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Abstract

Targeting the transcription factor NRF2 has been recognized as a feasible strategy for cancer 

prevention and treatment, but many of the mechanistic details underlying its role in cancer 

development and progression are lacking. Therefore, careful mechanistic studies of the NRF2 

pathway in cancer initiation and progression are needed to identify which therapeutic avenue—

activation or inhibition—is appropriate in a given context. Moreover, while numerous reports 

confirm the protective effect of NRF2 activation against chemical carcinogenesis little is known of 

its role in cancer arising from spontaneous mutations. Here, we tested the effects of NRF2 

modulation (activation by sulforaphane or inhibition by brusatol) in lung carcinogenesis using a 

chemical (vinyl carbamate) model in A/J mice and a genetic (conditional KrasG12D oncogene 

expression, to simulate spontaneous oncogene mutation) model in C57BL/6J mice. Mice were 

treated with NRF2 modulators before carcinogen exposure or KrasG12D expression to test the role 

of NRF2 in cancer initiation, or treated after tumor development to test the role of NRF2 in cancer 

progression. Lung tissues were analyzed to determine tumor burden, as well as status of NRF2 and 

KRAS pathways. Additionally, proliferation, apoptosis, and oxidative DNA damage were 

assessed. Overall, NRF2 activation prevents initiation of chemically induced cancer, but promotes 

progression of pre-existing tumors regardless of chemical or genetic etiology. Once tumors are 

initiated, NRF2 inhibition is effective against the progression of chemically and spontaneously 

induced tumors. These results have important implications for NRF2-targeted cancer prevention 

and intervention strategies.
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INTRODUCTION

Cancer is the second leading cause of death in the United States (US) and worldwide1. Lung 

cancer is the most common cancer in the United States (excluding melanoma) with an 

estimated 158,000 deaths in 2016, which accounts for 27% of all cancer deaths, and makes it 

the leading cause of cancer deaths2. Non-small cell lung cancer (NSCLC) makes up ~85% 

of all diagnosed cases of lung cancer, and has a predicted 5-year survival rate of 15.9%3. 

Recent studies have also identified a high prevalence of mutations in genes of the nuclear 

factor erythroid 2-related factor 2 (NRF2) pathway that result in uncontrolled, constitutive 

activation of NRF2 in NSCLC4,5. NRF2 is the primary regulator of cellular redox 

homeostasis and xenobiotic metabolism6. Through its role as a transcription factor, NRF2 

controls the expression of antioxidant response element (ARE) regulated genes7. NRF2 

target genes can be classified into: drug metabolizing enzymes (phase I-III), redox proteins, 

transcription factors, anti-apoptotic proteins, carbohydrate and lipid metabolizing enzymes, 

proliferation and cell cycle regulators, proteostasis machinery (autophagy and proteasomal), 

and heme and iron metabolizing proteins8,9. NRF2 is expressed in all human organs, but its 

basal levels under homeostatic conditions are low due to tight regulatory mechanisms that 

continuously target it for degradation in the cytosol9. This is achieved by association of 

NRF2 with Kelch-like ECH-associated protein 1 (KEAP1), the main regulator of NRF2, 

which serves as an E3 ubiquitin ligase substrate adaptor protein10. KEAP1 dimers interact 

with the N-terminal Neh2 domain of NRF2, thus bringing it in close proximity to the Cullin 

3-RING Box 1 (CUL3-RBX1) E3 ubiquitin ligase11,12. As a result, NRF2 is ubiquitylated 

and subsequently degraded by the 26S proteasome. However, under oxidative stress, critical 

cysteine residues in KEAP1 get oxidized, which affects its conformation, thereby leading to 

an NRF2-KEAP1 complex that does not favor ubiquitylation13. As a consequence, this 

protein complex is stabilized and newly synthesized NRF2 accumulates and translocates to 

the nucleus, where it dimerizes with a small MAF protein and performs its transcriptional 

function 7. Upon restoration of redox balance, KEAP1 translocates into the nucleus to escort 

NRF2 back into the cytosol and restore it to basal levels14. This mechanism of controlled 

NRF2 regulation is operative in the canonical NRF2 pathway15.

