17). Extracellular signal-regulated
kinases 1/2 (ERK1/2) were shown to be involved in the
regulation of Nrf2 by metformin treatment (25). Butylated
hydroxyanisole was reported to increase phosphorylation
of the ERK1/2, thus promoting Nrf2 translocation into the
nucleus (26). However, the relationship between ERK1/2
and Nrf2-related PTMs still remains unclear and few
studies have explored the effect of clinical agents on the
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PTM status of Nrf2, which in turn affects Nrf2 activation.

In the current study, we investigated the role of Nrf2
in the regulation of cisplatin-induced ROS production
and chemoresistance in NSCLC cells with a more
comprehensive analysis. Our data elucidate, for the
first time, that the promotion effect of metformin on
mitochondrial ROS production plays a critical role in
chemoresistance reversal in lung cancer. We explored the
mechanism of metformin-mediated Nrf2 degradation
through attenuating ERK-mediated Nrf2 phosphorylation
to restore its polyubiquitination, which has a weakening
effect on the ROS defense system in NSCLC. Importantly,
for the first time, we evaluated the difference in Nrf2
levels in NSCLC patients before and after neoadjuvant
chemotherapy as well as the correlation of this change with
chemotherapeutic response and patient survival. We present
the following article in accordance with the ARRIVE
reporting checklist (available at http://dx.doi.org/10.21037/
tler-20-1072).

Methods
Cell culture and transfection

Human lung cancer cells A549/DDP (Bogoo
Biotechnology, Shanghai, China), a cisplatin-resistant A549
cell line, and H838 (Cell Bank of China Science Academy,
Shanghai, China) were maintained in RPMI 1640 medium
(CORNING, Mediatech, Inc., Manassas, VA, USA)
supplemented with 10% fetal bovine serum (FBS, PAN-
Biotech, Aidenbach, Germany) in a humidified atmosphere
with 5% CO,. Cisplatin (800 ng/mL) was added in fresh
medium for A549/DDP to maintain its resistance. Cell
lines were authenticated by Biowing Applied Biotechnology
Co., Ltd and Cinoasia Institude (Shanghai, China) via short
tandem repeat profiling.

Commercial plasmids pcDNA3.1-mNrf2 and
pcDNA3.1-mHO-1 were supplied by Genechem Co.,
Ltd (Shanghai, China). The plasmids were transfected
into NSCLC cells using Lipofectamine 3000 reagent
(Invitrogen, CA, USA) according to the manufacturer’s
instructions. After 6 h, the original medium was replaced
with fresh medium. At 48 h after transfection, the cells were
harvested or treated with drugs.

For knockdown of Nrf2 expression, lentivirus containing
an shRNA sequence targeting Nrf2 were supplied by
Genechem Co., Ltd (Shanghai, China). NSCLC cells were
seeded at 30% confluence in 24-well plates overnight before
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infection, and the media were replaced with a medium
(250 pL) containing lentivirus and polybrene (8 pg/mL).
After infection for 4 h, another 250 pL of fresh medium
containing polybrene (8 pg/mL) was added into wells.
The original medium was replaced with fresh medium
24 h later. And the infected cells were selected with
puromycin (2 pg/mL) 72 h after infection. The mature
antisense sequences targeting Nrf2 are as follows:
5'-CACCAGAACACTCAGTGGAAT-3"' (shNrf2 #1),
5'-GAGCAGTTCAATGAAGCTCAA-3" (shNrf2 #2),
5'-AGCCATTCACTCTCTGAACTT-3' (shNrf2 #3).

Reagents and antibodies

Metformin (1,1-Dimethylbiguanide hydrochloride,
#D150959-5G), Protoporphyrin IX zinc (ZnPPIX,
#282820), N-Acetyl-L-cysteine (NAC, #A7250) and
2",7'-Dichlorofluorescein diacetate (DCFH-DA, #D6883)
were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Cycloheximide (CHX, CAS 66-81-9) was purchased from
MedChemExpress LLC (Monmouth Junction, NJ, USA).
Cisplatin and proteasome inhibitor MG132 was purchased
from Selleck Chemicals (Houston, TX, USA). The Annexin
V-PE/7-AAD Apoptosis Detection Kit (AP104) was
purchased from Multi Sciences (Hangzhou, China). U0126
(#9903). The antibodies used for immunoblotting and co-
immunoprecipitation, B-actin (#58169), Nrf2 (#12721),
caspase-3 (#9662), poly ADP-ribose polymerase (PARP)
(#9532), Phospho-c-Raf (#9431), p44/42 MAPK (Erk1/2,
#4695), Phospho-p44/42 MAPK (#8544), and ubiquitin
(#3936), along with goat anti-rabbit immunoglobulin G
(IgG, #7074) and goat anti-mouse (#7076) HRP-linked
secondary antibodies, were purchased from Cell Signaling
Technology, Inc. (Danvers, MA, USA). Antibodies against
Keapl (AF5266) and HO-1 (AF5393) were obtained from
Affinity Biosciences (Cincinnati, OH, USA).

Cell viability assay

Cell viability was measured with a Cell Counting Kit-8
(CCK-8) assay (Dojindo, Japan). NSCLC cells were seeded
in 96-well plates overnight at a density of 5,000 cells per
well, and then treated with drugs under the indicated
conditions and times. Next, 10% of the final volume of
CCK-8 solution was added to each well and incubated at
37 °C for 1 h. A SpectraMax M4 microplate reader
(Molecular Devices, LLC, Sunnyvale, CA, USA) was used
to measure the absorbance at a wavelength of 450 nm.
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The IC50 curves were calculated using variable slope
for log (inhibitor) vs. normalized response (Graphpad
Prism 8.3, La Jolla, CA, USA). The combination index
(CI) was calculated using CompuSyn software (ComboSyn,
Inc., Paramus, NJ, USA), with CI <0.9, 0.9-1.1, and >1.1
indicating synergism, additive effect, and antagonism,
respectively.

Cell apoptosis assay

The distribution of apoptotic cells was evaluated using
Annexin V-PE/7-AAD staining. After indicated treatments,
NSCLC cells were trypsinized in 0.25% trypsin with
Ethylenediaminetetraacetic acid (EDTA)-free, washed with
cold phosphate-buffered saline (PBS), and then suspended
in 100 pLL PBS. Subsequently, the cells were stained with
5 pL of Annexin V-PE and 10 pL of 7-AAD, before being
incubated at room temperature for 30 min in the dark.
The stained cells were visualized by flow cytometry (FACS
Cantoll, BD Biosciences, USA) and analyzed using Flowjo
(FlowJo 10.4, LLC, USA).

