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Abstract

Studies have shown that Nrf2E79Q/+ is one of the most common mutations found in human 

tumors. To elucidate how this genetic change contributes to lung cancer, we compared lung tumor 

development in a genetically-engineered mouse model (GEMM) with dual Trp53/p16 loss, the 

most common mutations found in human lung tumors, in the presence or absence of Nrf2E79Q/+. 

Trp53/p16-deficient mice developed combined-small cell lung cancer (C-SCLC), a mixture 

of pure-SCLC (P-SCLC) and large cell neuroendocrine carcinoma. Mice possessing the LSL-
Nrf2E79Q mutation showed no difference in the incidence or latency of C-SCLC compared with 

Nrf2+/+ mice. However, these tumors did not express NRF2 despite Cre-induced recombination of 

the LSL-Nrf2E79Q allele. Trp53/p16-deficient mice also developed P-SCLC, where activation of 

the NRF2E79Q mutation associated with a higher incidence of this tumor type. All C-SCLCs and 

P-SCLCs were positive for NE-markers, NKX1–2 (a lung cancer marker) and negative for P63 (a 

squamous cell marker), while only P-SCLC expressed NRF2 by immunohistochemistry. Analysis 

of a consensus NRF2 pathway signature in human NE+-lung tumors showed variable activation of 

NRF2 signaling. Our study characterizes the first GEMM that develops C-SCLC, a poorly-studied 

human cancer and implicates a role for NRF2 activation in SCLC development.
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Introduction

Lung cancer remains one of the deadliest cancers worldwide with an estimated 135,720 

deaths in the United States in 2020 [1]. Lung cancer is divided into two histological 

subtypes, small cell lung cancer (SCLC) and non-small cell lung cancer (NSCLC). 

NSCLC accounts for about 80% of all lung cancers which is further subdivided into lung 

adenocarcinoma (LUAD: 40%), lung squamous cell carcinoma (LUSC: 25%) and large 

cell carcinoma (LCC: 15%, including large cell neuroendocrine carcinoma, LCNEC). The 

remaining 20% of lung cancers represents SCLC that differs from LUAD and LUSC due to 

the expression of markers of neuroendocrine differentiation.

The 5-year survival rate in lung cancer rose from 17.2% in 2009 to 21.7% in 2019 [1–

3], driven primarily by the development of therapies for LUAD targeting mutations in 

EGFR, ALK, and ROS1 [4–8]. Unfortunately, these therapies are not effective against the 

most aggressive types of lung cancer, including LUSC and SCLC, due to different genetic 

alterations [9–13]. Specifically, LUSC frequently results from inactivating mutations in 

CDKN2A (P16) and TRP53 along with activation of PIK3CA, P63 and/or SOX2 signaling 

[14–17]. In SCLC, RB1 and TRP53 inactivating mutations predominate [13, 18].

While dual TRP53/P16 loss is found in almost all types of lung cancer [9, 10, 13, 19–21], 

how the concurrent inactivation of these genes contributes to their development is not 

fully understood. Additionally, other frequent mutations, such as those recently reported to 

activate the NRF2 pathway, remain understudied [22]. The NRF2 (also known as nuclear 

factor erythroid-derived 2-like 2; NFE2L2) signaling pathway provides an important cellular 

Hamad et al. Page 2

Oncogene. Author manuscript; available in PMC 2023 March 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



defense mechanism against oxidative and metabolic stress [23]. In addition to maintaining 

redox homeostasis, the NRF2 pathway also regulates many other cancer hallmarks including 

proliferation, differentiation, apoptosis, inflammation and metastasis [24–26]. Patients with 

lung tumors with activating NRF2 mutations show significantly worse survival than patients 

with no NRF2 alterations [22, 27]. Most NRF2 mutations localize to hotspots in the 

DLG and ETGE motifs [22], which impair KEAP1 binding, ubiquitylation and subsequent 

proteasomal degradation [23], yielding constitutively-active NRF2-dependent transcription 

[28].

Constitutive NRF2-driven transcription in human lung cancer presumably drives tumor 

growth and progression under conditions of oxidative, metabolic and genotoxic stress. Thus, 

mutations in the KEAP1/NRF2/CUL3 complex that constitutively activate this pathway 

appear in most lung tumor types, including LUAD, LUSC, and LCNEC [22, 29, 30] 

However, only limited data exist on the frequency of KEAP1-NRF2 alterations in SCLC 

[13, 31]. How activating mutations, such as Nrf2E79Q/+, drive the development of various 

histological tumor types of lung cancer remains unclear. Therefore, we sought to determine 

how NRF2 signaling pathway contributes to development of NSCLC and SCLC tumors.

To understand the impact of activating mutations in NRF2 on lung tumor development 

driven by biallelic inactivation of the Trp53 and p16 genes, we generated and characterized 

lung tumors in a novel genetically-engineered mouse model (GEMM) with Trp53fl/fl;p16fl/fl 

with or without a common NRF2 mutation in human tumors, Nrf2E79Q [32]. We found that 

the dual loss in Trp53/p16 resulted in the appearance of combined-small cell lung cancer 

(C-SCLC), a mixture of pure-SCLC (P-SCLC) and large cell neuroendocrine carcinoma 

(LCNEC). C-SCLC incidence and latency were similar in mice bearing the LSL-Nrf2E79Q 

allele. However, the C-SCLCs developed in LSL-Nrf2E79Q mice did not express NRF2 

protein, despite Cre-mediated recombination of the mutant allele. These mice also developed 

P-SCLC where activation of NRF2 signaling increased the incidence and decreased the 

survival of the mice. Thus, our study shows that the dual loss of Trp53 and p16 in mice 

drives the development of small P-SCLC and large, aggressive C-SCLC. Furthermore, 

persistent activation of NRF2 increased the incidence of P-SCLC but appeared to inhibit 

the appearance of large, invasive SCLC. Thus, the role of activated NRF2 signaling in lung 

tumor development appears dependent upon the cellular context.