Numerous studies have demonstrated that Nrf2−/− mice are more susceptible than wild type 

mice to chemically induced carcinogenesis16,17, in agreement with the observation that 

canonical NRF2 activation by chemopreventive compounds, such as sulforaphane (SF), 

prevent carcinogenesis18. However, NRF2 has a dark side in cancer, as uncontrolled 

activation of NRF2 aids in the promotion, progression, and metastasis of cancer; contributes 

to chemo and radiotherapy resistance; and confers a poor prognosis15,19-22. Cancer cells 

constitutively activate NRF2 signaling by diverse mechanisms, including: somatic 

mutations, like gain-of-function NRF2 or loss-of-function KEAP1 or CUL3 mutations that 

prevent KEAP1-mediated degradation of NRF223-26; KEAP1 adduction by fumarate, an 

electrophilic oncometabolite that accumulates due to mutations in the metabolic enzymes 

fumarate hydratase (FH) or fumarylacetoacetate (FAH)27; KEAP1 promoter 

hypermethylation that reduces its expression28; and activation of KRAS, BRAF, and MYC 

oncogenes that increases NRF2 mRNA expression29,30. The resulting uncontrolled 

upregulation of NRF2 contributes to malignancy by increasing chemotherapeutic 
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detoxification, maintaining reducing conditions, promoting metabolic reprogramming, 

increasing proliferation, suppressing apoptosis, inducing autophagy, and upregulating the 

proteasome15,31. Additionally, NRF2 maintains low ROS levels in cancer stem cells, which 

promotes quiescence, self-renewal, anchorage-independent growth, and protects them from 

chemotherapy32,33. Consistent with the dual roles of NRF2 in cancer, previous studies of 

lung carcinogenesis in mice found that at early time points (8-12 weeks) after urethane 

(ethyl carbamate, which is metabolized into VC) exposure, Nrf2−/− mice had more tumors 

than Nrf2+/+ mice, indicating the protective role of NRF2 against cancer initiation34,35. 

However, at later time points (24 weeks), Nrf2−/− mice had less and smaller tumors with 

clear borders, unlike their wild type counterparts, demonstrating that NRF2 promotes tumor 

growth34. Therefore, targeting NRF2 in cancer has been identified as a means to confer 

sensitivity to cancer therapies and improve prognosis36. To overcome the dark side of NRF2, 

our group determined that brusatol was able to inhibit NRF2 signaling and sensitize the 

human NSCLC cell line A549 (KEAP1 mutant, high NRF2) to cisplatin, carboplatin, 5-

fluorouracil, etoposide, and paclitaxel37. In a xenograft model, brusatol was effective in 

combating both intrinsic and acquired resistance to cisplatin37. Furthermore, in an oncogenic 

KRAS-driven NSCLC mouse model, we identified that KRAS-driven NRF2 upregulation 

mediated chemoresistance to cisplatin, and that this could be overcome with brusatol co-

treatment30. Importantly, oncogenic KRAS mutations are found in ~30% of NSCLC 

originating both from carcinogen exposures and spontaneous oncogene activation38,39.

Tomasetti and Vogelstein40 conjectured that replication errors (“bad luck”) that occur in 

stem cells determine cancer risk. They consider that “deterministic tumors” are those 

associated with specific environmental or hereditary risk factors, and can be prevented by 

primary prevention strategies (such as altered lifestyles or vaccinations); whereas 

“replicative tumors” are mostly affected by stochastic factors (replication errors leading to 

spontaneous mutations in proto-oncogenes or tumor suppressors), so they cannot be 

prevented. Here we investigated the role of NRF2 in carcinogenesis induced by (i) 

environmental risk factors (a chemical carcinogenesis model using VC), or (ii) due to 

spontaneous mutations in oncogenes (a genetic model, using Cre-mediated activation of the 

KrasG12D oncogene). Using these two models we investigated the effects of NRF2 on (a) 

cancer initiation: NRF2 was activated or inhibited before carcinogen exposure or before 

expression of oncogenic KrasG12D, or (b) cancer progression: NRF2 was modulated after 

tumor development. Our results support this overall conclusion: NRF2 prevents the initiation 

of environmental factor-induced cancer but has no effect on spontaneous cancer arising from 

oncogene activation. Furthermore, NRF2 promotes the progression of pre-existing tumors, 

while NRF2 inhibition reduces pre-existing tumor growth in both models.