Drug toxicity was assessed by Hoechst 33342/PI staining.
NSCLC cells were seeded into 6-well plates at a density
of 4x10°/well. After incubation for 24 h, the cells were
treated with metformin and/or cisplatin under the indicated
conditions. Next, the cells were trypsinized, resuspended
in PBS with Hoechst 33342 10 pg/mL and incubated for
15 min at 37 °C. The cells were then washed twice with
PBS, and stained with PI (10 pg/mL) for 15 min at room
temperature. Finally, the cell suspension was dripped onto
the glass slides and observed by fluorescence microscopy.

ROS detection

After the indicated treatments, adherent cells were
harvested with trypsin-EDTA solution and washed once
with PBS. For total cellular ROS detection, the cells were
incubated with 10 pM ROS-sensitive probe (DCFH-DA)
in PBS for 30 min at 37 °C in darkness. For mitochondrial
ROS accumulation detection, NSCLC cells were incubated
with 5 pM mitochondrial superoxide indicator (MitoSOX
Red, Thermo Scientific, M36008) in PBS for 10 min at
37 °C in darkness. The cells were then washed twice with
PBS and suspended in a fresh medium for immediate
analysis by flow cytometer.

Western blot and immunoprecipitation (IP) assay
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Cells were first washed with ice-cold PBS and then lysed in
RIPA lysis buffer (Beyotime, Shanghai, China). Sonication
was used to reduce the viscosity of the lysate, and a BCA
assay (Solarbio, China) was carried out to measure the
protein concentration. The lysates were then mixed with
3X reducing SDS loading buffer (#7723, Cell Signaling
Technology, Inc., USA) and denatured at 100 °C for
5 min. The lysates were separated with 10-12% sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) gels and then transferred onto a polyvinylidene
difluoride (PVDF) membrane (Millipore, Billerica, MA).
The membrane was blocked with 5% nonfat milk for 1 h
at room temperature and incubated overnight at 4 °C with
primary antibodies. After that, the membrane was washed 3
times with TBST (tris-buffered saline, 0.1% Tween-20) and
then probed with a secondary antibody for 1 h. After washing
with TBST, the blots were incubated with a high-sensitivity
chemiluminescence detection system (Millipore) and
visualized using the Amersham Biosciences ECL Detection
System (Amersham ple, GE Healthcare, Chicago, IL, USA).

For the IP assay, the Pierce™ Direct Magnetic 1P/
Co-IP Kit (Thermo Scientific, #88828) was used. The
main procedure was carried out in accordance with the
manufacturer’s instructions. Briefly, Nrf2 antibody (5 pg)
was incubated with magnetic beads (25 pL) for 60 min. Cell
lysates were mixed with antibody-coupled magnetic beads
and incubated for 2 h at room temperature on a rotator.
Precipitated proteins (60 pL) were eluted from beads and
prepared for western blot analysis.

Phos-tag analysis

For Phos-tag SDS-PAGE, 20 pM phosbind acrylamide
(F4002, APExBIO, Houston, TX, USA) and 80 pM
MnCI2 were added to 8% SDS-polyacrylamide gel before
polymerization. The gel was electrophoresed at 25 mA for
2 h. Before transfer, the gel was first immersed three times
in transfer buffer containing 10 mM EDTA for 10 min and
then in transfer buffer without EDTA twice for 10 min.
Protein transfer was performed for 3 h at 350 mA at 0 °C,
and then the membrane was analyzed by western blotting
with anti-Nrf2 antibody.

Dephosphorylation with lambda phosphatase

NSCLC cells were seeded in 10-cm culture dishes
overnight and collected using 400 pL. IP Lysis Buffer. The
collected cells were incubated with 5 pL of lambda protein
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phosphatase (New England BioLabs, Ipswich, MA, USA)
diluted in 50 pL of 10x Protein MetalloPhosphatases (PMP)
and 50 pL. of 10 mM MnCI2 for 30 min at 30 °C. After
incubation, the samples were analyzed by western blot or IP
as described above.

Quantitative real-time polymerase chain reaction

Total RNA was extracted using RNA-Quick Purification
Kit (Yishan Biotech, Shanghai, China). cDNA was
synthesized using HiScript II Q RT SuperMix (Vazyme
Biotech, Nanjing, China). Real-time polymerase chain
reaction (PCR) was performed on an ABI Prism 7500
Fast Real-Time PCR System (Applied Biosystems, Foster
City, CA, USA) using ChamQ SYBR qPCR Master Mix
(Vazyme). The 27*“ method was used to calculate the
relative expression levels of Nrf2 with B-actin used for
normalization. The sequences of the primers used for
quantitative real-time PCR (qQRT-PCR) were as follows:

* Nrf2: Forward 5'-TCAGCGACGGAAAGAGTA
TGA-3"; Reverse 5'-CCACTGGTTTCTGACTG
GATGT-3".

e B-actin: Forward 5'-TGGCACCCAGCACAATG
AA-3'; Reverse 5'-CTAAGTCATAGTCCGCCTAG
AAGCA-3'.

Xenograft model and treatments

All animal experiments were approved by the Committee
of Animal Experimental Ethical Inspection of the First
Affiliated Hospital, College of Medicine, Zhejiang
University (reference No. 2019-1232), and followed by the
institutional Guidelines for animal care and use.
Five-week-old male nude mice (Shanghai Sippr-bk
Laboratory Animal Co., Ltd, China; weight, 16 to 20 g)
were injected subcutaneously in the left flanks with 5x10°
A549/DDP cells mixed 1:1 with 100% Matrigel. On day 8,
when tumors had reached 40-80 mm’, the mice were
separated into four groups (5 mice per group) and given
water (50 pL/10 g; qd) + intraperitoneal saline (100 pL/
10 g; qod; control group) by oral gavage, metformin
(200 mgrkg; qd) + intraperitoneal saline (100 pL./10 g; qod;
metformin group) by oral gavage, water (50 pL/10g; qd)
+ intraperitoneal cisplatin (2 mg/kg; qod; cisplatin group)
orally, or metformin (200 mg/kg; qd) + intraperitoneal
cisplatin (2 mg/kg; qod; combination group) orally.
The tumor volume was calculated using the following
formula: volume = 1/2(length x width’). The animals
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were euthanized by cervical dislocation according to the
American Veterinary Medical Association Guidelines

(Schaumburg, IL, USA).

Terminal deoxynucleotidyl transferase dUTP nick-end
labeling assay

Detection of apoptotic cells was performed with a terminal
deoxynucleotidyl transferase dUTP nick-end labeling
(TUNEL) assay on paraffin-embedded sections of xenograft
tumor tissue using an In Situ Cell Death Detection Kit,
POD (Roche) according to the manufacturer’s instructions.
Images were captured using a light microscope.

Immunobistochemical analysis

Paraffin-embedded tumor tissue sections (4 pM) were
deparaffinized and subjected to heated-induced epitope
retrieval using citrate buffer (pH 6.0). The tissues
were incubated with rabbit anti-Nrf2 (1:200 dilution,
Abcam, #ab31163) or anti-Ki67 (1:200 dilution, Abcam,
#ab15580) antibody overnight at 4 °C. Following that, the
tissues were incubated with the corresponding secondary
antibodies. Peroxidase activity was visualized with
3,3'-diaminobenzidine (DAB; Darko, CA, USA) and then
counterstaining with hematoxylin was performed.

