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A B S T R A C T   

While it is well established that the KEAP1-NRF2 pathway regulates the main inducible cellular response to 
oxidative stress, this cytoprotective function of NRF2 could become deleterious to the host if it confers survival 
onto irreparably damaged cells. In this regard, we have found that in diseased states, NRF2 promotes the 
transcriptional activation of a specific subset of the senescence-associated secretory phenotype (SASP) gene 
program, which we have named the NRF2-induced secretory phenotype (NISP). In two models of hepatic disease 
using Pten::Keap1 and Keap1::Atg7 double knockout mice, we found that the NISP functions in the liver to recruit 
CCR2 expressing monocytes, which function as immune system effector cells to directly remove the damaged 
cells. Through activation of this immune surveillance pathway, in non-transformed cells, NRF2 functions as a 
tumour suppressor to mitigate the long-term survival of damaged cells which otherwise would be detrimental for 
host survival. This pathway represents the final stage of the oxidative stress response, as it allows cells to be 
safely removed if the macromolecular damage caused by the original stressor is so extensive that it is beyond the 
repair capacity of the cell.   

2. Introduction 

Through the regulation of cytoprotective gene expression, the tran
scription factor NRF2 controls the main inducible oxidative stress 
response in humans [1–3]. The inducible nature of this response is 
mediated by the E3 ubiquitin ligase adaptor KEAP1, which, under ho
meostatic conditions, maintains basal cytoprotective gene expression 
due to the constitutive ubiquitination and proteasome-dependent 
degradation of NRF2 [4,5]. The function of KEAP1 is directly modu
lated by the action of stressor molecules, which can bind to reactive 
cysteine residues within KEAP1, resulting in a conformation change in 
the protein, the loss of its ubiquitination activity, and thus the stabili
zation of NRF2 [6]. 

Due to the central positioning of the KEAP1-NRF2 pathway in redox 
homeostasis and the cellular response to oxidative stress, it plays an 
important role in the development and progression of many pathologies, 

including autoimmune, respiratory and metabolic diseases [7]. How
ever, some important unexplained observations based on data from 
mouse models suggest that NRF2 activation has additional physiological 
outputs which have yet to be described. For example, despite the fact 
that oxidative stress plays an important role in the etiology of many 
aging-related diseases, genetic activation of Nrf2 in mice shows that its 
function in longevity is more nuanced [8,9]. Thus, while correlative 
analysis of Nrf2 activity suggests that it has a pro-longevity function, 
lifelong genetic activation of Nrf2 in mice is associated with decreased 
lifespan, while heterozygous Nrf2 mice do not exhibit a decrease in 
lifespan [10–14]. Given the well-established cytoprotective functions of 
Nrf2, this decrease in longevity upon lifelong Nrf2 activation suggests 
that it may function, through a currently unknown mechanism, as an 
antagonistic pleiotropy factor, such that it is beneficial early in life, and 
costly later. 

One well described example of antagonistic pleiotropy is cellular 
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senescence, which benefits organismal survival through its tumor sup
pressor function, but can also contribute to the pathology of diseases 
later in life [15]. Specifically, senescence functions as an important 
endogenous anti-tumour mechanism by inhibiting the proliferation of 
damaged, precancerous cells [16,17]. These senescent cells can either be 
removed by immune effectors through the immune surveillance 
pathway or maintained in a non-proliferative state in situ [18]. Through 
the development of the senescence-associated secretory phenotype 
(SASP), which consists of various cytokines, chemokines and proteases, 
the senescent cells that continue to reside in tissues can contribute to the 
etiology of many aging-associated diseases [19]. In this way, senescence 
benefits organismal survival early in life, but may deleteriously impact 
longevity through the multiple functions of the SASP. 

The best characterized function of NRF2 in human disease relates to 
its function in cancer, where its cytoprotective, metabolic and stress 
resistant attributes are frequently hijacked by the tumour cells [20]. This 
leads to aggressive tumour growth, anticancer therapy resistance, and a 
poor prognosis for patients, particularly those with non-small cell lung 
carcinoma [21,22]. Despite these facts, constitutive activation of NRF2 
signaling alone is not sufficient to induce tumor formation [23,24], 
which suggests that it may also have a hitherto undescribed parallel 
tumour suppressor role which can counteract its facilitation of onco
genic processes. 

Thus, taken together, the enigmatic cancer and longevity phenotypes 
suggest that NRF2 has additional important physiological functions 
which are yet to be uncovered. In this study, we found that NRF2 
functions as a senescence promoting factor, such that cells with high 
levels of NRF2 activity acquired through genetic and epigenetic events 
can easily enter a senescent state. Furthermore, NRF2 regulates the 
transcription of a unique subset of SASP genes, which we have named 
the NRF2-induced secretory phenotype (NISP). The physiological func
tion of the NISP is to recruit immune effector cells to remove these 
damaged NRF2-activated cells through the immune surveillance 
pathway. Thus, the NRF2-NISP-Immune surveillance axis functions as a 
tumour suppressor pathway in order to mitigate the survival of damaged 
and pre-cancerous NRF2-activated cells. This pathway represents the 
final stage of the oxidative stress response, as it allows cells to be safely 
removed if the macromolecular damage caused by the original stressor is 
so extensive that it is beyond the repair capacity of the cell. 

3. Results 

3.1. KEAP1 mutant cells cannot proliferate after mitomycin C removal 

We recently identified two classes of compounds, the DNA damaging 
agent mitomycin C (MMC) and the quinone-containing geldanamycin 

Fig. 1. NRF2 primes cells to become senescent 
A. Viabilities of co-cultured isogenic WT-GFP and Keap1 KO-mCherry cells, determined by increase in fluorescence intensity relative day 0, treated with either DMSO 
or 50 nM mitomycin C, for 7 days. B. Overview of the mitomycin C (MMC) washout experimental protocol using isogenic Hepa1 cells. C. Viabilities of co-cultured 
isogenic WT-GFP and Keap1 KO-mCherry cells, determined by increase in fluorescence intensity relative to day 0, treated with either DMSO, 50 nM mitomycin C for 
the full duration of the experiment (Full MMC), or 72 h MMC treatment followed by recovery in fresh media. Each experiment was performed at least 3 times. Data 
represent mean ± SD, N = 6, *p < 0.001 when comparing growth between day 5 and day 7. ns = not significant. D. ATAC-Seq-derived chromatin accessibility data 
for 4 different transcription factors showing the time-dependent changes in chromatin accessibility during RAS-induced senescence. E. The relative expression of 
representative senescence-associated genes in isogenic WT and Keap1-Nrf2 DKO Hepa1 cells after treatment with 33 nM doxorubicin for 24 h, followed by 48-h 
recovery in fresh media, determined using RT-qPCR. F. Viabilities of co-cultured isogenic WT-GFP and Keap1 KO-mCherry Hepa1 cells, determined by fluores
cence intensity relative to the DMSO control, exposed to the indicated concentrations of mitomycin C alone, or the co-treatment with 100 nM ABT-263, for 8 days. 
Note that in Keap1 KO cells, the co-treatments give a significantly reduced survival relative to the single treatment with mitomycin C alone. Each experiment was 
performed at least 3 times. Data represent mean ± SD, N = 6, *p < 0.05, **p < 0.005. 
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family of HSP90 inhibitors, to be synthetic lethal with NRF2 [25,26]. As 
under most conditions, NRF2 promotes enhanced survival of cancer cells 
in response to chemotherapeutic drug treatment [27,28], we wanted to 
determine whether cells with augmented NRF2 signaling could become 
resistant to the aforementioned synthetic lethal compounds, and if so, 
through what mechanism this resistance is achieved. To explore this 
problem, we utilized a previously established co-culture system using 
fluorescently-labelled isogenic WT and Keap1 KO Hepa1 cells (Figs. S1A 
and S1B) [25]. Consistent with our previous results, MMC displayed 
enhanced toxicity in Keap1 KO cells (Fig. 1A), and therefore we decided 
to focus on MMC as it is already approved for clinical use. 