MATERIALS AND METHODS

Antibodies and chemicals

Sulforaphane (SF) was purchased from LKT laboratories, vinyl carbamate was purchased 

from Toronto Research Chemicals. Brusatol (Bru) was purified in our laboratory as 

described previously37. Corn oil was purchased from Sigma. The primary antibodies against 

NRF2, KEAP1, GCLM, NQO1, AKR1C1, AKR1B10, p-ERK, ERK, KRAS, GAPDH, as 
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well as horseradish peroxidase-conjugated secondary antibodies were purchased from Santa 

Cruz Biotechnologies.

Mouse lung cancer models

All mice were housed in a specific pathogen-free room with food and water ad libitum at the 

University of Arizona Animal Care facility. Protocols were approved by the UA Institutional 

Animal Care and Use Committee and all experiments were conducted in accordance with 

the Guide for the Care and Use of Laboratory Animals. Six-week-old male mice were 

acclimated to laboratory conditions for one week and then were randomly allocated (n=5/

group) to the treatment groups: (i) non-treatment (vehicle control: corn oil), (ii) SF (12.5 

mg/kg i.p.) pre-treatment, (iii) SF (12.5 mg/kg i.p.) post-treatment, (iv) Bru (2 mg/kg i.p.) 

pre-treatment, (v) Bru (2 mg/kg i.p.) post-treatment. For the chemical carcinogenesis model 

with vinyl carbamate, A/J mice were obtained from The Jackson Laboratory. Mice received 

two i.p. injections of VC (total dose 32 mg/kg), one week apart, and were sacrificed at 15 

weeks, as described previously41. For the genetic model, LSL-K-rasG12D/+ mice were 

obtained from The Jackson Laboratory42. Mice were intratracheally instilled with Cre 
adenovirus to activate expression of the KrasG12D oncogene. These mice were sacrificed 6 

weeks after the start of the experiment. See Figure 1 for a detailed description of treatment 

schedules. Mice were weighed once a week for the duration of the experiments. At the time 

of euthanasia, lungs were collected for gross analysis of total surface tumors and weight. 

Then, the lungs were divided and were either fixed in neutral buffered formalin for 

histological analyses or snap frozen for protein and RNA analyses.

Immunoblot analyses

Lung tissues were homogenized in sample buffer containing 50 mM Tris-HCl (pH 6.8), 2% 

sodium dodecyl sulfate (SDS), 10% glycerol, and 100 mM dithiothreitol (DTT). Lysates 

were boiled for 10 min and sonicated. Lysates were resolved by SDS-PAGE, transferred 

onto a nitrocellulose membrane, and subjected to immunoblot analyses with the indicated 

antibodies. The relative intensity of the bands was quantified using the ChemiDoc CRS gel 

documentation system and Quantity One software (Biorad).

Histological analyses

Staining was performed using the EnVision+System-HRP kit (Dako) according to the 

manufacturer’s instructions and nuclei were counterstained with hematoxylin. Images were 

acquired using a Nikon Eclipse 50i microscope with the NIS Elements F software. H&E 

images were acquired using a 2X objective and images were superimposed to compose a 

whole lung image using Photoshop 7.0. Apoptotic cells in tissue sections were detected by 

terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) using the In Situ 

Cell Death Detection Kit (Roche) according to the manufacturer’s instructions. Briefly, 

tissue sections were treatment with proteinase K (20 μg/mL) in 10 mM Tris-HCl (pH 7.8) at 

37 °C for 30 min. Tissue sections were incubated with TUNEL reaction mixture for 1 h at 

37 °C in the dark and nuclei were counterstained with Hoechst. Slides were analyzed using a 

Zeiss Observer.Z1 microscope with the Slidebook 5.0 software (Intelligent Imaging 

Innovations).
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Statistical analyses

The results are presented as fold changes to the NTC group. Data are all shown as mean ± 

SEM (n=5). Statistical tests were performed using SPSS 20.0. Unpaired student’s t-tests 

were used to compare the means of two groups. One-way analysis of variance was applied to 

compare the means of three or more groups. P<0.05 was considered to be significant.