The sections were examined by two senior pathologists
in a double-blinded manner. The intensity of Nrf2 staining
was quantified using a four-score grading system (0=0-10%
of stained cells; 1=11-24% of stained cells; 2=25-75% of
stained cells; 3=>75% of stained cells).

Tumor specimens and patients

All procedures performed in this study involving human
participants were in accordance with the Declaration of
Helsinki (as revised in 2013). Patients were informed that
the specimens were stored by the hospital and potentially
used for scientific research, and signed informed consent
to participants was waived by the Ethics Committee.
This study was approved by the Clinical Research Ethics
Committee of the First Affiliated Hospital, College of
Medicine, Zhejiang University (Approval No.: 2020-13).
Clinical samples were obtained from 50 primary lung cancer
patients who received platinum-containing neoadjuvant
chemotherapy followed by surgical resection. To be enrolled
in this study, patients must have been pathologically
confirmed before neoadjuvant chemotherapy and obtained
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their final pathological report after surgery. Matched biopsy
and surgical resection tissue samples from eligible patients
were embedded in formalin-fixed paraffin, and IHC
staining was used to confirm chemotherapy-related changes
in Nrf2 status. Patients were regularly followed and the
chemotherapeutic response was clinically evaluated using
the Response Evaluation Criteria in Solid Tumors (RECIST
1.1). The objective response rate (ORR) used in this
cohort was defined as follows: (I) complete response (CR):
disappearance of all known lesions; (II) partial response (PR),
>30% regression in the sum of the measurable diameters of
target lesions; (III) progressive disease (PD), >20% increase
in the sum of the measurable diameters of target lesions; (IV)
stable disease (SD), any response between PR and PD.

Statistical analysis

The two-tailed Student’s 7-test was used for comparisons
between two groups, and one-way or two-way analysis
of variance (ANOVA) followed by Tukey’s test was used
for multiple group comparisons. Categorical data were
compared using Fisher’s exact text. For multi-classified
variables, binary logistic regression analysis was adopted.
Survival curves were estimated using the Kaplan-Meier
method and analyzed using the log-rank test. Prism
8.3 (GraphPad, La Jolla, CA) and SPSS software 25.0
(IBM statistics, SPSS Inc., Chicago, IL, USA) were used
for statistical analyses. A P value <0.05 was considered
statistically significant.

Results

Metformin synergistically angments cisplatin-induced
cytotoxicity with Nrf2 suppression

The effects of metformin combination therapy on the
normal NSCLC cell line H838 and the cisplatin-resistant
cell line A549/DDP were assessed. The CCK-8 assay
revealed that metformin significantly enhanced the
inhibitory effect of cisplatin on cell proliferation (Figure 14).
Then, single or combination treatment groups administered
high concentrations of cisplatin were assessed to generate
accurate IC50 curves. As shown in Figure 1B, compared
to single cisplatin treatment, combination treatment with
metformin clearly decreased the IC50 values of A549/DDP
cells (from 24.87 to 17.53 pM) and H838 cells (from 3.18
to 1.56 pM). The combination index (CI) was calculated to
determine the synergistic effects of combination therapy
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with metformin and cisplatin. The CI was <1, which showed
that metformin and cisplatin synergistically suppressed
NSCLC proliferation (Figure 1C).

Next, the effect of metformin on cisplatin-induced
NSCLC cell death was evaluated. Cells in the late stage
of apoptosis were stained with both Hoechst 33342 and
PI (pink). Combination treatment with metformin and
cisplatin significantly enhanced the induction of apoptosis
(Figure 1D). Flow cytometry analysis showed that
combination treatment significantly increased the number
of apoptotic NSCLC cells (the total percentage of cells
in quadrants Q2 + Q3) compared to that following
treatment with cisplatin alone, while single treatment with
metformin (3.2 and 12.8 mM for A549/DDP and H838
cells, respectively) did not clearly promote cell apoptosis
(Figure 1E). The protein levels of caspase-3 (cleaved
caspase-3), a mediator of apoptosis signaling, and PARP
(cleaved PARP) were also evaluated, which revealed similar
results in NSCLC cells treated with metformin and/or
cisplatin (Figure I1F). Intriguingly, metformin augmented
cisplatin-induced apoptosis by strongly inhibiting the
expression of Nrf2. With cisplatin stimulation, the levels of
Nrf2 and HO-1 dose-dependently increased. Metformin
strongly inhibited cisplatin-mediated upregulation of Nrf2
and HO-1 in both chemoresistant and normal NSCLC
cells (Figure 1G). These results therefore demonstrated
that metformin synergistically enhanced cisplatin-mediated
cytotoxicity and suppressed cisplatin-induced Nrf2/HO-1
axis upregulation in both chemoresistant and normal

NSCLC cells.

Metformin eliminates the detoxification ability of the
Nrf2/HO-1 axis and promotes ROS-mediated cisplatin-
induced apoptosis in chemoresistance NSCLC cells

We hypothesized that the downregulation of Nrf2
expression and accumulation of ROS are associated
with increased apoptosis in NSCLC cells treated with
combination therapy. To explore the critical role of the
Nrf2/HO-1 axis in the metformin-mediated reversal
of resistance in NSCLC cells, Nrf2 and HO-1 were
overexpressed in A549/DDP and H838 cells. As shown
in Figure 24, metformin did not block the protein
expression of Nrf2 or HO-1 in cells overexpressing Nrf2
or HO-1. Under combination treatment, Nrf2 and HO-1
overexpression markedly reduced intrinsic apoptosis
markers. Similarly, the CCK-8 assay and flow cytometry
analysis also showed that the synergistic effect of the

Transl Lung Cancer Res 2020;9(6):2337-2355 | http://dx.doi.org/10.21037/tler-20-1072



Translational Lung Cancer Research, Vol 9, No 6 December 2020

2343
A A549/DDP H838 B
A549/DDP H838
= = = < IC50 Shift
X x X IC50 Shift X
= = c c
g g 2 S
< 4 a 2
3 3 £ £
Cisplatin (uM) Cisplatin (uM) [Cis], uM [Cis], uM
_ A549/DDP _ H838
S S
= Cis +3.2 mM Met x Cis +12.8 mM Met
S S
£ £
< c
2 2
© T
£ £
Qo Qo
£ £
Q Q
(] (]
Dose effect Dose effect
a Control Met Cis Comb
~
a
o
Q
o
<
O
<
g
@
@
i=3
a
o
Q
<
«©
@
@«
I
A549/DDP H838
Annexin-V
F G A549/DDP
A549/DDP H838