To determine whether Keap1 KO cells, which exhibit enhanced NRF2 
signaling, could develop resistance to MMC, we designed and conducted 
a series of washout experiments, as shown in Fig. 1B. We treated the co- 
cultures with a low concentration of mitomycin C (50 nM) for 72 h, after 
which fresh media was added, and the recovery of the cells was moni
tored for a further 4 days. Interestingly, while the WT cells were able to 
grow in either the presence of MMC, or after MMC washout, the Keap1 
KO cells were unable to do so under either condition (Fig. 1C, S1C). This 
failure of the Keap1 KO cells to begin proliferating again, even up to 4 
days after MMC removal, suggested that, contrary to our expectations, 
resistance to MMC could not be acquired. 

As MMC is a cytotoxic compound which induces DNA damage, under 
these NRF2-dependent synthetic lethal conditions, the cellular damage 
caused by MMC may be irreparable. Because NRF2 functions as a stress 
response factor, we hypothesized that NRF2 activation in the context of 
irreparable cellular damage may activate a stress response which in
hibits the proliferation and survival of these damaged cells. One 
candidate cellular state which is induced by cellular damage, and is 
consistent with the phenotype that we observed, is cellular senescence. 
We thus hypothesized that, in response to irreparable cellular damage, 
NRF2 may prime cells to become senescent by upregulating genes 
required for senescence induction. In support of this idea, after MMC 
washout, Keap1 KO cells, but not WT cells, stained positively for the 
senescence marker SA-β-gal (Fig. S1D). Similarly, relative to the isogenic 
WT cells, the Keap1 KO cells exhibited enhanced induction of repre
sentative senescence-associated gene expression in response to MMC 
treatment (Fig. S1E). 

To test the generality of this NRF2-dependent effect, we conducted 
MMC washout experiments in human cancer cells lines with mutation- 
driven activation of NRF2 signaling. In agreement with our data from 
the isogenic Hepa1 cells, in all cases, the NRF2 activated cancer cells 
were unable to proliferate after removal of MMC from the culture media 
(Figs. S1F and G). Furthermore, after MMC washout, all of the NRF2- 
activated human cancer cell lines stained positively for the senescence 
marker SA-β-gal (Fig. S1H). 

Taken together, these data suggest that NRF2-activated cell lines 
may be predisposed to enter cellular senescence more easily than their 
non-activated equivalents. As this represents a hitherto unexplored 
mechanism of NRF2 activity, we wished to explore the mechanism 
through which NRF2 may contribute to senescence induction. 

3.2. NRF2 functions as a senescence promoting factor 

Through the time-course-dependent evaluation of gene enhancer 
activity, senescence priming has recently been ascribed to the AP-1 
transcription factor, which has been labelled a “senescence pioneer” 
due to its ability to imprint a reversible transcriptional program onto 
senescent cells [29]. To determine whether NRF2 is also able to function 
to promote cellular senescence, we analyzed the senescence time-course 
ATAC-Seq dataset, focusing on the accessibility of the antioxidant 
response element of NRF2 during senescence induction [29]. Evaluation 
of the “chromatin opening index” metric revealed that, like the FOS:JUN 
AP-1 complex, NRF2 is also able to promote cellular senescence, while 
other factors like p53 and FOXD3 function as senescence settlers and 
migrants, respectively (Fig. 1D). Therefore, these ATAC-Seq data 

provide compelling support for our contention that activation of NRF2 
signaling primes cells to become senescent. 

While senescent cells are characterized by withdrawal from the cell 
cycle, they are still metabolically active, and are able to interact with 
their environment through the secretion of a multitude of cytokines, 
chemokines, growth factors and proteases, which are collectively 
referred to as the senescence-associated secretory phenotype (SASP) 
[19,30]. The core SASP program consists of IL-1α, IL-6 and IL-8, which 
function in concert in both a paracrine and autocrine manner to estab
lish and maintain the senescence state [17,31]. Transcriptional regula
tion of the SASP program is mediated by a select group of transcription 
factors, which includes C/EBPβ, NF-κB and GATA4 [17,31,32]. If NRF2 
is an integral part of the senescence program, we hypothesized that it 
should directly control the transcription of the central SASP factors 
IL-1α, IL-6 and IL-8. Importantly, analysis of ChIP-Seq data from the 
UCSC genome browser revealed that NRF2 binds to enhancer elements 
in the Il1α, Il6 and Il8 loci, which suggests it could play an important role 
in their regulation (Fig. S2A). As these ChIP-Seq data were generated in 
the absence of a senescence inducing stimuli, they are consistent with 
our contention that NRF2 functions to promote cellular senescence. 
Furthermore, the NRF2 binding sites are adjacent to those of the 
well-characterized senescence master regulator C/EBPβ, which suggests 
that these enhancers are functionally important for induction and 
maintenance of senescence (Fig. S2A). Of note, NRF2 has recently been 
shown to directly bind to, and activate transcription in a complex with, 
C/EBPβ, which may facilitate its role in senescence-associated gene in
duction [33]. 

To demonstrate the requirement for NRF2 for the induction of the 
senescence gene program, we treated WT and isogenic Keap1-Nrf2 
double knockout (DKO) Hepa1 cells with the DNA damaging agent, 
and senescence inducer, doxorubicin for 24 h (Fig. 1E). Senescence 
associated gene expression was then measured after 48 h of recovery in 
regular cell culture media. Doxorubicin was used in place of MMC to 
eliminate the impact of the synthetic lethal relationship between Nrf2 
and MMC [26]. While WT cells showed clear induction of the senescence 
master regulators Il1α and Il1β, in addition to a number of SASP factors 
[19,34], this gene induction was not observed in the absence of Nrf2 in 
Keap1-Nrf2 DKO cells (Fig. 1E, orange bars). Of note, in WT cells, the 
senescence gene induction was accompanied by induction of the pro
totypical Nrf2 target genes Nqo1, Gclc, Gclm and Txnrd1, which supports 
the idea that activation of Nrf2 signaling plays an important role in 
senescence induction (Fig. S2B). 