RESULTS

NRF2 modulation in chemical and genetic lung cancer models

To test the roles of NRF2 in cancer initiation and progression, two different models of lung 

adenocarcinoma were used: chemical carcinogenesis (the VC model) and genetic 

(simulating spontaneous mutation, KrasG12D) models. The chemical carcinogenesis model 

for lung cancer was established in A/J mice, known for their sensitivity to chemically-

induced lung tumors. A/J mice were injected twice with VC (16 mg/kg i.p. for each 

injection) to induce lung cancer as shown in Fig. 1A. NRF2 modulation was achieved by 

injecting the mice with either the activator sulforaphane (SF, 12.5 mg/kg i.p.) or the inhibitor 

brusatol (Bru, 2 mg/kg i.p.) before (Pre) or after (Post) VC injections (Fig. 1A). All the mice 

survived during the course of the experiment. Animal body weights were recorded weekly. 

There was a significant reduction in body weight of mice in the SF-post, Bru-pre, and Bru-

post group, compared to the non-treated control (NTC) or SF-pre group (Fig. 1B). The 

genetic model of lung cancer was established using LSL-KrasG12D/+ C57BL/6J mice, in 

which addition of Cre recombinase promotes the expression of the oncogenic KrasG12D 

mutant that promotes tumor development (Fig. 1C). NRF2 was activated or suppressed by 

injecting SF or Bru either before (SF-pre or Bru-pre) or after (SF-post or Bru-post) 

administration of Cre (Fig. 1C). No significant reduction in body weight was noticed in any 

group, indicating neither the treatment nor the tumor burden affected the body weight of 

C57BL/6J mice (Fig. 1D).

NRF2 modulation had different effects on chemical vs. genetic lung cancer models

In the VC model, mice in the NTC group had an average of 27 surface tumors per mouse 

(Fig. 2A and B). Pre-treatment with SF significantly reduced the number of surface tumors 

(20 in the SF-pre group), consistent with the protective role of NRF2 in chemically induced 

carcinogenesis, whereas post-treatment with SF marginally increased the number of tumors 

(30 in the SF-post group). Pre-treatment with Bru significantly increased the number of 

tumors (32.5 in the Bru-pre group), while Bru post-treatment reduced the number of tumors 

(15 in the Bru-post group). The relative weight of the lungs of the treatment groups did not 

differ from the NTC group (Fig. 2C). Consistent with the results from surface tumors, 

histological analysis of the lungs also revealed differences in the number, and particularly in 

the size, of internal tumors (Fig. 2D). Quantification of tumor area showed that the mice in 

the SF-pre or Bru-post groups had smaller tumors than the NTC mice, but the mice in the 

SF-post or Bru-pre group had larger tumors (Fig. 2E). These results indicate that pre-

activation of NRF2 by SF prevents tumor initiation in response to chemical carcinogen 

exposure as both tumor number and size were decreased (Fig. 2B and 2E). However, after 

tumor initiation, activation of NRF2 by SF promotes the growth of pre-existing tumors, as 

indicated by larger tumors, but only a marginal increase in tumor number (Fig. 2B and 2E). 
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Bru showed opposite results, i.e. pre-inhibition of NRF2 increased tumor number and size, 

while post-inhibition reduced both tumor burden (Fig. 2B and 2E).

In the KrasG12D model, the number of surface tumors in the NTC group was 26. Pre-

treatment with SF or Bru had no effects on tumor number (Fig. 2F and G) or tumor size (Fig. 

2I and J). However, after tumor initiation, activation of NRF2 by SF post-treatment, or 

suppression of NRF2 by Bru post-treatment increased or decreased tumor number and size, 

respectively (Fig. 2F, G, I, and J). Interestingly, these trends were also observed for relative 

lung weight in KrasG12D C57BL/6J mice (Fig. 2H). These results indicate that upon the 

acquisition of high-risk spontaneous mutation of oncogenes, such as KrasG12D, 

chemoprevention strategies are ineffective at preventing tumor initiation. Once tumors are 

initiated, NRF2 inhibition slows down tumor progression, while NRF2 activation enhances 

tumor growth and multiplicity.