0 16 32 0 16 32
0 0 0 32 32 32

H838
0 4 8 0 4 8
0 0 0 128 128 128

Figure 1 Synergistic effect of combination therapy with metformin and cisplatin on NSCLC cells. (A) Cell viability was assessed using
the CCK-8 assay. The number of surviving cells is expressed as the percentage of the control (100% survival). (B) Half maximal inhibitory
concentration (IC50) curves for single and combination therapy in NSCLC cells were determined using the CCK-8 assay. (C) The
combination index (CI <0.9 indicates synergism; CI >1.1 indicates antagonism; 0.9< CI <1.1 indicates an additive effect) for metformin
and cisplatin therapy in NSCLC cells. (D) NSCLC cells were stained with Hoechst 33342/PI and observed by fluorescence microscopy
(100x; scale bar, 50 um). A549/DDP and H838 cells were treated with metformin (3.2 and 12.8 mM, respectively) and/or cisplatin (32 and
4 uM, respectively) for 48 h. (E) Then, the cells were examined using Annexin-V/7-AAD staining, and the distribution of apoptotic cells
was measured by flow cytometry analysis. (F) Western blot showing the protein levels of the apoptosis-related proteins, PARP, cleaved
PARP, caspase-3, cleaved caspase-3 and Nrf2 in NSCLC cells treated with the indicated drug treatment strategies. f-actin was used as an
internal control. (G) Western blot showing the protein levels of Nrf2 and HO-1 in NSCLC cells after treatment with various treatment
combinations. All experiments were independently repeated at least three times. Bars represent the means + SDs. *, P<0.05, **, P<0.001,

by two-way analysis of variance followed by Tukey’s multiple comparisons test. NSCLC, non-small cell lung cancer; Cis, cisplatin; Met,
metformin; Comb, combination.
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Figure 2 ROS-detoxification of the Nrf2/HO-1 axis mediates the antitumor effect of combination therapy. NSCLC cells (A549/DDP
and H838) were treated with metformin (3.2 and 12.8 mM, respectively) and/or cisplatin (32 and 2 pM, respectively) for 48 h after
overexpression of HO-1 or Nrf2 for 48 h. (A) Western blot showing the invalid effect of combination therapy in NSCLC cells after
overexpression of HO-1 or Nrf2. Protein levels of PARP, cleaved PARP, caspase-3, cleaved caspase-3, Keapl, Nrf2, HO-1 and B-actin are
shown. (B) Cell viability of HO-1- and Nrf2-overexpressing NSCLC cells after combination therapy was assessed by CCK-8 assay. (C)
Nrf2 knockdown enhanced cisplatin induced cellular apoptosis in NSCLC cells. A549/DDP and H838 cells were treated with metformin
(3.2 and 12.8 mM, respectively) and/or cisplatin (32 and 16 pM, respectively) for 24 h after pretreatment with metformin (12.8 mM) for
24 h. The stable knockdown of Nrf2 in A549/DDP and H838 cells were treated with cisplatin (32 and 16 uM, respectively) for 24 h. After
indicated treatment, cells were examined using Annexin-V/7-AAD staining, and the distribution of apoptotic cells was measured by flow
cytometry analysis. (D) Nrf2 knockdown promoted sensitivity of NSCLC cells to cisplatin. Cell viability of Nrf2-knockdown NSCLC cells
was assessed by CCK-8 assay. (E) Suppression of Nrf2/HO-1 axis caused the heavy mitochondrial ROS accumulation in NSCLC cells. After
indicated treatment, Nrf2-knockdown and Nrf2/HO-1-overexpressing NSCLC cells were examined using MitoSOX Red, a mitochondrial
superoxide indicator (the negative control was not treated with MitoSOX Red). (F) The effects of NAC on the NSCLC cell proliferation
after combination therapy were assessed by CCK-8 assay. Treatment with NAC (100 uM) and the other indicated drugs was carried out
for 48 h. All experiments were independently repeated at least three times. Bars represent the means + SDs. *, P<0.05, **, P<0.001, by one-
way analysis of variance followed by Tukey’s multiple comparisons test. NSCLC, non-small cell lung cancer; Cis, cisplatin; Met, metformin;

Comb, combination; OE, overexpression; W'T, wild-type; Con, control; NAC, N-acetyl cysteine.
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combination treatment was rescued by Nrf2 and HO-1
overexpression (Figure 2B, Figure S1A). Furthermore,
NSCLC cells were transfected with lentivirus containing an
shRNA sequence targeting Nrf2, and verified the inhibition
efficiency (Figure S1B). Accordingly, the sensitivity and
cytotoxicity of the NSCLC cells to cisplatin was remarkably
enhanced upon Nrf2 knockdown in NSCLC cells
(Figure 2C,D). The stable knockdown of Nrf2 showed
a similar effect of chemoresistance reversal to the
combination therapy. These results suggested that the
detoxification ability of Nrf2/HO-1 axis toward cisplatin is
critical for NSCLC cells to develop drug resistance.

Next, the intracellular ROS level was detected in Nrf2-
knockdown and Nrf2/HO-1-overexpressing NSCLC
cells using MitoSOX Red (Figure 2E). Evaluation of
mitochondrial superoxide levels revealed that metformin
markedly increased the cisplatin-induced production
of ROS. Nrf2-knockdown NSCLC cells also exhibited
remarkably increased mitochondrial production of ROS
in response to cisplatin treatment. With overexpression
of Nrf2 and HO-1, the curve indicating ROS levels
moved substantially to the left, showing decreased
intracellular ROS accumulation under metformin
and cisplatin treatment. The total ROS detection by
2",7'-Dichlorofluorescein diacetate (DCFH-DA) probe
produces the similar results (Figure S1C). Then, the cells
were treated with the antioxidant N-acetyl cysteine (NAC)
for 48 h and cisplatin or the combination of metformin
and cisplatin. NAC, a scavenger of ROS, inhibited the
synergistic effects of the combination therapy on cell death
(Figure S1D) and proliferation (Figure 2F), indicating that
the synergistic effects of metformin and cisplatin depend on
intracellular ROS levels. Moreover, metformin and specific
HO-1 inhibitor ZnPPIX treatment (10 pM) significantly
decreased the proliferation of A549/DDP and HS838 cells
compared to that following treatment with cisplatin alone
(Figure S1E); this finding confirmed that HO-1 suppression
is responsible for the antiproliferative effect of metformin.
Opverall, these results suggest that ROS-induced NSCLC
cell death is regulated by the Nrf2/HO-1 signaling axis in
chemotherapy and that metformin weakens the Nrf2/HO-1
axis and the ROS-detoxification system to further reverse
chemoresistance.