Furthermore, as senescent cells acquire a characteristic flattened 
morphology upon cell-cycle withdrawal [35], we analyzed the 
morphology of the isogenic WT and Keap1 KO cells in response to the 
senescence inducers MMC, doxorubicin, cisplatin, and paclitaxel. In all 
cases, the surviving Keap1 KO-mCherry cells assumed a flattened 
morphology when compared to the co-cultured WT cells (Fig. S2C). 

Finally, to determine whether NRF2 activation alone is sufficient to 
induce SASP gene expression, we analyzed senescence-associated gene 
expression under basal conditions in the isogenic WT and Keap1 KO 
Hepa1 cells. This experiment revealed that in cancer cells, under basal 
conditions and in the absence of any stressors, Nrf2 activation alone is 
sufficient to induce SASP gene expression (Fig. S2D), which supports our 
contention that the SASP represents an important component of the 
NRF2 response. Taken together, these data demonstrate that NRF2 
functions to promote cellular senescence, such that NRF2 activity primes 
cells to become senescent, while conversely, the absence of NRF2 delays 
induction of senescence-associated gene expression. 

3.3. NRF2 activation sensitizes cells to senolytic compounds 

As senescent cells play an important role in the progression of many 
human diseases, a diverse range of compounds have been developed 
which display toxicity specifically in senescent cells. These compounds, 
collectively referred to as senolytics, include inhibitors of anti-apoptotic 
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factors, pro-survival pathways, and proteostasis chaperones [16,17]. 
In order to directly test our hypothesis that NRF2 primes cells to 

become senescent, we treated the co-cultured isogenic WT and Keap1 
KO Hepa1 cells with the senolytic ABT-263, which targets BCL2, using a 
co-treatment protocol utilizing MMC to induce senescence [36]. If Nrf2 
functions as to promote cellular senescence, cells with activated Nrf2 
should be uniquely sensitive to the co-treatment of MMC together with 
the senolytics, resulting in enhanced toxicity only in the Keap1 KO cells 
(Fig. S3A). Consistent with this idea, while in the absence of MMC, 
ABT-263 had no impact on Keap1 KO cell viability (Fig. S3B), the 
co-treatment with MMC resulted in reduced cell survival specifically in 
Keap1 KO cells (Fig. 1F, red bars). To expand these findings beyond the 
isogenic Hepa1 cell system, we assayed the synergistic effect of MMC 
plus ABT-263 in the human liver cancer cell lines, JHH2 and JHH5. 
Importantly, activation of NRF2 in the KEAP1 mutated JHH5 cells also 
conferred specific sensitivity to ABT-263 (Fig. S3C). This sensitivity to 
senolytics is a hallmark characteristic of cellular senescence, and 
strongly supports our assertion that NRF2 functions as a senescence 
priming factor. 

To test the generality of this NRF2-dependent senolytic sensitivity, 
we treated a range of human lung cancer cell lines harboring either 
mutation-driven hyperactivation of NRF2 (H460, H2023, A549) or wild- 
type KEAP1-NRF2 signaling (HCC827, COR-L105, HCC4006) with MMC 
plus ABT-263. While ABT-263 treatment alone had no impact on cell 
viability (Fig. S3B), in all cases, the cell lines with augmented NRF2 
signaling exhibited enhanced sensitivity to treatment with MMC plus the 
senolytic ABT-263 (Fig. S3D), while in stark contrast, no enhanced 
sensitivity was observed in the cells with normal NRF2 function 
(Fig. S3E). This result is consistent with a previous PDX model-based 
study, which showed that NRF2 activity conferred sensitivity to the 
co-treatment of Trametinib with ABT-263 [37,38]. 

3.4. NRF2 regulates the expression of a subset of SASP genes 

As NRF2 regulates an inducible stress response, we posited that the 

induction of cellular senescence, and the accompanying secretory 
phenotype of senescent cells, represents an important and uncharac
terized component of the overall NRF2 stress response which becomes 
physiologically important when NRF2 is activated in the context of 
irreparable cellular damage. In this regard, as liver-specific models of 
senescence are associated with a diverse range of interactions between 
the senescent cells and the healthy host [18,39,40], we surmised that a 
hepatocyte model may be particularly informative when trying to 
determine the physiological function of NRF2 in the context of irrepa
rable damage. Therefore, in order to test our hypothesis, we used the 
hepatocyte-specific Pten::Keap1 conditional knockout (DKO) mouse 
model, in which Nrf2 is activated in the context of significant liver 
damage. Specifically, these mice are characterized by a striking eleva
tion in the liver damage markers ALT, AST and LDH, which ultimately 
results in the death of the mice within one month of birth [41]. Thus, we 
postulated that the severe disease phenotype in the DKO mouse would 
allow us to examine the role of Nrf2 when activated in the context of 
irreparable damage. 

As the senescence state is maintained by the activity of cyclin- 
dependent kinase inhibitors (CDKi), such as p16INK4A, we first 
analyzed the CDKi expression levels in the DKO mice using a microarray- 
based analysis. Within the CDKi family, we found that Cdkn2b, which 
encodes p15INK4B, is specifically upregulated in an Nrf2-dependent 
manner (Fig. 2A). This provided the first evidence that senescence 
may play an important role in the Nrf2 response in vivo. 

To expand on this finding, we then extended our microarray analysis 
to SASP gene expression in the DKO mice, as this represents a second 
fundamental characteristic of senescent cells [19,30], by focusing pri
marily on the chemokine, cytokine, matrix metalloproteinase (MMP) 
and serine protease (Serpin) gene families (Fig. 2A). Consistent with our 
expectations, we observed increased Nrf2-dependent expression of a 
number of well characterized SASP genes, including Ccl2, Cxcl5 and 
Mmp12 [19]. In contrast, and to our surprise, we did not observe a global 
induction of SASP gene expression, as the expression of important and 
classical SASP factors such as Ccl1, Cxcl1 and Il1α was unchanged in the 

Fig. 2. Nrf2 regulates the expression of a specific 
subset of SASP genes 
A. Relative expression of differentially regulated 
senescence-associated genes (SASP) in the livers of 
Pten::Keap1 DKO mice relative to Pten CKO mice as 
determined by microarray. CDKi = Cyclin-dependent 
kinase inhibitor, MMP = matrix metalloproteinase. B. 
Relative expression of well-described classical SASP 
genes, as defined by Ref. [19]; in the livers of Pten:: 
Keap1 DKO mice relative to Pten CKO mice as deter
mined by microarray. C. Relative expression of a 
liver-specific SASP gene signature, as defined by 
Ref. [40]; in the livers of Pten::Keap1 DKO mice 
relative to Pten CKO mice as determined by 
microarray.   
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DKO mouse liver (Fig. 2B). From these data, we conclude that in vivo, 
Nrf2 regulates the expression of a specific subset of SASP genes. 