Results

To dissect the role of activated NRF2 signaling in lung tumor development, we used a 

Trp53fl/fl;p16fl/fl genetically engineered mouse model (GEMM), as these tumor suppressor 

genes are inactivated in >80% of human LUAD and LUSC tumors [13, 20, 21]. We 

focused on dissecting the effect on tumor phenotype of a common activating mutation 

in the NRF2 gene, E79Q, in our Trp53fl/fl;p16fl/fl GEMM. We bred these mice with 

our recently reported lox-stop-lox (LSL)-Nrf2E79Q GEMM possessing a Cre-inducible 

Nrf2 gene harboring an activating E79Q mutation within the endogenous locus [33]. We 

bred two groups of mice for our study: Trp53fl/fl;p16fl/fl;Nrf2+/+ and Trp53fl/fl;p16fl/fl;LSL-
Nrf2E79Q/+. Intranasal instillation of Adenoviral-Cre (Ad5-CMV-Cre) was used to inactivate 

the Trp53/p16 mutant alleles in both groups and activate the Nrf2E79Q allele in the 
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Trp53fl/fl;p16fl/fl;LSL-Nrf2E79Q/+ mice. We then monitored mice for tumor development for 

up to 60 weeks after treatment. We did not include an experimental group with homozygous 

Nrf2E79Q/E79Q alleles because these mice did not express NRF2.

Trp53fl/fl;p16fl/fl;Nrf2+/+ and Trp53fl/fl;p16fl/fl;LSL-Nrf2E79Q/+ mice develop combined-small 
cell lung cancer (C-SCLC)

A previous report showed that Trp53fl/fl;p16fl/fl GEMMs developed lung adenocarcinomas 

at a low frequency after intranasal Ad-CMV-Cre instillation but did not further 

characterize these tumors [34]. In our GEMMs, both Trp53fl/fl;p16fl/fl;Nrf2E79Q/+ mice 

and Trp53fl/fl;p16fl/fl;Nrf2+/+ mice developed large tumors, most frequently in the lung 

and less commonly in the brain. We also found metastatic disease in several tissues 

(Table 1, Supplementary Table 1a, b). We did not observe a significant change in 

survival after treatment with Ad-CMV-Cre between the Trp53fl/fl;p16fl/fl;Nrf2E79Q/+ and 

Trp53fl/fl;p16fl/fl;Nrf2+/+ groups, with most mice developing health issues by 45 weeks 

(Supplementary Fig. 1a). Unexpectedly, the histological analysis of invasive tumors in 

the lungs of both genotypes revealed combined-small cell lung cancer (C-SCLC) (Fig. 

1a) [35], based on the 2015 World Health Organization (WHO) classification of human 

lung tumors. Specifically, we observed a mixed cell population with histological features 

of P-SCLC: small cells, nuclei with finely granular nuclear chromatin, inconspicuous 

nucleoli, high mitotic rate, and frequent necrosis, and LCC: large cell size, low nuclear 

to cytoplasmic ratio, vesicular, coarse or fine chromatin, and/or frequent prominent nucleoli 

(Fig. 1a). There was no significant difference in C-SCLC incidence between the two groups 

(Trp53fl/fl;p16fl/fl;Nrf2E79Q/+ 22% versus Trp53fl/fl;p16fl/fl;Nrf2+/+ 18%; Table 1).

Beyond the lung, we found lung tumor metastases in the parathyroid gland and liver, as 

well as poorly differentiated tumors of unknown origin (Table 1, Supplementary Table 1a, 

b and Fig. 1b,c). We also identified olfactory bulb neuroblastomas (esthesioneuroblastoma) 

(ONB) in the brain, a documented phenomenon in mice administered agents through the 

nasal cavity [36, 37] (Supplementary Fig. 1c), and squamous cell carcinoma (SCC) on the 

ears (Table 1, Supplementary Fig. 1d) [38–40]. The SCCs on the ears presumably developed 

from irritation caused by the metal ear tags used to identify individual mice [41]. No 

significant differences in the incidences of any of these tumors were observed between the 

two groups (Supplementary Fig.1b).

Expression of Nrf2E79Q/+ in the Trp53fl/fl;p16fl/fl mice increased frequency of pure-small cell 
lung cancer (P-SCLC)

In addition to C-SCLC, the lungs from these mice also contained discrete tumors 

arising mostly at the bronchial epithelium and projecting into the lumen in both 

Trp53fl/fl;p16fl/fl;Nrf2E79Q/+and Trp53fl/fl;p16fl/fl;Nrf2+/+ mice (Fig. 2a). Histological 

analysis showed that almost all tumors contained small, round to elongated cells with 

dark nuclei composed of coarse, condensed chromatin and no distinct nucleoli, resembling 

P-SCLC [42]. The incidence of these P-SCLC-like tumors, as identified by H&E section, 

was significantly higher in Trp53fl/fl;p16fl/fl;Nrf2E79Q/+ mice (32%; n=9) compared to 