Metformin inbibits the cisplatin-activated Nvf2/HO-1 axis
via Raf-ERK inactivation

ERK1/2 have been reported to regulate Nrf2 expression
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via a keapl-independent mechanism (25). To evaluate the
kinases upstream of metformin-abolished Nrf2 activation,
the phosphorylation status of MAPKs with combination
treatment with increasing concentrations of cisplatin was
evaluated first. Cisplatin activated the phosphorylation
of Raf and ERK1/2 in a dose-dependent manner, while
metformin at the indicated concentration strongly
suppressed the Nrf2/HO-1 axis and the phosphorylation of
Raf-ERK1/2, which was activated by cisplatin (Figure 34).
Metformin caused a dose-dependent reduction in the
protein levels of Nrf2 and HO-1 in A549/DDP and H838
cells. Similarly, the phosphorylation of Raf and ERK1/2
was dose-dependently reduced by metformin. However,
the Keapl protein level was not affected by metformin
(Figure 3B).

To further confirm the role of Raf-ERK signaling in
the regulation of Nrf2, the two cell lines were treated with
30 pM UO0126, a highly selective inhibitor of mitogen-
activated protein kinase (MEK) 1 and MEK 2 that functions
upstream of ERK1/2, for 24 and 32 h. U0126 strongly
suppressed the expression of Nrf2 in a time-dependent
manner (Figure 3C). Further, the combination treatment
with U0126 and cisplatin for 48 h was found to have
synergistic inhibitory effects on NSCLC cell proliferation
(Figure 3D). Single treatment with U0126 (30 pM) had
almost no inhibitory effect on the chemoresistant cell line
(average survival rate, 97%), although it strongly inhibited
cell proliferation in a combination treatment with 16 pM
cisplatin (average survival rate, 31%). Taken together,
these results indicate that inactivation of the Raf-ERK
signaling pathway is involved in the metformin-mediated
downregulation of Nrf2 and HO-1.

Metformin accelerates Nrf2 degradation by increased
ubiquitin modification from its dephospborylation

Nrf2 is mainly controlled through the regulation of
protein turnover by ubiquitin-mediated proteasomal
degradation and exhibits a half-life of approximately
30 min (27). Given that metformin strongly suppressed
the protein level of Nrf2, even under cisplatin-activated
conditions, we hypothesized that metformin can inhibit
the mRNA expression of Nrf2, thus reducing the protein
synthesis of Nrf2, and/or regulate Nrf2 protein at the
PTM level. On the basis that a mechanism must underlie
metformin-mediated Nrf2 suppression, we investigated the
possibilities. A549/DDP and H838 cells were maintained
in medium supplemented with cisplatin (8 and 1 pM,
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Figure 3 Metformin inhibits Nrf2 expression in NSCLC cells through the inactivation of Raf-ERK signaling. (A,B) Western blot showing
inactivation of the Raf-ERK-Nrf2 signaling pathway in NSCLC cells treated with different concentrations of drugs in combination or
alone. Protein levels of Nrf2, HO-1, keapl, p-c-Raf, ERK1/2, p-ERK1/2, and B-actin are shown. (C) NSCLC cells were treated with U0126
(30 uM), a MEK1/2 inhibitor, for 0, 24 and 32 h. Western blot showing the levels of Nrf2/HO-1 pathway protein and the phosphorylation
status of ERK1/2 in NSCLC cells. (D) The effects of metformin and U0126 on the proliferation of NSCLC cells were assessed by CCK-8
assay. A549/DDP and H838 cells were treated with cisplatin (16 and 2 puM, respectively) and/or metformin (12.8 mM) for 48 h after
pretreatment with U0126 (30 uM) for 2 h. All experiments were independently repeated at least three times. Bars represent the means =
SDs. **, P<0.001, by one-way analysis of variance followed by Tukey’s multiple comparisons test. NSCLC, non-small cell lung cancer; Cis,

cisplatin; Met, metformin; Con; control.

respectively) to stably activate Nrf2 expression and simulate
combination therapy. Then, the two cell lines were treated
with metformin (12.8 mM) and harvested at various time
points. Western blotting revealed that the expression levels
of Nrf2 and HO-1 were remarkably inhibited within 8 h
of metformin treatment (Figure 44). Conversely, qRT-
PCR showed that metformin increased Nrf2 mRNA
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expression in both cell lines at all time points (Figure 4B).
However, the results of qRT-PCR alone cannot explain the
dramatic decrease in Nrf2 at the protein level. Therefore,
we investigated whether the downregulation of Nrf2 by
metformin could result from increased Nrf2 degradation.
The degradation of Nrf2 was accelerated by co-treatment
with metformin and CHX, an inhibitor of de novo protein
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Figure 4 Metformin regulates Nrf2 by posttranslational modification. NSCLC cells (A549/DDP and H838) were maintained in medium
supplemented with cisplatin (8 and 1 pM, respectively). (A) Western blot showing the time course of the effect of metformin (12.8 mM) on
Nrf2 and HO-1 protein levels. (B) Effects of metformin (12.8 mM) on Nrf2 mRNA expression in NSCLC cells determined by quantitative
real-time polymerase chain reaction. (C) NSCLC cells were pretreated with metformin (12.8 mM) or control diluent for 2 h, followed by
10 pg/mL cycloheximide (CHX) treatment for 0 to 60 min to block protein synthesis. Western blot showing the protein levels of Nrf2
and B-actin. (D) Metformin and U0126 strongly promoted the degradation of Nrf2. NSCLC cells were first treated with or without
20 pM MG132 (a proteasome inhibitor) for 2 h. Then, the cells were treated with metformin (12.8 mM) or U0126 (30 uM) for 48 h, and
the expression levels of Nrf2, HO-1, and B-actin were analyzed by Western blot. (E) The ubiquitination status of Nrf2 and proteins that
interact with Nrf2 with or without metformin (12.8 mM) treatment. Nrf2 ubiquitination was detected by immunoprecipitation (IP) with
anti-Nrf2 antibody and immunoblotting (IB) with anti-ubiquitin antibody. The binding of Nrf2 to Keapl and Nrf2 to ERK1/2 was detected
by IP with anti-Nrf2 antibody and IB with anti-Keapl and anti-ERK1/2 antibodies. The protein expression levels of ubiquitin, ERK1/2,
Keapl, and B-actin in whole-cell lysates were confirmed. (F) Effects of metformin and U0126 on the dephosphorylation of Nrf2 in NSCLC
cells were analyzed by Phos-tag assay. NSCLC cells were pretreated with MG132 (20 uM) for 2 h, followed by metformin (12.8 mM) and
U0126 (30 uM) treatment for 24 h. (G) Dephosphorylation of Nrf2 increased its ubiquitin modification. NSCLC cells were treated with
MGI132 (20 uM) for 2 h before the collected cells were dephosphorylated with lambda phosphatase. Nrf2 ubiquitination was detected by IP.
All experiments were independently repeated at least three times. Bars represent the means + SDs. NSCLC, non-small cell lung cancer; Cis,

cisplatin; Met, metformin; WT, wild-type.
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synthesis (Figure 4C). When the Nrf2 protein levels with
or without pretreatment with the proteasome inhibitor
MG132 were compared in each group, a large gap in
protein expression was found, which suggested that Nrf2
degradation in A549/DDP and H838 cells is dependent on
the proteasome and that both metformin and U0126 have
a strong ability to promote the degradation of enormous
amounts of Nrf2 protein (Figure 4D).