Of note, there is very little overlap between the Nrf2-dependent SASP 
(this study) and NRas-induced liver-specific SASP [40] (Fig. 2C), sug
gesting that the Nrf2 phenotype is unique. Interestingly, while NF-κB is 
known to be a major regulator of SASP gene expression [17], we 
observed increased expression of a number of NF-κB repressors, 
including FoxJ1, in the DKO mice, which suggests that competition 
between Nrf2 and NF-κB may be in part responsible for the specific SASP 
found in Nrf2-activated cells [42]. 

3.5. The NRF2-induced secretory phenotype 

To confirm the microarray results, we validated the in vivo Nrf2- 
specific senescence-associated gene expression pattern of a representa
tive set of genes by RT-qPCR using liver-derived cDNA from Pten CKO 
and Pten::Keap1 DKO mice (Fig. 3A). These results confirmed that 
Cdkn2b and Il1f9 are significantly induced 2-3-fold, while Ccl2, Ccl20 

and Mmp12 are significantly upregulated by at least 19-fold in the DKO 
mice. Furthermore, Pten CKO alone is insufficient to induce Nrf2- 
dependent gene expression, which highlights the fact that the specific 
combination of Nrf2 activation in the context of the diseased liver is 
required for SASP gene induction (Fig. S4A). Importantly, however, RT- 
qPCR revealed that the well-characterized senescence factors Il1α, Il1β 
and Il6 are not upregulated in the DKO mice (Fig. 3B), which supports 
our view that Nrf2 regulates the expression of a specific subset of SASP 
genes. 

In order to support our contention that Nrf2 directly regulates the 
expression of these SASP factors, we analyzed the binding status of NRF2 
at the enhancer regions of the SASP genes identified in the microarray, 
using NRF2 ChIP-Seq data from the UCSC genome browser database, an 
example of which is shown in Fig. 3C. Importantly, these ChIP-Seq data 
revealed that NRF2 directly binds to the enhancers of a broad range of 
the SASP factors which we identified in the Pten::Keap1 DKO mouse 
livers (Fig. 3D). Furthermore, and consistent with our model, ChIP-qPCR 
revealed enhanced binding of NRF2 to the enhancers of these SASP 

Fig. 3. Nrf2 directly regulates NISP gene expression 
A. RT-qPCR validation of the Nrf2-dependent senescence-associated gene expression changes observed in the livers of 15-day old Pten::Keap1 DKO mice. Each 
experiment was performed at least 3 times. Data represent mean ± SD, N = 6 mice per genotype, *p < 0.05, **p < 0.005. B. Confirmation by RT-qPCR that a global 
increase in senescence-associated gene expression is not observed in 15- day old Pten::Keap1 DKO mouse livers. Each experiment was performed at least 3 times. Data 
represent mean ± SD, N = 6 mice per genotype, with no significant change between genotypes for any of the genes. C. ChIP-Seq data of the human CCL2 locus on 
chromosome 17, taken from the UCSC genome browser. The ChIP-Seq track for NRF2 (also named NFE2L2) from IMR-90 cells shows a binding site in the histone 
H3K27Ac marked enhancer region adjacent to the CCL2 promoter. Note that this ChIP-Seq data was generate in the basal state, without any additional senescence- 
inducing stimuli. D. A summary of the NRF2 binding sites adjacent to the NISP (Nrf2-induced secretory phenotype) gene loci, identified using the IMR-90 ChIP-Seq 
data set from the UCSC genome browser. E. ChIP-qPCR in A549 cells showing enrichment of NRF2 upon MMC treatment at the enhancer elements of NISP genes 
relative to the negative control, p21. Each experiment was performed at least 3 times. Data represent mean ± SD, **p < 0.005. F. ELISA for secreted CCL2 protein, 
using conditioned media from WT and Keap1 KO Hepa1 cells, in both the basal state, and in response to MMC treatment. Each experiment was performed at least 3 
times. Data represent mean ± SD, **p < 0.005. G. Visual representation of the relationship between the newly characterized Nrf2-induced secretory phenotype 
(NISP) and the classical senescence-associated secretory phenotype (Full SASP), in which the NISP represents a specific sub-set of SASP genes. 
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genes in response to MMC treatment (Fig. 3E). Specifically, NRF2 was 
significantly enriched at the enhancer elements of the SASP factors Ccl2, 
Cxcl2, Cxcl5 and Mmp7, which supports our contention that NRF2- 
dependent regulation of these SASP factors plays an important role in 
the damage response to MMC. 

To confirm that NRF2-dependent transcription results in SASP factor 
secretion, we focused on the chemokine CCL2, as our data have revealed 
it to be positively regulated by NRF2 across all of our experimental 
conditions. Using the isogenic WT and Keap1 KO Hepa1 cells, ELISA 
assays revealed that both in the basal state, and in response to MMC- 
mediated senescence induction, significantly more CCL2 protein is 
secreted by Keap1 KO cells when compared to their isogenic WT coun
terparts (Fig. 3F). This strongly supports our thesis that NRF2-dependent 
regulation of SASP gene expression is functionally important. 

Taken together, these results clearly demonstrate that within the 
senescence program, NRF2 directly regulates the expression of a specific 
subset of SASP genes. Due to the specificity of this response, we have 
named this gene program the NRF2-induced secretory phenotype (NISP) 
(Fig. 3G). 

3.6. NRF2 regulates NISP expression across a range of conditions 

In order to determine the extent of Nrf2 regulation on NISP gene 
expression, we first analyzed the expression of a representative set of 
NISP genes in Nrf2 KO mice [1,41] (Fig. 4A). This RT-qPCR analysis 
revealed that in the basal state, and thus absence of any substantial 
senescence-inducing stimuli, NISP gene expression is significantly 
downregulated in the absence of Nrf2 (Fig. 4A). This result is consistent 
with the Nrf2-dependent expression pattern of cytoprotective genes, 

where Nrf2 regulates both their basal and inducible expression, which in 
turn indicates that the NISP genes represent a core component of the 
physiological Nrf2 response [1,45]. 

To elucidate the role of Nrf2 in the inducible activation of the 
expression of NISP genes, we compared Keap1 conditional knockout 
(Keap1 CKO) (Keap1flox/flox:Albumin-Cre) mice with Pten::Keap1::Albu
min-Cre DKO mice (Fig. 4B). The DKO mice are characterized by 
hyperactivation of hepatic Nrf2 levels and signaling relative to Keap1- 
CKO mice, coupled with a disease phenotype in which the mice die 
within 28 days of birth [41]. In contrast, the deletion of Keap1 alone, 
while substantially activating Nrf2 above wild-type levels, does not 
result in any obvious liver damage or deleterious phenotype in the mice 
[41]. At 15 days post-birth, the DKO mice exhibit increased expression 
of the CDK inhibitor, and senescence marker, Cdkn2b, in addition to a 
range of representative NISP genes (Fig. 4B). Taken together, these data 
indicate that full activation of the NISP is only realized in response to the 
irreparable damage observed in the diseased state. 