Trp53fl/fl;p16fl/fl;Nrf2+/+ mice (13%; n=9) (p<0.01; Table 1, Fig. 2b). To better determine 

the frequency of these tumors, we serially sectioned through the entire lung from an 
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equal number of Trp53fl/fl;p16fl/fl;Nrf2+/+ and Trp53fl/fl;p16fl/fl;Nrf2E79Q/+ mice (n=9) 

using lungs without previously detected lesions. We observed that eight out of nine 

(8/9) lungs of Trp53fl/fl;p16fl/fl;Nrf2E79Q/+ mice contained P-SCLC compared to four 

out of nine (4/9) lungs of Trp53fl/fl;p16fl/fl;Nrf2+/+ mice (Fig. 2c, Supplementary Table 

2). The total number of P-SCLCs observed in Trp53fl/fl;p16fl/fl;Nrf2E79Q/+ mice, as 

well as the average number of tumors per lung, was significantly (p<0.01) higher than 

in the Trp53fl/fl;p16fl/fl;Nrf2+/+ mice (Fig 2b,c, Supplementary Table 2). Importantly, 

the Trp53fl/fl;p16fl/fl;Nrf2E79Q/+ mice with P-SCLCs had significantly reduced survival 

compared to Trp53fl/fl;p16fl/fl;Nrf2+/+ mice with P-SCLCs, 24 vs. 33 weeks (p<0.05), 

eliminating the possibility that Trp53fl/fl;p16fl/fl;Nrf2E79Q/+ mice developed more P-SCLCs 

due to longer survival times.

C-SCLCs and P-SCLCs from Trp53fl/fl;p16fl/fl;Nrf2+/+ and Trp53fl/fl;p16fl/fl;Nrf2E79Q/+ mice 
express NKX2–1 and neuroendocrine markers

To characterize the histology of C-SCLCs we labeled them for NKX2–1 (also known as 

TTF1), a marker for lung tumors, and P63 (TRP63), an important factor for the development 

of epithelial tissues and generally considered a positive marker for human LUSC [43–45]. 

All C-SCLCs stained strongly positive for NKX2–1 and negative for P63 by IHC, using 

the scoring criteria presented in Supplementary Table 3 (Fig. 3a,b, Supplementary Tables 

3 and 4a). We observed similar labeling for the lung tumor metastases in the liver from 

both genotypes (Trp53fl/fl;p16fl/fl;Nrf2+/+ and Trp53fl/fl;p16fl/fl;Nrf2E79Q/+ mice), consistent 

with an origin as lung C-SCLC metastases (Fig. 1b). We also assessed expression of 

these markers in the SCC from the ears of Nrf2+/+ and Nrf2E79Q/+ mice. While the 

Nrf2E79Q/+ SCC labeled positive for P63 and NRF2, the Nrf2+/+ SCC labeled positive for 

P63 only; both ear tumors lacked expression of NKX2–1, as expected for a squamous tumor 

(Supplementary Fig. 1d). We also labeled the C-SCLCs for TRP53, and for phospho-RB1 

to examine the effect of P16 loss on RB1 expression [46]. All C-SCLCs were negative for 

TRP53 by IHC, confirming inactivation of the Trp53 gene and positive for phospho-RB1 by 

IHC, consistent with p16 inactivation [46] (Fig. 3a,b, Supplementary Table 4a).

To further characterize the histology of the C-SCLCs, we labeled them for SPC (alveolar 

type II cell marker) and the neuroendocrine marker INSM1 by IHC. All C-SCLCs from both 

genotypes labeled negative for SPC and weakly to strongly positive for INSM1 (Fig. 3a,b, 

Supplementary Table 4a). These results were consistent with these tumors possessing both 

SCLC and/or LCNEC components but not LUAD. To further confirm the neuroendocrine 

feature of C-SCLCs, we labeled these tumors for SCLC-neuroendocrine markers including 

ASCL1, chromogranin-A (CHG-A) and synaptophysin (SYP) using immunofluorescence 

(IF). All C-SCLCs labeled positive for these markers (Fig. 3c,d, Supplementary Table 

4b). Additionally, the C-SCLCs from both genotypes showed strong labeling for phospho-

Histone-H3 (PHH3), a marker of mitotic cells (Fig. 3c,d, Supplementary Table 4b). Tumors 

in the liver from both genotypes (Nrf2+/+ and Nrf2E79Q/+ mice) had the same pattern of 

IF-staining, supporting their origin from metastatic C-SCLC (Fig. 1c). Similar to C-SCLCs, 

all P-SCLCs from both genotypes showed positive staining for NKX2–1 and phospho-RB1 

and were negative for P63 by IHC (Fig. 4a, Supplementary Table 5a). These tumors labeled 

positive for the SCLC NE-marker, CGRP by IHC (Fig. 4a, Supplementary Table 5a). 
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Further, the IF labeling of P-SCLC for ASCL1, SYP, and PHH3 was also positive in both 

genotypes (Fig. 4b and Supplementary Table 5b).