"To analyze the ubiquitination status of Nrf2 in NSCLC
cells with and without metformin treatment, a co-
immunoprecipitation (co-IP) assay was performed. As
Raf-ERK signaling is involved in metformin-mediated
regulation of Nrf2, the amount of ERK1/2 that binds
to Nrf2 was also analyzed. Nrf2 polyubiquitination
was found to be increased in NSCLC cells treated
with metformin compared with the control cells.
Intriguingly, metformin had no effect on the binding
of Keapl and Nrf2, although it significantly reduced
protein-protein interaction between ERK1/2 and Nrf2
(Figure 4E). Further, metformin and U0126 promoted
the dephosphorylation of Nrf2 in NSCLC cells
(Figure 4F). Next, fresh cell extract from NSCLC cells
was treated with lambda phosphatase for 30 min, a protein
phosphatase with activity towards phosphorylated serine,
threonine, and tyrosine residues. Lambda phosphatase
strongly increased ubiquitin modification of Nrf2
(Figure 4G), revealing that phosphorylated Nrf2 prevented
its polyubiquitination. Overall, these results clearly
demonstrate that metformin accelerates the ubiquitin-
mediated proteolysis of Nrf2 in a Keapl-independent
mechanism through preventing ERK1/2 phosphorylating
Nrf2 extensively to restore polyubiquitination of Nrf2.

Combination therapy overcomes resistance to cisplatin in
Vivo

A chemotherapeutic resistance model was established using
BALB/c mice. Figure 5A shows the experimental protocol
and drug treatment protocols. The average tumor volume
of the cisplatin group showed a considerable increase
within the 23 days following tumor implantation, reaching
756 mm’, whereas that in the combination group exhibited
a substantial decrease, with an average tumor volume of
312 mm’ (P<0.001; Figure 5B). The mice were weighed twice
a week, and no weight loss was observed (Figure S2A,B).
The median tumor weight in the combination group was
remarkably reduced compared with that in the cisplatin
group (708 vs. 220 mg; P<0.001; Figure 5C). Xenograft
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tumor tissues were randomly selected from three mice in
each group. In the combination group, the levels of cleaved
PARP were dramatically elevated and cisplatin-induced
activation of the Nrf2/HO-1 signaling axis was inhibited
(Figure 5D,E). The results of IHC staining for Nrf2 in
xenograft tissues correlated with those of western blot
analysis. Moreover, Ki-67 and TUNEL staining confirmed
that combination treatment inhibited proliferation and
increased apoptosis in NSCLC cells in vivo (Figure 5F).
The findings from our in vive experiments recapitulated the
results obtained through our iz vitro experiments.

Non-decreased Nrf2 expression in patients after
neoadjuvant chemotherapy is associated with poor survival
and chemoresistance in NSCLC

To elucidate whether the tumor Nrf2 status is related to
neoadjuvant chemotherapeutic response and survival in
NSCLC patients, Nrf2 expression was detected and scored
in matched tumor tissues using IHC staining. The matched
tumor samples were obtained from 50 NSCLC patients
who underwent biopsy prior to receiving cisplatin-based
neoadjuvant chemotherapy followed by surgical resection.
The baseline characteristics of the patients with different
responses to chemotherapy are shown in Table S1. The
patients were divided into two groups according to their
Nrf2 IHC staining scores (Figure 6A): the Nrf2 low group
(score of 0 or 1) and the Nrf2 high group (score of 2 or 3).
Patients with decreased Nrf2 scores after neoadjuvant
chemotherapy were classified into the decreased Nrf2
group, and those with increased or unchanged Nrf2
scores were classified into the non-decreased Nrf2 group
(Figure 6B). Low Nrf2 expression after chemotherapy was
associated with an improved chemotherapeutic response
(P<0.0001; Figure 6C, Fisher’s exact test).

Next, the differences in Nrf2 expression before and after
neoadjuvant chemotherapy, as well as the corresponding
response to chemotherapy, were studied further. A higher
proportion of patients in the non-decreased Nrf2 group
had SD (71.4%) than PR (30.6%) (P=0.012; Figure 6D,
Fisher’s exact test). Furthermore, fluctuation in the level of
Nrf2 was significantly correlated with overall survival in this
cohort (P=0.0433; Figure 6E, log-rank test). Patients who
were less sensitive to chemotherapy had significantly poorer
outcomes than PR patients (P=0.0157; Figure 6F, log-rank
test). Collectively, these data demonstrated that variation
in Nrf2 expression may be a crucial clinical marker for
predicting the prognosis of patients who undergo cisplatin-
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Figure 5 Metformin reversed chemoresistance in an A549/DDP xenograft model. (A) Schematic representation of the i vivo experiment.
The establishment of the xenograft model and treatments were described in the “Methods”. (B) Tumor sizes in the four groups were
recorded with a caliper every 4 days. (C) Gross morphology of subcutaneous tumors in the four groups and their net weights are shown
(n=5). (D) Three xenograft tumor tissues from each group were randomly selected and lysed. Western blot showing obvious apoptosis in
the xenograft combination group. The protein levels of PARP, cleaved PARP, and B-actin are shown. (E) Western blot showing inactivation
of the Nrf2/HO-1 signaling axis in the xenograft combination group. The protein levels of Keapl, Nrf2, HO-1, and B-actin are shown.
(F) IHC staining was used to detect the expression levels of Nrf2 and Ki-67 in the four xenograft groups (100x magnification; scale bar,
200 pm). Apoptotic cells in the four xenograft groups were determined by TUNEL staining (100x magnification; scale bar, 200 pm). The
bar graph indicates the results of quantification of cells positive for Nrf2, Ki-67, and TUNEL expression per quadrant. All experiments
were independently repeated at least three times. Points, error bars and connecting lines on the graph indicate the means and error + SDs.
The box graph indicates the minimum, first quartile, median, third quartile, and maximum. The bar graph indicates the means + SDs. **,
P<0.001. Statistical analyses were performed using one-way analysis of variance (Tukey’s multiple comparisons test). NSCLC, non-small cell

lung cancer; Cis, cisplatin; Met, metformin; Comb, combination; Con, control.
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Figure 6 Fluctuation in Nrf2 the level is associated with chemoresistance in NSCLC patients. Matched tumor samples were obtained from
50 NSCLC patients who underwent biopsy before neoadjuvant chemotherapy and received surgical resection after neoadjuvant therapy.
Tumor tissues were stained for Nrf2 protein using IHC staining. (A) Representative images of Nrf2 IHC staining from NSCLC cases
scored from 0 to 3 at 100x and 200x magnification. (B) Representative cases showing different chemotherapeutic responses. Left, computed
tomography images of patients with a partial response (PR, green arrows) and stable disease (SD, red arrows). Right, the results of Nrf2 THC
at 100x magnification in matched tissues from patients before and after neoadjuvant chemotherapy. (C) A significant association was found
between Nrf2 expression (Nrf2 low = score of 0 or 1, Nrf2 high = score of 1 or 2) after chemotherapy and objective response rate (ORR)
in 50 patients. (D) The difference in Nrf2 expression in patients before and after neoadjuvant chemotherapy was correlated with the ORR.
(E) Kaplan-Meier analysis of overall survival (OS) in 50 cases with NSCLC based on IHC-detected fluctuations in Nrf2. (F) Kaplan-Meier
analysis of overall survival (OS) in 50 cases with NSCLC based on ORR. NSCLC, non-small cell lung cancer; SD, stable disease; PR, partial
response; Neo, neoadjuvant chemotherapy.
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based neoadjuvant chemotherapy before surgery.
Discussion