3.7. Nrf2 regulates NISP gene expression in response to DNA-damage- 
induced senescence 

As under normal conditions, the function of Nrf2 within the senes
cence program will be integrated into a cellular response consisting of 
multiple pathways, we wanted to investigate the role of Nrf2 in NISP 
induction in response to DNA-damage-mediated senescence induction. 
To this end, we treated WT and isogenic Keap1-Nrf2 DKO Hepa1 cells 
with doxorubicin for 24 h, and then allowed the cells to recover in fresh 
media for 4 days, before collecting the RNA for analysis by RT-qPCR. 
Unlike at the 48-hr time point (Fig. 1E), after 4 days of recovery in 

Fig. 4. Full NISP induction requires NRF2 activation in the context of cellular damage 
A. Relative expression of representative NISP genes in the livers of 10-week-old Nrf2 KO mice relative to WT mice as determined by RT-qPCR. Each experiment was 
performed at least 3 times. Data represent mean ± SD, N = 6 mice per genotype, *p < 0.05, **p < 0.01, ***p < 0.005. B. Relative expression of representative NISP 
genes in the livers of 15-day old Pten::Keap1 DKO mice relative to Keap1 CKO mice as determined by RT-qPCR. Each experiment was performed at least 3 times. Data 
represent mean ± SD, N = 6 mice per genotype, *p < 0.05, **p < 0.01, ***p < 0.005. C, D. The relative expression of representative (C) Full SASP and (D) NISP genes 
in isogenic WT and Keap1-Nrf2 DKO Hepa1 cells after treatment with 33 nM doxorubicin for 24 h, followed by 96-h recovery in fresh media, determined using RT- 
qPCR. Each experiment was performed at least 3 times. Data represent mean ± SD, N = 6, *p < 0.005 ns = not significant. E. Significant co-induction of the NRF2- 
dependent antioxidant and NISP gene expression signatures in bleomycin and RAS-induced senescence models. The data were sourced from Refs. [43,44]; and [29]. 

L. Baird et al.                                                                                                                                                                                                                                    



Redox Biology 66 (2023) 102845

7

fresh media, the Keap1-Nrf2 DKO cells were able to induce the expres
sion of the SASP factors Il1α, Il1β and SerpinE1 at similar levels to WT 
cells (Fig. 4C). This shows that, while Nrf2 functions as an important 
senescence promoter, in the absence of Nrf2, SASP induction is delayed, 
but not abolished. In contrast to the expression dynamics of the classical 
or “Full SASP” genes, NISP gene expression was significantly impacted 
by the loss of Nrf2. Specifically, Ccl2 and SerpinA5 were not induced by 
doxorubicin treatment in the absence of Nrf2 (Fig. 4D). In addition, 
while Ccl20 and SerpinB5 were induced by doxorubicin in the Keap1- 
Nrf2 DKO cells, this was at a significantly lower level than in the WT 
cells. Treatment of Keap1 KO cells with a C/EBPβ inhibitor produced a 
variable effect on NISP gene expression, which suggests that, while C/ 
EBPβ may be an important co-regulator of some SASP genes, including 
CCL2 and CCL20, it is not required for the induction of all NISP genes 
(Fig. S4B). Together, these data strongly support the in vivo data from 
the Pten::Keap1 DKO mice, namely that Nrf2 plays a critical role in the 
induction of NISP gene expression in response to senescence-inducing 
stimuli. 

To expand upon these findings, we analyzed the role of Nrf2 in NISP 
gene induction in other models of senescence. As our data suggested that 
Nrf2 activity may be induced as part of the senescence response 
(Fig. S2B), we hypothesized that we could use increased expression of 
Nrf2-target genes as a marker for Nrf2 activity, and then determine 
whether the expression of these classical antioxidant genes correlates 
with NISP gene expression in response to different senescence inducing 
agents. Interestingly, in both bleomycin and RAS-induced senescence, 
enhanced antioxidant and NISP gene expression were significantly 
enriched together (Fig. 4E) [29,43,44]. Taken together, these data 
clearly demonstrate that NRF2 regulates NISP gene expression under a 

diverse range of cell damaging conditions. 

3.8. The NISP promotes the immune-surveillance-mediated removal of 
damaged cells 

Due to the fact that NRF2 regulates an inducible cytoprotective 
pathway, while cellular senescence functions to limit the proliferation of 
damaged cells, we hypothesized that senescence induction may repre
sent a previously unrecognized component of the NRF2 stress response 
program. To test this idea, and to determine the physiological signifi
cance of NRF2-dependent senescence induction, we analyzed the liver- 
specific phenotype of the Pten:Keap1 DKO mice, focusing on how the 
unique features of this disease model may reveal important aspects of 
the role of NRF2 in the cellular damage response. 

There are two particularly interesting features of the DKO phenotype 
which suggested that the senescence-mediated immune surveillance 
pathway may be activated in these mice. First, loss of hepatocyte marker 
expression, which was revealed to be widespread based on the well 
characterized markers from the Human Protein Atlas database [46], 
suggested that there was significant hepatocyte depletion in the DKO 
mice (Fig. S5A). Second, we found that the DKO mouse livers were 
characterized by substantial infiltration of cells from the immune system 
(Fig. S5B). Taken together, these phenotypic features encouraged us to 
explore whether the immune surveillance pathway is activated in the 
diseased livers of the Pten:Keap1 CKO mice. 