P-SCLCs but not C-SCLCs from Trp53fl/fl;p16fl/fl;Nrf2E79Q/+ mice express NRF2

We used immunohistochemistry (IHC) to assess NRF2 expression in the C-SCLCs and P-

SCLCs from the Trp53fl/fl;p16fl/fl;Nrf2+/+ and Trp53fl/fl;p16fl/fl;Nrf2E79Q/+ mice. All tissues 

were scored for NRF2 expression based on the criteria presented in Supplementary Table 

3. Five Nrf2E79Q/+ P-SCLCs labeled positive for NRF2 while two other P-SCLCs showed 

weak staining in <5% of the cells (Fig. 4a, Supplementary Table 5a). The P-SCLC from the 

lung of a Trp53fl/fl;p16fl/fl;Nrf2+/+ mouse did not label positive for NRF2 by IHC (Fig. 4a, 

Supplementary Table 5a). Surprisingly, all C-SCLCs, liver metastases, and brain olfactory 

neuroblastomas from Trp53fl/fl;p16fl/fl;Nrf2+/+ and Trp53fl/fl;p16fl/fl;Nrf2E79Q/+ mice were 

negative for NRF2 (Fig. 1b, Fig. 3a,b, Supplementary Fig. 1c and Supplementary Table 4a). 

In contrast, the SCC from the ear of Nrf2+/+ mouse was negative for NRF2, while the SCC 

from the ear of Nrf2E79Q/+ mouse was NRF2 positive (Supplementary Fig. 1d).

The absence of NRF2 expression in the Nrf2E79Q/+ C-SCLCs could result from a lack of 

activation of the mutant Nrf2 allele. To test this possibility, we performed genotyping of 

the tumors using DNA extracted from the paraffin embedded tissue using a pinpoint DNA 

isolation system [47]. We had sufficient tumor material to isolate DNA from three invasive 

lung tumors from Trp53fl/fl;p16fl/fl;Nrf2+/+ mice and five from Trp53fl/fl;p16fl/fl;Nrf2E79Q/+ 

mice. As expected, the Nrf2+/+ tumors showed only the Nrf2+ wild type (WT) allele (Fig. 

3e,f). Surprisingly, the Nrf2E79Q/+ tumors displayed the WT allele and the recombined 

mutant (Het) Nrf2E79Q allele, suggesting that the tumor cells should express elevated levels 

of the mutant NRF2 protein (Fig. 3e,f).

Activated NRF2 signaling in human lung neuroendocrine tumors

In order to determine the relevance of our findings to human neuroendocrine-positive 

lung tumors, we analyzed previously published gene expression, histopathology, and tumor 

mutation data in human carcinoids, SCLC, and LCNEC to assess NRF2 signaling. Neither 

carcinoids nor SCLCs harbored frequent NRF2 activating mutations or KEAP1 inactivating 

mutations, whereas LCNECs fell into two subclasses, one with frequent KEAP1/NRF2 
mutations and one without (Fig. 5). Using a signature for activated NRF2 signaling based 

upon well-characterized NRF2 target genes [48, 49], we observed a subset of LCNEC 

tumors (22/69=32%) that had elevated target gene expression suggestive of NRF2 signaling 

activation. These NRF2-active tumors were enriched for mutations in KEAP1/NRF2 
(13/22=59%). The expression of NRF2 target genes in carcinoid and SCLC was variable 

and independent of histopathology and molecular class.

Discussion

Numerous studies have relied on GEMMs to interrogate lung cancer initiation, progression, 

metastasis and therapeutic response, e.g., LUAD driven by activation of KrasG12D and 

SCLC with predominant loss of Trp53/Rb1 [18, 45, 50]. In these well-studied models, 

different and mixed histological phenotypes can arise, depending on the specific genetic 
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alterations used [51–53]. Here, we found that a novel GEMM with biallelic inactivation 

of the Trp53 and Cdkn2a (p16) genes developed invasive tumors in the lung that were 

a mixture of invasive SCLC and LCNEC, designated as C-SCLC. This is the first 

report showing that biallelic inactivation of the genes drives development of this poorly-

characterized tumor (Fig. 6) [35]. The mice also developed small lesions that consisted of 

SCLC cells alone, designated as P-SCLC. The addition of an activating Nrf2E79Q/+ mutation 

in our model did not change the incidence of C-SCLCs (Fig. 6). However, it enhanced 

the development of P-SCLCs, connecting NRF2 signaling to P-SCLC development in our 

GEMM. We also observed a increased tumor incidence in the second study, likely reflecting 

the fixed genetic background of the mice after >10 generations of inbreeding.

Biallelic inactivation of Trp53 and Cdkn2a (p16) tumor suppressor genes are two of the 

most common mutations found in human LUSC and LUAD [9, 10, 13, 19–21]. However, 

the appearance of P-SCLC is almost always linked with inactivating mutations in the RB1 
and TRP53 tumor suppressor genes [13, 18]. Indeed, multiple groups including our own 

studies have shown development of P-SCLCs in Trp53fl/fl;Rb1fl/fl GEMMs [45, 54, 55]. The 

TRP53 loss in all tumors in our GEMM was confirmed by IHC (Figs. 3a,b, 4a). The loss 

of p16 deregulates the activity of cyclin dependent kinases 4/6 (CDK4/6), which promotes 

the phosphorylation and inactivation of RB and related proteins [56]. We confirmed this 

mechanism by demonstrating RB1 phosphorylation in actively dividing cells by IHC (Figs. 