SF and Bru modulate NRF2 and KRAS signaling in lung tissues

Based on our previous findings that VC- or KrasG12D-induced lung tumor tissues have 

higher levels of NRF2 and its target genes, as well as activation of the KRAS-ERK pathway 

(as measured by an increase in the phosphorylation of ERK)30,41, modulation of the NRF2 

and KRAS pathways was examined in lung tissues of mice at the end of the experiments by 

analyzing protein and mRNA expression of relevant genes. In the VC model, SF-

pretreatment slightly lowered NRF2 protein levels compared to non-treatment, although no 

significant changes in the expression of NRF2 target genes (GCLM, NQO1, AKR1C1, 

AKR1B10, and HMOX1) at mRNA or protein levels were observed (Fig. 3A, B, and C). As 

expected, SF post-treatment greatly enhanced the protein levels of NRF2 and the expression 

of its target genes at both mRNA and protein levels, while the expression of KEAP1 (mRNA 

or protein levels) was unchanged (Fig. 3A, B, and C). Consistent with the results in Figures 

2B and E, a significant increase in the phosphorylation of ERK (p-ERK) was observed in the 

SF-post and Bru-pre groups, indicating higher tumor burden in these groups (Fig. 3A, B, and 

C). As expected, NRF2 signaling and ERK phosphorylation were decreased in the Bru-post 

group (Fig. 3A, B, and C). Overall, total ERK and KRAS protein levels remained unchanged 

across all treatment groups.

In the KrasG12D model, SF or Bru pre-treatment did not affect NRF2 or KRAS signaling, 

compared to the NTC group (Fig. 3D, E, and F), which is consistent with the result showing 

that pre-treatment had no effects on tumor burden (Fig. 2G and J). SF post-treatment 

increased NRF2 signaling and ERK phosphorylation, while Bru post-treatment reduced 

NRF2 signaling and p-ERK (Fig. 3D, E, and F). As expected, none of the treatments 

affected KEAP1 (mRNA or protein levels were measured, Fig. 3D, E, and F), as well as the 

total protein levels of ERK or KRAS (Fig. 3D and E).

NRF2 modulation by SF and Bru in lung tumor tissues correlates with proliferation, 
oxidative DNA damage, and apoptosis

Histological examination of lung tissue sections revealed a correlation in the levels of NRF2, 

GCLM, NQO1, and AKR1C1 (Fig. 4 and 5, top four panels) with proliferation, oxidative 

DNA damage, and apoptosis of tumor tissues in both the VC and KrasG12D models (Fig. 4 
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and 5, bottom four panels). In the VC model, IHC staining clearly showed an increase in 

NRF2 signaling in lung tumor tissues from the SF-post or Bru-pre groups, and a decrease in 

the Bru-post group (Fig 4, top four panels). These results are consistent with the NRF2 and 

target genes protein levels measured by immunoblot analyses in total lung tissue lysates 

(Fig. 3B). The proliferative marker Ki67 was most strongly expressed in the SF-post or Bru-

pre group (Fig. 4, Ki67 panel). These results are consistent with previous observations that 

NRF2 promotes proliferation31. Furthermore, high NRF2 expression also correlates with 

lower phosphorylated histone H2AX (γ-H2AX) and 8-oxo-dG staining (Fig. 4, γ-H2AX 

and 8-oxo-dG panels), consistent with the reported potential of NRF2 signaling to reduce 

endogenous ROS generation, which directly affect DNA integrity by causing oxidative 

modifications (8-oxo-dG) and double strand breaks (γ-H2AX)43. In contrast, lower NRF2 

expression, which correlates with high γ-H2AX and 8-oxo-dG, also correlates with a higher 

degree of cells undergoing apoptosis, as measured by TUNEL (Fig. 4, bottom panel).

In the KrasG12D model, IHC of lung tumor sections clearly showed enhanced or reduced 

expression of NRF2 and its target genes (GCLM, NQO1, AKR1C1) in the SF-post or Bru-

pre group (Fig. 5, top four panels), respectively. These results were consistent with the 

immunoblot analyses of lung tissue lysates (Fig 3E). Interestingly, a positive Ki67, but a 

negative 8-oxo-dG and γ-H2AX correlation with enhanced NRF2 signaling was observed 

(Fig 5). These correlations are consistent in both the VC and KrasG12D models, highlighting 

the universal role of NRF2 in controlling oxidative damage to determine the fate of cells: 

survival, proliferation and death.