Senescence-mediated immune surveillance is the process through 
which damaged and pre-malignant cells are actively removed by the 
immune system [18]. In the liver, this important tumour suppressor 
response is mediated by the secretion of chemokines and cytokines, 

Fig. 5. The NISP functions to recruit CCR2-expressing monocyte-derived macrophages 
A. Enrichment of monocyte/macrophage markers, and not those of liver-resident Kupffer cells, specifically in the livers of Pten::Keap1 DKO mice, as determined by 
microarray. B. Relative expression of T cell and B cell markers in the livers of Pten::Keap1 DKO mice relative to Pten CKO mice, as determined by microarray. Note 
that, the immune infiltration into the livers of Pten::Keap1 DKO mice is specific to monocytes/macrophages, and does not represent a general immune cell infiltration 
phenotype. C. Confirmation by RT-qPCR that 15-day old Pten::Keap1 DKO mice are characterized by monocyte/macrophage infiltration. Each experiment was 
performed at least 3 times. Data represent mean ± SD, N = 6 mice per genotype, *p < 0.01, **p < 0.001. D, E. RT-qPCR analysis of markers of mMono1 and mMono2 
cells, which correspond to “classical” and “non-classical” monocytes, based on specific and comprehensive gene expression patterns identified by Zilionis et al. using 
scRNA-Seq. These data show that 15-day old Pten::Keap1 DKO mice are characterized specifically by infiltration of mMono1 (“classical”) monocytes. Each experiment 
was performed more than 3 times. Data represent mean ± SD, N = 6 mice per genotype, **p < 0.001. F. Markers specific to CCR2+ monocyte-derived macrophages 
are specifically enriched in 15-day old Pten::Keap1 DKO mouse livers, as determined by RT-qPCR. Each experiment was performed at least 3 times. Data represent 
mean ± SD, N = 6 mice per genotype, *p < 0.01, **p < 0.001. 
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which together function to attract and activate monocytes/macrophages 
to remove the damaged cells [18]. As the DKO mice are characterized by 
NISP expression, which includes various chemokines and cytokines, 
activation of the immune surveillance pathway would explain all of the 
phenotypic features that we observe in these mice. 

To determine which immune cells accumulate in the DKO livers, we 
first analyzed lineage-specific gene expression markers for monocytes/ 
macrophages, T cells and B cells (Fig. 5A–C). This analysis revealed that 
the DKO liver phenotype is not characterized by a broad-spectrum im
mune response, but instead consists of a specific monocyte/macrophage 
infiltration profile. 

As we hypothesized that the NISP is responsible for the infiltration of 
monocytes and macrophages, we wanted to determine which NISP 
factor(s) are responsible for this specific immune response. In the liver, 
immune surveillance is mediated by the secretion of the chemokine 
CCL2, which recruits CCR2 expressing classical monocytes to the 
damaged or pre-malignant hepatocytes [18,39,40]. Since CCL2 is a NISP 
factor (Figs. 2 and 3), it represented the perfect candidate for our 
Nrf2-dependent phenotype. Importantly, the gene expression analysis 
provided no evidence to suggest that the increase in mono
cytes/macrophages was due to an expansion of liver-resident macro
phages (Kupffer cells) (Fig. 5A), thus providing further support to the 
idea that the increase in monocyte/macrophage infiltration observed in 
the DKO mice was due to the recruitment of cells from outside of the 
liver. 

Monocytes, which can differentiate into macrophages upon tissue 
infiltration, are traditionally classified into two populations, “classical” 
(CCR2+ Ly6Chi) and “non-classical” (CCR2- Ly6Clo), both of which 
originate from the bone marrow [47]. In order to more accurately 

determine which monocyte population is enriched in Pten:Keap1 DKO 
livers, we utilized additional specific markers of the “classical” and 
“non-classical” populations derived from scRNA-Seq [48]. Analysis of 
the gene expression data from this study revealed that a panel of 20 
genes could be used to thoroughly distinguish between the two mono
cyte populations, named mMono1 (classical) and mMono2 (non-clas
sical) based on the scRNA-Seq gene expression profiles (Figs. S5C and 
D). RT-qPCR analysis of these markers revealed that mMono1, which 
corresponds to “classical” monocytes, were specifically enriched in Pten: 
Keap1 DKO livers (Fig. 5D and E). Furthermore, in the liver, 
monocyte-derived macrophages can be distinguished from the tissue 
resident Kupffer cells based on the expression of Clec4d, Clec4e and 
Clec5a, which are specific for classical monocyte-derived cells [47]. 
Consistent with our model, Clec4d, Clec4e and Clec5a, were all upregu
lated in the Pten:Keap1 DKO livers, which supports our contention that 
classical monocytes are specifically recruited into the Nrf2-activated 
DKO livers (Fig. 5F). 

Taken together, these data support a model in which, in vivo, the 
NISP functions to recruit CCR2+ classical monocytes to the liver to 
remove the damaged hepatocytes through the senescence-mediated 
immune surveillance pathway. This results in a net loss in hepatocyte 
cell number, which explains the relative reduction in hepatocyte gene 
expression which is a characteristic feature of this disease model [41]. 

3.9. The NISP is also expressed in Keap1::Atg7 DKO mice 

In order to determine whether the NISP represents a general 
component of the Nrf2 response, and is not in some way restricted to the 
co-deletion of Pten, we carried out an additional microarray using liver 

Fig. 6. The NRF2-NISP-Immune surveillance axis is also functional in Atg7 conditional knockout mice. 
A. The gene expression profiles of liver-specific Keap1 conditional knockout (K), Atg7 conditional knockout (A) and Keap1::Atg7 double conditional knockout mice 
(K/A) were compared to wild-type mice in order to determine the contribution of Nrf2 activation in the diseased state (A and K/A) to NISP induction and monocyte 
infiltration. Note that while antioxidant genes were upregulated to a similar extent across all three mouse lines, NISP gene induction and monocyte infiltration was 
restricted to the (A) and (K/A) mouse, which exhibit significant liver damage. B. scRNA-Seq analysis of oesophagus-specific Keap1 CKO mice reveals significant 
immune cell infiltration into the oesophagi upon Nrf2 activation. The data were sourced from Hirose et al., 2023. 
C. Five upregulated NISP chemokines function as ligands for monocyte receptors that are enriched in the livers of Pten::Keap1 DKO mice, which argues that a key 
function of the NISP is to attract monocytes to the damaged cells. CXCR2 is encoded by the Il8rb gene from Fig. 7. D. Summary of the NRF2-dependent immune 
infiltration model. In Pten::Keap1 DKO livers, activated Nrf2 promotes transcription of the NISP factor CCL2, which functions to recruit CCR2+ monocyte-derived 
macrophages into the damaged liver. 
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samples from Keap1::Atg7-Alb mice (Keap1::Atg7 DKO) (Fig. 6A). In this 
model, loss of Atg7 disrupts cellular autophagy, which results in signif
icant liver damage, and thus, like the Pten::Keap1 DKO mice, the Keap1:: 
Atg7 DKO mice also display a disease phenotype, in which 20% of mice 
die within 20 weeks of birth [49]. Therefore, this Keap1::Atg7 DKO 
model represents a second phenotype in which Nrf2 is activated in the 
diseased state [49]. Furthermore, Atg7 knockout alone is sufficient to 
activate Nrf2 through the non-canonical p62 pathway, and also causes 
significant liver damage [50], and therefore this model also allowed us 
to explore NISP expression in the context of a functional Keap1 protein. 

We compared NISP gene expression between Atg7 CKO mice, Keap1 
CKO mice and Keap1::Atg7 DKO mice in order to fully elucidate the 
requirement for the diseased state in Nrf2-dependent NISP-induction 
(Fig. 6A). While induction of Nrf2’s typical antioxidant target genes was 
comparable between all three genotypes, NISP gene induction, and a 
concomitant increase in monocyte infiltration, was only observed in the 
livers of diseased Atg7 CKO and Keap1::Atg7 DKO mice, which strongly 
supports our contention that NISP induction only occurs as part of a 
damage response, and functions to recruit monocytes directly to the site 
of tissue damage (Fig. 6A). 