3a,b, 4a). Thus, the appearance of P-SCLC in the Trp53fl/fl;p16fl/fl GEMM may result 

from an alternative mechanism of RB1 inactivation. In contrast, Trp53fl/fl;Rb1fl/fl GEMMs 

generally do not develop LCNEC. The appearance of this tumor may reflect the need for p16 

loss that inactivates the RB family of proteins as opposed to loss of RB1 alone. To support 

this notion, a recent mutational analysis of human LCNECs showed that 8/10 C-SCLC 

possessed dual TP53 and RB1 loss while TP53 and CDKN2A loss appeared only in three 

LCNECs [29]. Thus, the mixture of tumor histologies in our GEMM may reflect the high 

incidence of TRP53 mutations found in a wide spectrum of NSCLCs and SCLCs along with 

P16 and RB1 mutations, respectively [19, 57].

P-SCLCs and C-SCLCs showed similar patterns of expression of markers of lung 

subtypes and NE differentiation. All C-SCLCs labeled positive for the neuroendocrine 

marker, INSM1, and negative for SPC (alveolar Type II marker) and TRP63 (squamous 

differentiation marker), lowering the possibility of having LUAD or LUSC with 

neuroendocrine features within the C-SCLC (Fig. 3a,b) [58]. Further, these invasive tumors 

labeled positive for specific SCLC-markers including ASCL1, SYP and CHG-A by IF, with 

a high mitotic rate demonstrated by PHH3 labeling in both Trp53fl/fl;p16fl/fl;Nrf2+/+ and 

Trp53fl/fl;p16fl/fl;Nrf2E79Q/+ mice (Fig. 3c,d, Supplementary Table 4b). All P-SCLCs also 

labeled positive for NE markers; however, the incidence of PHH3-positive cells appeared 

lower in the P-SCLCs, perhaps reflecting a slower rate of growth (Fig. 4a,b, Supplementary 

Table 5a,b).

Based upon previous studies using lung cancer GEMMs, we expected to observe a higher 

number of tumors in the Trp53fl/fl;p16fl/fl GEMM after activation of the mutant Nrf2 allele 

[32, 34, 59, 60]. However, expression of the activating Nrf2E79Q mutation did not change 

the incidence of C-SCLCs in the Trp53fl/fl;p16fl/fl GEMM. Importantly, all C-SCLCs from 
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the Nrf2E79Q/+ mice did not express NRF2 by IHC, despite recombination of the Nrf2E79Q/+ 

allele (Fig. 3a,b,e,f). These results imply that the Nrf2E79Q mutation was silenced during the 

development of these invasive tumors, possibly through an epigenetic mechanism, implying 

its expression inhibits tumorigenesis [61, 62]. We also have not defined the relationship 

between the development of P-SCLC and C-SCLC in our GEMM i.e., does NRF2E79Q 

expression inhibit the progression of P-SCLC to the more aggressive C-SCLC or do 

they develop by independent mechanisms? We are currently investigating when and how 

silencing of NRF2 activation occurs during tumorigenesis using our GEMM along with cell 

culture models.

In contrast to the similar incidences of C-SCLC in the Trp53fl/fl;p16fl/fl;Nrf2+/+ and 

Trp53fl/fl;p16fl/fl;Nrf2E79Q/+ mice, we observed a higher incidence of P-SCLCs in 

Nrf2E79Q/+ mice (Fig. 6) [63, 64]. All P-SCLCs developed by the Nrf2E79Q/+ mice expressed 

NRF2 by IHC, while the limited number of lesions from the Nrf2+/+ mice were negative for 

NRF2. This result implicates a role for activated NRF2 signaling in the initiation of P-SCLC 

(Fig. 2b,c, Fig. 4a and Supplementary Fig. 5a). How continued activation of this pathway 

may impact subsequent progression of these tumors remains an open question. Therefore, 

our ongoing studies are dissecting the mechanisms by which NRF2 activation contributes to 

the development of P-SCLC.

Additionally, our analysis of human neuroendocrine tumors showed high variability in 

NRF2 signaling (Fig. 5). While SCLC showed infrequent KEAP1/NRF2 mutations or NRF2 

activation signatures, LCNEC showed two subclasses, one with frequent KEAP1/NRF2 

alterations and/or activated NRF2 pathway expression and one that did not. How the 

silencing expression of the Nrf2E79Q mutation in the invasive C-SCLCs observed in our 

GEMM may mirror human SCLC and LCNEC development remains an open question.

Taken together, our studies show that activation of NRF2 signaling increases the incidence 

and shortens the latency of P-SCLC development in mice. In contrast, activated NRF2 

signaling may inhibit tumors with a combination of P-SCLC and LCNEC. We are currently 

generating Nrf2E79Q/+;Trp53fl/fl;Rb1fl/fl mice to better address the role of activated NRF2 

signaling in the etiology of P-SCLC. We are also characterizing the Trp53fl/fl;p16fl/fl mice 

at earlier time points after Ad-CMV-Cre instillation to determine when the silencing of the 

mutant Nrf2 allele occurs and the silencing mechanism. The availability of GEMMs with 

conditional Nrf2-activating mutations or Keap1 loss of function mutations will continue 

to provide important reagents for discovery and validation of innovative approaches for 

treatment approaches for SCLC that target this key signaling pathway.

Conclusions:

SCLC is more aggressive than NSCLC and occurs exclusively in smokers. Like NSCLC, 

SCLC is rarely detected at its early stages when the prognosis is favorable [65]. This study 

shows that mice with the dual loss of the Trp53 and p16 genes primarily develop invasive 

C-SCLC and P-SCLC, with early activation of the NRF2 pathway significantly increasing 

the incidence of P-SCLC only. This issue may be due, in part, to the difficulty of detecting 

the small, early lesions of this cancer. Our studies suggest that NRF2-activating mutations 
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may appear early in the development of SCLC. Thus, the detection of these activating 

mutations or their downstream targets might provide an important tool for early detection of 

this cancer. Furthermore, the presence of NRF2-activating mutations in these tumors might 

yield a new target for therapeutic intervention.