DISCUSSION

In the present study, we tested the roles of NRF2 in chemically and genetically induced lung 

cancer. In the chemical model, NRF2 pathway activation by pre-treatment with the 

chemopreventive inducer SF before carcinogen (VC) exposure was protective, as indicated 

by fewer and smaller tumors. Molecular analyses revealed that SF-pre tumors had lower 

levels of NRF2 and Ki67, which could account for less aggressive growth of these tumors. 

Additionally, these SF-pre tumors had higher oxidative DNA damage than their control 

counterparts. Interestingly, SF-post and Bru-pre mice displayed similar phenotypes: higher 

tumor multiplicity, greater tumor area, high Ki67, and activation of the NRF2 pathway and 

ERK phosphorylation. These results suggest that ablation of NRF2 before initiation (Bru-

pre) increases susceptibility to carcinogens, and activation of NRF2 during tumor 

progression (SF-post) accelerates tumor growth. Bru-post greatly reduced tumor area and 

multiplicity, reduced Ki67 expression, and enhanced oxidative DNA damage and tumor cell 

apoptosis. Our results are consistent with numerous studies regarding the role of NRF2 in 

chemical carcinogenesis: activation of NRF2 prevents or reduces carcinogenesis, while 

inhibition of NRF2 is an effective therapeutic strategy15. Overall, this implies that 

chemoprevention strategies that activate NRF2 could be effective to decrease cancer 

incidence of populations with a high risk attributable to carcinogenic exposures. However, 

for those individuals who have developed tumors, therapies that include NRF2 inhibitors 

could be beneficial.
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Interestingly, in the genetic KrasG12D model we observed different results. Pre-activation or 

suppression of NRF2 by SF or Bru had no effects on tumor burden. This supports the fact 

that oncogenic Kras is a strong driver of tumorigenesis and the modulation of NRF2 has no 

consequences on tumor initiation that is driven by the activation of an oncogene. However, 

activation of NRF2 signaling after tumors have developed by SF post-treatment increased 

proliferation, and thus tumor burden, but decreased oxidative damage. Though oncogenic 

Kras has been reported to activate NRF2 signaling through upregulation of NRF2 
mRNA29,30, these results demonstrate that this activation is not maximized and can be 

further enhanced by SF, thus increasing proliferation and the growth rate of these tumors. 

Bru-post was again proven effective as an anti-cancer intervention. Our current study 

showed that Bru alone was also an effective anticancer agent, but we and others have shown 

that Bru is most effective in combination with chemotherapy30,31,37. Although Bru was 

recently found to be a global protein translation inhibitor, it has a very strong inhibitory 

effect on NRF2 due to NRF2’s short protein half-life44. Even though it is unlikely that Bru 

will become a drug for cancer treatment, it still serves as an important research tool and 

provides proof-of-concept demonstrating the effectiveness of NRF2 inhibition for cancer 

treatment while new specific NRF2 inhibitors are being developed.

Our results rekindle the debate over NRF2 activation for cancer prevention. While pre-

activation of NRF2 is a very powerful means to prevent cancer induced by environmental 

carcinogen exposure, presumably by blocking cancer initiation, activation of NRF2 once 

cancer has developed was detrimental in both the chemical and genetic models. It has been 

widely speculated that the failure of antioxidants in human clinical trials might be due to the 

promotion of preexisting malignancies45, which may be true for compounds that induce 

NRF2, as seen in our results for SF post-treatment in both models. Therefore, while 

increases in the consumption of natural products containing NRF2 inducers in healthy 

populations could greatly reduce cancer incidence, it might be unadvisable in cancer 

patients. To further support the importance of NRF2 activation for chemoprevention, key 

studies by Yamamoto’s group found that systemic NRF2 activation enhances antitumor 

immunity and prevents metastasis in Keap1−/− mice46,47. Antitumor immunity is largely 

dependent on CD8+ T cells and macrophages48, and a study has shown that NRF2 activation 

in macrophages is necessary for CD8+ T cell function49.