Thus, the Atg7 CKO and Keap1::Atg7 DKO mice recapitulate all of the 
central components of the Nrf2-NISP-monocyte infiltration response 
observed in the Pten::Keap1 DKO mice. While the Pten::Keap1 DKO, Atg7 
CKO and Keap1::Atg7 DKO mice represent genetic model systems which 
would not normally be observed in healthy animals, the tissue damage 
which these models induce is representative of that which can be 
observed under physiological conditions. Taken together, these results 
strongly suggest that this NISP induction represents an important, and 
previously unrecognized component of the KEAP1-NRF2 stress response 
pathway. 

To determine the broader relevance of Nrf2-mediated immune 
infiltration, we re-analyzed our recent scRNA-Seq dataset in which 
Keap1 was conditionally knocked out specifically in the mouse 
oesophagus (Hirose et al., 2022) [79]. Consistent with our new model, 
these data also showed the specific recruitment of immune cells, 
including both myeloid and T cells, into the oesophagi of the Keap1 
knockout, and thus Nrf2-activated, tissue (Fig. 6B). 

As the NISP includes a number of additional chemokines, we 
explored whether any other NISP factors may function in concert with 
CCL2 to recruit monocytes to the liver (Fig. 6C). This analysis revealed 
that monocyte-expressed receptors for the additional NISP factors Ccl7, 
Cxcl2, Cxcl5 and Cx3cl1 were all enriched in the Pten:Keap1 DKO livers. 
This enrichment of five monocyte-targeting chemokine-receptor pairs 
strongly supports our contention that the NISP functions to recruit 
monocytes into the damaged liver [51,52]. 

Furthermore, as Nrf2 also promotes monocyte and macrophage in
vasion in mouse disease models of steatohepatitis, colitis, pancreatitis 
and autoimmune nephritis, we would posit that it represents a central 
component of the Nrf2 response in damaged epithelial tissues, and that 
the NRF2-NISP-Immune recruitment model represents a framework 
through which these disease phenotypes can be understood (Table 1) 
(Fig. 6D). 

3.10. The NISP promotes the recruitment of classical monocytes to NRF2- 
dependent tumours 

In addition to regulating a cytoprotective stress response pathway, 
NRF2 also plays an important role during tumorigenesis, where the 
hijacking of this protective function of NRF2 confers a selective survival 
advantage upon the tumour cells [20,58–60]. In this context, spheroid 
cultures of non-small cell lung carcinoma-derived KEAP1 mutant A549 
cells have been shown to secrete large quantities of the chemokines 
CCL2 and CXCL5; both of which function as monocyte attractants [61]. 
As we have defined CCL2 and CXCL5 to be NISP factors, these data 
encouraged us to investigate NISP induction in NRF2-activated cancers. 

In order to determine whether the NISP plays a role in Nrf2- 

dependent tumours, we utilized the isogenic WT and Keap1 KO Hepa1 
cells in an allograft tumour model (Fig. 7A, Fig. S6A). Upon trans
plantation into nude mice, relative to the isogenic WT cells, Keap1 KO 
tumours displayed enhanced Cdkn2b and NISP expression, including 
Ccl20 and Cxcl5, which is consistent with the expression profile of the 
Pten::Keap1 DKO mice (Fig. S6B). 

As our working model is that the NISP functions to recruit monocytes 
to remove damaged cells, we specifically focused on the infiltration of 
monocytes into the Keap1 KO tumours. Monocytes can be broadly 
divided into two types, “classical” which can enter tissues in response to 
chemokine signals, and “non-classical”, which mostly patrol the vascu
lature and support endothelial cell functions [62]. In perfect agreement 
with our model, FACS analysis revealed significantly enhanced classical 
monocyte infiltration into the Keap1 KO tumours (Fig. 7B, C, S7). Spe
cifically, classical monocytes were enriched almost 4-fold in the Keap1 
KO tumours relative to the isogenic WT equivalents, which strongly 
suggests that the Nrf2-NISP axis is a major determinant of classical 
monocyte infiltration. In accordance with this model, gene expression 
analysis confirmed a significant increase in the expression of classical 
monocyte markers, including Ccr2, which we had previously shown to 
be important for the liver damage response phenotype (Fig. 7D–F, 
Fig. 5). 

3.11. The NISP promotes macrophage efferocytosis to remove damaged 
cells 

Damaged and apoptotic cells are removed from tissues by phagocytes 
through the process of efferocytosis [63]. This phagocytic removal of 
apoptotic cells is mediated by the secretion of CX3CL1 by dying cells, 
which functions as a potent “find-me” signal to the immune system [63]. 
As we identified CX3CL1 to be a NISP factor (Fig. 2), we hypothesized 

Table 1 
Nrf2 promotes monocyte and macrophage tissue invasion in a broad range 
of disease states 
Although the function of Nrf2 is most commonly described as anti-inflammatory, 
Nrf2 actively promotes inflammation and monocyte and macrophage invasion 
into damaged epithelial tissues across a range of mouse disease models, and in 
multiple tissue types.  

Disease Model Experimental 
System 

NRF2 phenotype Reference 

Steatohepatitis Hepatocyte- 
specific NEMO 
CKO mouse 

Keap1 DKO mice exhibit 
increased monocyte- 
derived 

[53]   

macrophages in the 
diseased livers  

DSS-induced 
colitis 

Adipocyte- 
specific Atg7 CKO 
mouse 

Nrf2 activation by the 
non-canonical p62 
pathway resulted 

[54]   

in increased monocyte 
invasion into the 
damage colons  

Pancreatitis Pancreatic acinar- 
specific VMP1 
CKO mouse 

Nrf2 DKO mice exhibit 
decreased inflammation 
and 

[55]   

macrophage infiltration 
into the damaged 
pancreases  

Autoimmune 
nephritis 

Fas mutant lpr/ 
lpr mice 

Nrf2 DKO mice exhibit 
decreased macrophage, 
CD4 

[56]   

and CD8 T cell 
infiltration into the 
damaged kidneys  

Lung cancer scRNA-Seq 
analysis of human 
lung tumours 

KEAP1 mutant tumours 
are enriched with 
proinflammatory 

[57]   

monocyte-derived 
macrophages (CP2E 
pattern)   

L. Baird et al.                                                                                                                                                                                                                                    



Redox Biology 66 (2023) 102845

10

that the NISP may function to remove damaged cells through effer
ocytosis. To determine whether the monocytes and monocyte-derived 
macrophages that are recruited by the NISP actually function to 
remove damaged cells, we analyzed the expression of a recently 
described macrophage-specific efferocytosis gene signature [64]. 
Consistent with our model, in all three genetic models of Nrf2 activation 
in the context of liver damage, we found significant upregulation of 
efferocytosis gene expression (Fig. 8A). Furthermore, RT-qPCR revealed 
the same efferocytosis genes were also significantly upregulated in the 
Keap1 KO allograft tumours relative to WT tumours (Fig. 8B), which 
supports our model in which monocyte-derived macrophages are 
recruited by the NRF2-dependent NISP in order to remove damaged or 
oncogenic cells. 