The biguanide metformin has been successfully used to
treat millions of patients with type II diabetes worldwide.
In addition to normalizing blood glucose levels, metformin
has shown antitumor properties, which has led to many
preclinical and clinical studies seeking to repurpose
metformin as an anticancer agent. Data obtained so far
indicate that metformin monotherapy shows strong
anticancer effects in various cancers, including lung cancer
(28-32). Recent studies have tended to combine metformin
with chemotherapeutic drugs to enhance their cytotoxicity,
reduce side effects, and reverse tumor resistance to these
drugs (11,33). Combination strategies allow metformin
to be used at a lower concentration and simultaneously
improve the treatment efficacy of other agents.

Combinations of metformin and chemotherapeutic
agents exert their effects through various mechanisms
(10,34). Lin et al. reported that metformin inhibited
STAT3 phosphorylation and mammalian target of
rapamycin (mTOR) activity, thus enhancing sensitivity to
cisplatin (12). They also found that metformin inhibited
cisplatin-induced ROS production. Interestingly, our
research showed that metformin augmented the cisplatin-
induced increase in the ROS level, which was associated
with decreased Nrf2 protein expression. The substantial
accumulation of ROS leads to an imbalance in “redox
capacity”, which disrupts redox homeostasis (35). Cisplatin
remains a classic anticancer drug because it causes DNA
crosslinking and is one of the strongest ROS generators.
Elevated ROS levels can damage cellular components,
resulting in a further increase in ROS levels, which
induces cell cycle arrest and apoptosis (36). However, lung
cancer cells have developed a strong antioxidant system to
manage endogenous or exogenous ROS overproduction
(37,38). As the core element of this antioxidant defense
system, Nrf2 was observed to be sensitive to cisplatin
and elevated by cisplatin in a dose-dependent manner.
Metformin completely eliminated the detoxification
ability of cisplatin and induced ROS-mediated oxidative
burst during cellular processes. We demonstrated that
the mechanism of metformin to reverse chemoresistance
is based on oxidative damage caused by the rapid
accumulation of ROS and a defective antioxidant system in
lung cancer cell lines.

Metformin was reported to suppress Nrf2 protein levels
in cancer cells via a Keapl-independent mechanism. Raf-
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ERK signaling attenuation was shown to be involved in
the regulation of Nrf2 by metformin in the treatment
of lung cancer (25). However, the p38 MAPK and JNK
signaling pathways were not found to affect Nrf2 protein
expression (21). Our study produced similar results.
Accordingly, the mechanism underlying Nrf2 regulation
by metformin is complicated. Although metformin has
been shown to reduce Nrf2 mRNA levels in human hepatic
carcinoma (25), no study to date has examined metformin-
induced changes in Nrf2 mRNA expression in lung cancer
cells. Intriguingly, we found that metformin elevated Nrf2
mRNA expression in a time-dependent manner, which was
consistent with the sensitivity of lung cancer to foreign
agents. However, metformin had entirely the opposite
effect on Nrf2 protein and mRNA levels. PTMs, such as
ubiquitylation, often result in rapid changes in Nrf2 protein
expression.

Accumulating evidence suggests that several Nrf2
statuses, such as Nrf2 activation and subcellular localization,
are tightly regulated by some types of PTM (17).
Unphosphorylated Nrf2 stays in the cytoplasm, whereas
the phosphorylated form is preferentially localized in the
nucleus (39). Protein kinase C can phosphorylate Nrf2
at Ser-40 in its Neh2 domain and disrupt the association
between Nrf2 and Keapl, thus resulting in the nuclear
localization of Nrf2 (40). However, even when Nrf2
was phosphorylated at Ser-40, the Nrf2 protein was
degraded by metformin or U0126 treatment (41). Ser-40
has been reported to not be necessary for the nuclear
accumulation and increased stability of Nrf2 (42). Unlike
metformin, butylated hydroxyanisole was shown to increase
phosphorylation of the ERK1/2 signaling pathway, which
is associated with Nrf2 release from Keapl (26). Curiously,
glycogen synthase kinase 3-beta was shown to phosphorylate
the Neh6 region of Nrf2, facilitating its ubiquitination and
subsequent proteasomal degradation (43).

Based on our results (Figure 7), the specific
phosphorylation of Nrf2 at one or two phosphorylation
sites does not affect the ubiquitination and subsequent
degradation of Nrf2. Substantial phosphorylation of Nrf2
by ERK prevents the polyubiquitination of Nrf2, even
though it binds to Keapl. When the remaining Keapl
is saturated by Nrf2, the phosphorylated Nrf2 becomes
more resistant to degradation and accumulates freely in
the cytoplasm, thus indirectly promoting the translocation
of Nrf2 into the nucleus. Nrf2 contains over 100 serine,
threonine, and tyrosine residues (44). Nrf2 contains many
putative PTM sites, which complicates the identification
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Figure 7 Proposed model of metformin-mediated Nrf2 degradation through posttranslational modifications. Cisplatin activates c-Raf

for ERK1/2 phosphorylation. Nrf2 is then phosphorylated by protein-protein interaction with ERK1/2. Substantial phosphorylation

of serine, threonine, and tyrosine residues on Nrf2 physically competes with ubiquitin binding to Nrf2, thereby preventing ubiquitin-

mediated proteasomal degradation of Nrf2 and resulting in the expression of antioxidant genes and chemoresistance. Metformin

extensively dephosphorylates Nrf2 by inhibiting c-Raf and attenuating the interaction between Nrf2 and ERK1/2, which then restores its

polyubiquitination and accelerated its proteasomal degradation.

of phosphorylation events. Changes to Nrf2 PTMs alter
the protein levels and intracellular location of Nrf2, which
should be carefully examined in lung cancer.