Regardless of the cause of tumor initiation (environmental exposure, replication-associated 

mutations, inheritance of susceptibility genes), inhibition of NRF2 seems to be a very 

promising strategy to slow down tumor growth or to sensitize tumors to chemo or radiation 

therapies. NRF2 is very frequently upregulated in cancer and NRF2 target genes are 

involved in processes related to the hallmarks of cancer50 (sustained proliferation, 

insensitivity to apoptosis, metabolic reprogramming, angiogenesis, etc.), as well as 

chemoresistance. Therefore, careful NRF2 modulation before cancer development and 

during the different stages of tumorigenesis would maximize the pleiotropic anticancer 

effects of this critical regulator of cancer. As such, the development of safe, specific and 

targeted NRF2 activators and inhibitors should be a priority. In addition, systemic delivery of 

NRF2 activators, but tumor localized delivery of NRF2 inhibitors may prove to be the best 

approach to reduce unwanted side effects.
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Abbreviations

γ-H2AX gamma-histone 2A family member X (phosphorylated)

8-oxo-dG 8-oxo-deoxyguanosine

AKR1B10 aldo-ketoreductase family 1 member B10

AKR1C1 aldo-ketoreductase family 1 member C1

ARE antioxidant response element

BRU brusatol

CUL3 Cullin 3

DTT dithiothreitol

ERK extracellular regulated kinase

FAH fumarylacetoacetate

FH fumarate hydratase

GAPDH glyceraldehyde phosphate dehydrogenase

GCLM glutamate-cysteine ligase, modifier subunit

H&E hematoxylin and eosin

HMOX1 heme oxygenase 1

HRP horseradish peroxidase

IHC immunohistochemistry

KEAP1 Kelch ECH-associated protein 1

Ki67 marker of proliferation Ki-67

KRAS Kirsten rat sarcoma proto-oncogene

mRNA messenger ribonucleic acid

NRF2 nuclear factor erythroid 2-related factor 2

NQO1 NAD(P)H quinone dehydrogenase 1

NSCLC non-small cell lung cancer
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NTC non-treated control

PAGE polyacrylamide gel electrophoresis

RBX1 ring-box 1

SEM standard error mean

SDS sodium dodecyl sulfate

SF sulforaphane

TUNEL terminal deoxynucleotidyl transferase dUTP nick end labeling

VC vinyl carbamate
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Figure 1. NRF2 modulation in chemical and genetic lung cancer models
(A) Chemical carcinogenesis model of lung cancer. Seven-week-old A/J mice (n=5/group) 

were randomly allocated to non-treatment control (NTC), pre-treatment (SF-pre or Bru-pre), 

or post-treatment (SF-post or Bru-post) groups. Mice in all the groups were injected 

intraperitoneally (i.p.) twice with the chemical carcinogen vinyl carbamate (VC, 16 mg/kg 

each injection) at days 5 and 12 to induce lung tumors as indicated. Mice in the pre-

treatment (SF-pre or Bru-pre) groups received either sulforaphane (SF, 12.5 mg/kg) or 

Brusatol (Bru, 2 mg/kg) every three days, as indicated with arrows, for five times. Mice in 

the post-treatment (SF-post or Bru-post) groups were injected with SF or Bru every three 

days, starting one week after the second VC injection for a total of 13 weeks (Fig. 1A). Mice 

were sacrificed the next day after the last injection. (B) A/J mice were weighed weekly and 

relative body weights (changes in weight relative to weight at the start of the experiment) are 

reported. Results are presented as means ± SD. *, P<0.05 compared to NTC. (C) Genetic 

model of lung cancer. Seven-week-old LSL-KrasG12D/+ C57BL/6J mice (n=5/group) were 

randomly allocated to the NTC, SF-pre, Bru-pre, SF-post, or Bru-post groups. Mice were 

intratracheally (i.t.) instilled with Cre adenovirus at day 5 to activate the KrasG12D allele to 

induce lung tumors. Mice in the SF-pre or Bru-pre group received i.p. injections of SF or 

Bru every three days as indicated with arrows for three times. Mice in the SF-post or Bru-

post group were injected with SF or Bru every three days, starting one week after i.t. for a 

total of 5 weeks. Mice were sacrificed the next day after the last injection. (D) LSL-

KrasG12D/+ C57BL/6J mice were weighed weekly and relative body weights are reported. 