Materials and Methods

Mouse Strains

We previously generated the LSL-Nrf2E79Q/+ mice that allow conditional expression of an 

endogenous Nrf2E79Q allele upon exposure to Cre recombinase [33]. The Trp53fl/fl and 

p16fl/fl mice were provided by the Mouse Phase 1 Unit at the University of North Carolina 

at Chapel Hill. The Krt14-CreERT2 mice were a kind gift from Dr. Antonio L. Amelio at the 

University of North Carolina at Chapel Hill. The genotype of each mouse strain as well as 

the GEMMs used in this study were confirmed by genotyping using the primers listed in 

Supplementary Table 5. Genotyping was performed by Celplor, LLC (Raleigh, NC). While 

the LSL-Nrf2E79Q/+ mice were generated on a pure C57Bl/6 background, the three other 

mouse strains were on a mixed C57Bl/6J;129SVJ background. We confirmed the genetic 

background of the experimental mice in both experiments by miniMUGA analysis through 

the UNC Mammalian Genotyping Core while backcrossing them to generate a fixed genetic 

background.

Generation of genetically engineered mouse model (GEMM)

In order to generate a novel genetically engineered mouse model (GEMM) for lung cancer 

development, we crossed LSL-Nrf2E79Q/+ mice to Trp53fl/fl and p16fl/fl, to generate two 

experimental groups, WT (n=38) mice (Trp53fl/fl;p16fl/fl;Nrf2+/+), and heterozygous (n=37) 

mice (Trp53fl/fl;p16fl/fl;LSL-Nrf2E79Q/+). We selected this number of mice/group based on 

a calculated P value where for a one sided Alpha of less than 0.05, Fisher’s Exact Test had 

88% power with N = 20 mice per group. These mice also possess a Krt14-CreERT2 allele 

for use in future studies. Intranasal instillation of adenovirus expressing Cre recombinase 

(Ad-CMV-Cre: 2.5 X107 PFU per inoculation) at 6–8 weeks of age resulted in inactivation 

of the Trp53 and p16 alleles and activation of the heterozygous Nrf2E79Q/+ allele. After 

treatment with Ad-CMV-Cre, the mice were monitored by the University of North Carolina-

Lineberger Comprehensive Cancer Center (UNC-LCCC) Animal Studies Core for weight 

and health status. Mice were sacrificed when they showed signs of distress (i.e., labored 

breathing and/or weight loss or other body conditions such as fur ruffling, difficulty in 

walking and hunched posture) or at the end time point (60 weeks). Upon sacrifice, we 

harvested the lungs, brain, liver, spleen and any other tissues that showed abnormal growth. 

We performed two independent studies for this report (using 18–19 mice per group).

Tissue processing, Hematoxylin & Eosin (H&E), and immunohistochemistry (IHC) labeling

Harvested tissues were fixed via submersion in 10% neutral buffered formalin at 

room temperature. Tissues were sent to the UNC-LCCC Animal Histopathology 

Core for processing, embedding into paraffin wax, and sectioning. Each tissue was 

stained for Hematoxylin and Eosin (H&E) and additional sections were prepared for 

immunohistochemistry (IHC) labeling as previously described [66]. Briefly, for H&E 
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staining, the paraffin embedded tissue was sectioned (4 μm thickness), de-paraffinized, and 

rehydrated using Xylene, ethanol and dH2O. For Hematoxylin staining, slides were rinsed 

in hematoxylin, water, then ethanol; slides were then eosin stained, then rinsed in ethanol 

and xylene. IHC labeling was performed on the Ventana’s Discovery Ultra Automated IHC 

platform using the following primary antibodies: NRF2, ab137550, Abcam (1:500); TTF1/

NKX2–1, ab133737 Abcam (1:1000); TRP63, 12143–1, Protein Tech (1:25); TRP53, VP-

P956, Vector Laboratories, Inc (1:500); Phospho-RB, D20B12, Cell Signaling Technology 

(1:100). Discovery OmniMap anti Rabbit HRP (760–4311, ready to use) was incubated for 

32 minutes at room temperature, specimens were treated with 3,3’-diaminobenzidine (DAB) 

and Hematoxylin II for 12 minutes, then with Bluing Reagent for 4 minutes.

Labeling with neuroendocrine markers and SPC (alveolar Type II marker) was performed 

with sequenza cover plate technology at the University of Utah; the primary antibodies 

used in this study were: CGRP, C8198 Sigma (1:250); INSM1, SC-271408 (1:1000); and 

SPC, Millipore AB3786 [45]. IHC slides were examined using an Olympus BX43 Light 

Microscope. Cells that labeled yellow to brown was considered IHC positive. All tumors 

were scored using both 100X and 400X magnifications for the intensity and percentage 

of the labeled cells. Two variable factors were considered in scoring (1) the number of 

positively labeled cells; and (2) the intensity of the staining (Supplementary Table 3).