Nrf2 activation is common in cancer, and the
transcription of its downstream genes promotes various
cancer markers (24). Continuous activation of Nrf2
promotes malignant transformation, cancer progression
and resistance to chemotherapy and is considered a poor
prognostic factor (20). These malignant phenotypes have
been observed in lung cancer, leading to the definition
of Nrf2 as an oncogene (19,45-47). Solis et al.’s study
evaluated Nrf2 expression in 63 NSCLC patients who
received adjuvant treatment and reported that nuclear Nrf2
expression was associated with worse progression-free
survival (48). Another study found a marginal but significant
trend toward the benefit of chemotherapy in lung squamous
carcinoma in a group with low expression of Nrf2 and its
associated genes (49).

Our study demonstrates, for the first time, that
variation in Nrf2 expression before and after neoadjuvant
chemotherapy is strongly associated with poor patient
prognosis in NSCLC. As our research showed that
low Nrf2 expression in tumor tissues after neoadjuvant
was correlated with a better ORR, fluctuations in Nrf2
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expression should be an effective clinical biomarker for
predicting the ORR and prognosis of patient who receive
cisplatin-based chemotherapy, in view of the dynamic
changes in Nrf2 responses to foreign stimulation. The
emerging role of Nrf2 in NSCLC suggests that a strategy in
which Nrf2 activation is inhibited could help to overcome
chemoresistance and enhance the sensitivity of NSCLC to
chemotherapeutic drugs or even chemotherapy combined
with immunotherapy (50,51).

Conclusions

Combination therapy with metformin and cisplatin
strongly decreased the protein levels of Nrf2 by inhibiting
the Ras/Raf/ERK pathway in A549/DDP and H838
NSCLC cells, thereby eliminating the detoxification
effect of Nrf2 and promoting ROS-mediated apoptosis
in NSCLC. Mechanistically, metformin increased
Nrf2 polyubiquitination by attenuating ERK-mediated
phosphorylation of Nrf2, subsequently facilitating its
proteasomal degradation. Additionally, fluctuating levels
of Nrf2 were discovered to confer a strong predictive
ability for chemotherapeutic response and survival
outcomes in NSCLC patients who underwent neoadjuvant
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Supplementary

A

Figure S1 Metformin reverses cisplatin resistance in NSCLC cells via weakening Nrf2-mediated capacity for ROS detoxification. (A)
Opverexpression of Nrf2 and HO-1 blocked the synergistic effects on cellular apoptosis. NSCLC cells (A549/DDP and H838) were treated
with metformin (3.2 and 12.8 mM, respectively) and/or cisplatin (32 and 2 pM, respectively) for 48 h after overexpression of HO-1 or
Nrf2 for 48 h. NSCLC cells were examined using Annexin-V/7-AAD staining, and the distribution of apoptotic cells was measured by
flow cytometry analysis. (B) NSCLC cells were transfected with lentivirus containing an shRINA sequence (shNrf2 #1, #2 and #3) targeting
Nrf2 or control shRINA, and selected with puromycin. Western blot analysis of the levels of Nrf2/HO-1 axis in NSCLC cells after stable
knockdown. (C) NSCLC cells were stained with DCFH-DA, an oxidation-sensitive fluorescent probe (the negative control was not
treated with DCFH-DA). Flow cytometry showing decreased ROS accumulation in HO-1- and Nrf2-overexpressing NSCLC cells after
combination therapy. (D) ROS scavenger NAC blocked the synergistic inhibitory effects on cell death. NSCLC cells (A549/DDP and H838)
were treated with metformin (3.2 and 12.8 mM, respectively), cisplatin (40 and 6 pM, respectively) and NAC (100 uM) in combination or
each alone for 48 h. NSCLC cells were examined using Annexin-V/7-AAD staining, and the distribution of apoptotic cells was measured
by flow cytometry analysis. (E) The effects of metformin and ZnPPIX (10 pM), a specific HO-1 inhibitor, on the NSCLC cell proliferation
were assessed by CCK-8 assay. All experiments were independently repeated at least three times. Bars represent the means = SDs. **,
P<0.001, by one-way analysis of variance followed by Tukey’s multiple comparisons test. NSCLC, non-small cell lung cancer; Cis, cisplatin;

Met, metformin; Comb, combination; Con, control; WT, wild-type; OE, overexpression; NAC, N-acetyl cysteine.
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Figure S2 Evaluation of drug toxicity in xenograft models. (A) Mice weights during iz vivo treatments. Weight referring to treatments with
cisplatin (2 mg/kg; qod) and metformin (200 mg/kg; qd) in combination or alone. (B) Image of xenograft models on day 23. Points, error

bars and connecting lines on the graph indicate the means and error = SDs. Cis, cisplatin; Met, metformin; Comb, combination.
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Table S1 Comparison of patient characteristics for different clinical response to platinum-containing chemotherapy

Characteristics SD (n=14) PR (n=36) OR (95% Cl) P value
Age - 0.39
Mean (Std. Dev) 59.86 (8.28) 61.75 (6.34)

Sex 1.18 (0.16 to 16.42) >0.99
Male 13 33
Female 1 3

Smoking (pack/year) 0.53
>30 11 29 1.00 (reference)

0-30 2 2 2.64 (0.33 to 21.09) 0.36
0 1 5 0.53 (0.06 to 5.04) 0.58

Weight loss - 0.30
Yes 0 5
No 14 31

Stage after surgery 0.77
| 0 2 - 0.99
lla 1 1 3.50 (0.18 to 69.34) 0.41
Ilb 4 14 1.00 (reference) -
llla 4 12 1.17 (0.24 to 5.70) 0.85
llb 5 7 2.50 (0.51 to 12.35) 0.26

Tumor size - 0.08
Mean (SD) 3.64 (1.82) 2.67 (1.66)

Histology 0.98
Adenocarcinoma 1 3 0.80 (0.08 to 8.37) 0.85
Squamous 13 31 1.00 (reference) -
Other 0 2 - >0.99

Grade - 0.93
G1 1 0 - >0.99
G2 4 14 0.64 (0.16 to 2.48) 0.51
G3 9 20 1.00 (reference) -
Missing 0 2 - >0.99

Tumor location 0.50 (0.13 to 1.85) 0.44
Central 10 30
Peripheral 4 6

First-line treatment 0.88
doc/cis (DP) 4 11 0.68 (0.16 to 2.93) 0.6
gem/cis (GP) 7 13 1.00 (reference) -
pem/carbo (PC) 1 7 0.27 (0.03 to 2.61) 0.26
pem/cis (PP) 1 3 0.62 (0.05 t0 7.12) 0.70
tax/carbo (TC) 0 1 - >0.99
tax/cis (TP) 1 1 1.86 (0.10 to 34.44) 0.68

n, Number of patients; Cl, confidence interval; OR, odds ratio; Std. Dev, standard deviation; SD, stable disease; PR, partial response;
G1, well differentiated; G2, moderately differentiated; G3, poorly differentiated; doc, docetaxel; cis, cisplatin; gem, gemcitabine; pem,
pemetrexed; carbo, carboplatin; tax, paclitaxel.
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