Results are presented as means ± SD. No significant differences in relative body weights 

among the groups were observed.
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Figure 2. Nrf2 modulation had different effects on chemical vs. genetic lung cancer models
(A) Representative image of whole lungs from each group of A/J mice in the VC model 

(arrows point to surface tumors). (B) Average number of total surface tumors in the whole 

lungs from each group of A/J mice. *, P<0.05 compared to NTC. (C) Wet lungs were 

weighed for each A/J mouse and relative lung weights (normalized to NTC group) were 

obtained. Results are presented as means ± SD. No significant differences were observed. 

(D) Representative H&E staining of lung tissue sections of A/J mice. (E) The ratio of tumor 

area to total area of lung tissue sections in A/J mice was quantified and the relative tumor 
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area (normalized to the NTC group) is presented. Results are presented as means ± SD. *, 

P<0.05 compared to NTC. (F) Representative image of whole lungs from each group of 

LSL-KrasG12D/+ C57BL/6J mice in the KrasG12D model (arrows are pointing at surface 

tumors. (G) Average number of total surface tumors in the whole lungs from each group of 

KrasG12D mice was counted. *, P<0.05 compared to NTC. (H) Wet lungs were weighed for 

each KrasG12D mouse and relative lung weights (normalized to NTC group) were obtained. 

Results are presented as means ± SD. *, P<0.05 compared to NTC. (I) Representative H&E 

staining of lung tissue sections of C57BL/6J mice. (J) The ratio of tumor area to total area of 

lung tissue sections in C57BL/6J mice was quantified and the relative tumor area 

(normalized to the NTC group) is presented. Results are presented as means ± SD. *, P<0.05 

compared to NTC.
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Figure 3. SF and Bru modulate NRF2 and KRAS signaling in lung tissues
(A and D) Protein expression of the NRF2 and KRAS pathways. Total lung tissue lysates of 

mice (n=3/group) from the VC model (A) and the Kras model (D) were subjected to 

immunoblot analyses with the indicated antibodies. (B and E) Band intensities were 

quantified and normalized to the loading control (GAPDH) to obtain relative protein levels 

for the VC model (B) and the Kras model (E). The relative protein level in the NTC group 

was set to 1, and the relative protein levels in other groups were normalized to the NTC 

group. Results are presented as means ± SD. *, P<0.05 compared to NTC. (C and F) mRNA 

expression of the indicated genes in the NRF2 and KRAS pathways. Total RNA extracted 
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from lung tissue (n=3/group) from the VC model (C) and the Kras model (F) was subjected 

to qRT-qPCR analysis. Results are presented as means ± SD. *, P<0.05 compared to NTC.
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Figure 4. NRF2 modulation by SF and Bru in lung tumor tissues correlates with proliferation, 
oxidative DNA damage, and apoptosis in the VC model
A representative image of IHC staining of lung tissue sections containing tumors from each 

group (n=3) in the VC model. Expression levels of the following proteins in tissues were 

measured: NRF2 pathway proteins (NRF2, GCLM, NQO1, and AKR1C1 in the top four 

panels), the proliferation marker Ki67 (Ki67 panel), and phosphorylated histone H2AX (γ-

H2AX panel). The oxidative DNA marker 8-oxo-deoxyguanosine (8-oxo-dG panel) was also 

detected. The bottom panel shows in situ detection of apoptotic cells by TUNEL. Scale bar: 

100 μm.
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Figure 5. NRF2 modulation by SF and Bru in lung tumor tissues correlates with proliferation, 
oxidative DNA damage, and apoptosis in the Kras model
A representative image of IHC staining of lung tissue sections containing tumors from each 

group (n=3) in the Kras model. Expression levels of the following proteins in tissues were 

measured: NRF2 pathway proteins (NRF2, GCLM, NQO1, and AKR1C1 in the top four 

panels), the proliferation marker Ki67 (Ki67 panel), and phosphorylated histone H2AX (γ-

H2AX panel). The oxidative DNA marker 8-oxo-deoxyguanosine (8-oxo-dG panel) was also 

Tao et al. Page 19

Mol Carcinog. Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



detected. The bottom panel shows in situ detection of apoptotic cells by TUNEL. Scale bar: 

100 μm.
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