Multispectral Immunofluorescent (IF) labeling

Formalin-fixed Paraffin-embedded (FFPE) 4 μm sections were cut and placed on charged 

slides. Slides were dried at 65°C for 2 hours. After drying, the slides were placed on 

the BOND RXm Research Stainer (Leica Biosystems) and deparaffinized with BOND 

Dewax solution (AR9222, Lecia Biosystems). The multispectral immunofluorescent (mIF) 

staining process involved serial repetitions of the following for each biomarker: epitope 

retrieval/stripping with ER1 (citrate buffer pH 6, AR996, Leica Biosystems) or ER2 (Tris-

EDTA buffer pH9, AR9640, Leica Biosystems), blocking buffer (AKOYA Biosciences), 

primary antibody, Opal Polymer HRP secondary antibody (AKOYA Biosciences), Opal 

Fluorophore (AKOYA Biosciences). All AKOYA reagents used for mIF staining come 

as a kit (NEL821001KT). Spectral DAPI (AKOYA Biosciences) was applied once slides 

were removed from the BOND. They were cover slipped using an aqueous method and 

Diamond antifade mounting medium (Invitrogen ThermoFisher). The mIF panel consisted 

of the following antibodies (clone, company, and opal fluorophores): Anti-Chromogranin 

A (Abcam, EPR22537–248, Opal 520, 1:1000), Synaptophysin (Cell Signaling Technology, 

D8F6H, Opal 570, 1:200), Anti-Phospho-Histone H3 (polyclonal, Millipore Sigma, Opal 

690, 1:300), Anti-ASCL1 (BD Biosciences, 24B72D11.1, Opal 780, 1:100). Slides were 

imaged on the Vectra® Polaris Automated Quantitative Pathology Imaging System (AKOYA 

Biosciences).

Quantification of in situ P-SCLC

To determine the number of P-SCLC lesions in each lung, we selected N=9 samples 

from each group (WT: Trp53fl/fl;p16fl/fl;Nrf2+/+ and Het: Trp53fl/fl;p16fl/fl;Nrf2E79Q/+) with 

no detectable lesions in the initial H&E section. We then serially sectioned through the 

Formalin Fixed Paraffin Embedded (FFPE) lung tissue and either stained every section 
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or every third section for H&E. The number of P-SCLCs in each H&E section was 

then counted. While assessing the number of in P-SCLC, Dr. Montgomery, the veterinary 

pathologist, was blinded from the mice genotypes. Unstained samples/slides of the lung 

sections (between the two H&E slides) were stored at −80 °C until used for IHC labeling.

DNA isolation and genotyping of C-SCLC from FFPE

To determine the recombination status of the Nrf2E79Q/+ allele in C-SCLCs from 

Trp53fl/fl;p16fl/fl;Nrf2E79Q/+ and Trp53fl/fl;p16fl/fl;Nrf2+/+ mice, we first extracted DNA 

from FFPE tumor tissue. Details about the procedure are published elsewhere 

[47]. Briefly, 10 μm tissue were deparaffinized and pinpoint solution was used to 

designate the invasive tumor. After drying, the tissue was removed, DNA extracted, 

purified through a Zymo-spin I column (Pinpoint Solution, Zymo Research Corp, 

Inc) and eluted into nuclease-free water. After determining DNA concentrations, 

we used the following primers: Nfe2l2-ScF3: 5’ GATGCCTTCTTCTTGCCTGTAG 

3’; AdSA-R: 5’ AAAGGGACAGGATAAGTATGACATCATC 3’; and Nfe2l2-ScR3: 5’ 

TCCACACGGGTTAGTTCACTACA 3’, to amplify the Nrf2E79Q/+ allele by PCR, separate 

the products by agarose electrophoresis, and image by Biorad Gel Doc XR system.

Human RNA-seq data analysis

Gene expression, histopathology, and tumor mutation data from human carcinoids, 

SCLC, and LCNEC tumors were accessed from https://github.com/IARCbioinfo/DRMetrics, 

analyzed and VST-normalized as previously described [67]. Mutation information was 

mined from the underlying original publications [13, 31, 68–72]. Gene expression data 

were focused on well-characterized NRF2 target genes [48, 49], and median-centered prior 

to plotting in R using tidyHeatmap.

Code availability

The code used to generate the heatmap of target gene expression in human neuroendocrine 

lung tumors is available at https://github.com/jeremymsimon.

Statistical analysis

We used GraphPad Prism 8 software (GraphPad Software, San Diego, CA, USA) to present 

the data. Fisher Exact Test was used to identify the differences between the Trp53fl/fl;p16fl/fl; 
Nrf2E79Q/+ and Trp53fl/fl;p16fl/fl;Nrf2+/+ mice. A P value less than 0.05 (typically ≤ 0.05) 

was considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Invasive tumors developed by Trp53fl/fl;p16fl/fl;Nrf2+/+ and Trp53fl/fl;p16fl/fl;Nrf2E79Q/+ 

mice.
a An example of combined small cell lung cancer (C-SCLC) from a 

Trp53fl/fl;p16fl/fl;Nrf2E79Q/+ mouse, showing C-SCLC, scalebar=100μm with insets of 

1) P-SCLC, scalebar=50μm, and 2) Large Cell Neuroendocrine Carcinoma (LCNEC), 

scalebar=50μm; b H&E and representative IHC for NKX2–1, P63 and NRF2 of a lung 

tumor metastasis in liver, scalebar=200μm. Images in a&b were taken using a BX61-Neville 

microscope; c Representative IF for ASCL1, CHG-A, SYP and PHH3 of a lung tumor 

metastasis in liver. Slides were imaged on the Vectra® Polaris Automated Quantitative 

Pathology Imaging System, scalebar=50μm.
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Fig. 2. Characterization of P-SCLC developed by Trp53fl/fl;p16fl/fl;Nrf2E79Q/+ mice.
a H&E of multiple P-SCLCs in Trp53fl/fl;p16fl/fl;Nrf2E79Q/+ mice, scalebar=200μm 

with insets showing P-SCLC lesions, scalebar=50μm. Images were taken using a BX61-

Neville microscope; b Percentage of mice with P-SCLC in Trp53fl/fl;p16fl/fl;Nrf2+/+ and 

Trp53fl/fl;p16fl/fl;Nrf2E79Q/+ mice; c Total number of P-SCLC observed in each lung from 

Trp53fl/fl;p16fl/fl;Nrf2+/+ and Trp53fl/fl;p16fl/fl;Nrf2E79Q/+ mice (n = 9 per genotype) (See 

Supplementary Table 2 for more details). **P<0.01
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Fig. 3. Characterization and NRF2 genotyping of C-SCLC.
IHC for markers of lung differentiation and for tumor suppressor and NRF2 expression 

in C-SCLCs from Trp53fl/fl;p16fl/fl;Nrf2+/+ (a) and Trp53fl/fl;p16fl/fl;Nrf2E79Q/+mice 

(b), scalebar=200μm; IF staining for NE markers of the same tumors (c & d), 
scalebar=100μm; e Genotyping results of C-SCLC from (WT) Trp53fl/fl;p16fl/fl;Nrf2+/+ and 

(Het) Trp53fl/fl;p16fl/fl;Nrf2E79Q/+ mice, showing the presence of the recombined allele 

in tumors from Trp53fl/fl;p16fl/fl;Nrf2E79Q/+ mice; f Table summarizing the results of 

genotyping C-SCLCs from Trp53fl/fl;p16fl/fl;Nrf2+/+ and Trp53fl/fl;p16fl/fl;Nrf2E79Q/+ mice; 

a & b Images were taken using a BX61-Neville microscope; c & d Slides were imaged on 

the Vectra® Polaris Automated Quantitative Pathology Imaging System.
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Fig. 4. Characterization of P-SCLC developed by Trp53fl/fl;p16fl/fl;Nrf2+/+ and 
Trp53fl/fl;p16fl/fl;Nrf2E79Q/+ mice.
a IHC for markers of lung differentiation and for tumor suppressor and NRF2 expression in 

P-SCLCs from Trp53fl/fl;p16fl/fl;Nrf2+/+ and Trp53fl/fl;p16fl/fl;Nrf2E79Q/+mice,. Images were 

taken using a BX61-Neville microscope, scalebar=200μm; b IF staining for NE markers 

of the same tumors. Slides were imaged on the Vectra® Polaris Automated Quantitative 

Pathology Imaging System, scalebar=100μm.
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Fig. 5. Heatmap of NRF2 target gene expression in human neuroendocrine lung tumors.
Gene expression, histopathology, and tumor mutation data were mined from a previous 

meta-analysis of lung tumors. Gene expression data for NRF2 target genes were VST-

normalized and median-centered, and hierarchically clustered separately within each tumor 

super-class. Sex, histopathological classifications, molecular clusters, and mutations in 

KEAP1/NRF2 are designated in colors at the top based on previous annotations. Higher 

expression values are designated in red, and lower expression values are designated in blue. 

Tumors carrying KEAP1/NRF2 tumors are designated in black.
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Fig 6. Schematic representation of P-SCLC and C-SCLC development in 
Trp53fl/fl;p16fl/fl;Nrf2+/+ and Trp53fl/fl;p16fl/fl;Nrf2E79Q/+ GEMM.
The frequency of NRF2-negative P-SCLC lesions in Trp53fl/fl;p16fl/fl;Nrf2+/+ mice 

was ~ten-fold lower than the frequency of NRF2-positive P-SCLC observed in 

Trp53fl/fl;p16fl/fl;Nrf2E79Q/+ mice. Both genotypes developed NRF2-negative C-SCLC at 

similar frequencies. Whether the P-SCLC and C-SCLC develop independently of each other 

or sequentially remains an open question.
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Table 1.

Tumors developed by the Trp53fl/fl;p16fl/fl;Nrf2+/+ and Trp53fl/fl;p16fl/fl;Nrf2E79Q/+ mice

Genotype Site of tumor Tumor type Percent from total, n (%)*

Trp53fl/fl;p16fl/fl;Nrf2+/+

Lung

C-SCLC 7 (18)

(n=38) P-SCLC 5 (13)

Other 3 (8)

Brain ONB 11 (29)

Liver
Mets from lung 1 (3)

Other 2 (5)

Other** SCC, lymph node tumors 7 (18)

Trp53fl/fl;p16fl/fl;Nrf2E79Q/+

Lung

C-SCLC 8 (22)

(n=37) P-SCLC 12 (32)

Other 2 (5)

Brain ONB 11 (30)

Liver

Mets from lung 4 (11)

Lymphoma 1 (3)

Other 1 (3)

Other** SCC, lymph node tumors 8 (22)

*
Some mice had more than one tumor

**
histological type of other tumors detailed in the supporting information Table 1; C-SCLC: Combined Small Cell Lung Cancer; P-SCLC: Pure 

Small Cell Lung Cancer; ONB: Olfactory Bulb Neuroblastoma; SCC: Squamous cell carcinoma
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