Taken together, these data indicate that in irreparably damaged 
cells, or during early stages of tumourigenesis, high levels of NRF2 
promote NISP expression to enable the acute recruitment of CCR2+

classical monocytes, which in turn function as important components of 
the immune surveillance pathway (Fig. 8C). This pathway represents a 
previously unrecognized tumour suppressor component of the NRF2 
response, and functions to eliminate irreparably damaged cells, which 
may otherwise become tumorigenic if maintained within the tissue in 
situ. 

4. Discussion 

It is currently unknown how the cytoprotective functions of NRF2 are 
leveraged when NRF2 is activated in irreparably damaged cells. In this 
study, we found that NRF2 functions to promote cellular senescence, 
such that cells with high levels of NRF2 activity can easily enter a se
nescent state. In this regard, we found that NRF2 regulates the tran
scription of a unique subset of senescence-associated secretory 
phenotype genes, which we have named the NRF2-induced secretory 
phenotype (NISP). Analysis of genetic activation of Nrf2 in both Pten:: 
Keap1 and Keap1::Atg7 double knockout mouse liver models revealed 
that the physiological function of the NISP is to recruit immune effector 
cells to remove these damaged NRF2-activated cells through the im
mune surveillance pathway. Thus, the NRF2-NISP-Immune surveillance 
axis functions as a tumour suppressor pathway in order to mitigate the 
survival of pro-oncogenic NRF2-activated cells. 

The KEAP1-NRF2 pathway is a stress response pathway which has 
been maintained by natural selection due to its ability to benefit the 
survival of the host organism. One important distinction between this 
pathway and other stress response pathways, such as p53, is that the 
chronic activation of NRF2 has not been associated directly with a 
mechanism to promote cell death if the survival of the cell becomes 
deleterious to the host. In the case of p53, a dichotomy of pathway 
outputs, represented by the pro-survival induction of cell cycle arrest 

Fig. 7. Activation of Nrf2 recruits proinflammatory classical monocytes into tumours 
A. Overview of the isogenic WT and Keap1 KO Hepa1 cell allograft mouse tumour model. B, C. FACS analysis of the relative proportion of classical and non-classical 
monocytes that infiltrated the WT and Keap1 KO Hepa1 allograft tumours. Data represent mean ± SD, N = 7–8 tumours per cell type, ***p < 0.0001. D. Relative 
expression of monocyte/macrophage markers in Keap1 KO tumours relative to the isogenic WT tumours, as determined by RT-qPCR. Each experiment was performed 
at least 3 times. Data represent mean ± SD, N = 6 tumours per cell type, *p < 0.05, **p < 0.01, ***p < 0.0001. E, F. RT-qPCR analysis of markers of mMono1 and 
mMono2 cells, which correspond to “classical” and “non-classical” monocytes, based on specific and comprehensive gene expression patterns identified by Zilionis 
et al. using scRNA-Seq. These data show that Keap1 KO tumours are specifically enriched with mMono1 (“classical”) monocytes. Each experiment was performed at 
least 3 times. Data represent mean ± SD, N = 6 mice per genotype, **p < 0.001, ***p < 0.0001.. 
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coupled with activation of DNA repair pathways, or alternatively, the 
promotion of apoptosis, benefits organismal survival if the cellular 
damage cannot be repaired [65]. From the perspective of the host or
ganism, this dichotomy of pathway outputs is advantageous, as chronic 
activation of a stress response pathway signifies that the cellular damage 
may be insurmountable, and therefore switching from a cytoprotective 
function to a cell death-inducing output is beneficial for host survival. In 
this study, we found that NRF2 activation can also lead to a dichotomy 
of pathway outputs, which together function to benefit the survival of 
the host under a broad range of conditions. In addition to its well 
characterized role in the adaptive response to oxidative stress, we found 
that, in the diseased state, NRF2 functions to promote cellular senes
cence by activating a unique subset of senescence-associated secretory 
phenotype (SASP) genes that we have named the NRF2-induced secre
tory phenotype (NISP). As summarized in Fig. 8C, the physiological 
function of the NISP is to recruit immune effector cells, including CCR2+

classical monocytes, to facilitate the removal of the irreparably 
damaged, chronically NRF2-activated cells, though the immune sur
veillance pathway. Through this mechanism, the KEAP1-NRF2 pathway 
functions in a tumor suppressor capacity in order to mitigate the survival 
of damaged, pre-cancerous cells, which may otherwise benefit from the 
cytoprotective properties conferred through NRF2 activation. 

Some important features of genetically modified mouse models of 
Nrf2 activation suggest that, in addition to its effects facilitating tumor 
growth and therapeutic resistance, NRF2 also has a currently unde
scribed tumour suppressor function. For example, the expression of an 
inactivated mutant form of Keap1 found in human tumours does not give 
rise to tumours in mice [23]. Similarly, the expression of constitutive 
active Nrf2, again derived from a mutation found in human tumours, 

also does not result in cancer formation [24]. These findings show 
clearly that NRF2 is not a classical oncogene, but is only able to promote 
cancer formation in the context of additional mutations, such as p53, 
KRAS or PTEN [58–60]. Taken together, these findings are somewhat 
perplexing considering the proliferative, metabolic and stress resistant 
phenotypes that constitutive NRF2 activation confers upon cells [66]. 
Therefore, the existing data suggest that the functions of NRF2 facili
tating cancer development are potentially counter-balanced by a par
allel, but undescribed, tumour suppressive function. 

In contrast, in malignant tumours the function of NRF2 is currently 
most commonly characterized as tumour promoting, as the cytopro
tective and proliferative properties of NRF2 are hijacked by the tumour 
cells to generate aggressive, therapy-resistant tumours [20]. If the 
NRF2-NISP-immune surveillance pathway is functional in vivo, how can 
we reconcile this tumor suppressor function with the well-demonstrated 
oncogenic-enhancing activities of NRF2 in patients? 

While activating mutations in the KEAP1-NRF2 pathway are asso
ciated with a poor prognosis for patients, importantly, this is only true in 
late stage cancer patients, as in early stage tumours of both the lung and 
oesophagus, activation of NRF2 is not associated with a worse prognosis 
[67–69]. These clinical data clearly show that during early stages of 
tumorigenesis, NRF2 activity is not tumour promoting. Of note, in early 
stage lung adenocarcinoma patients, KEAP1 mutant tumours are asso
ciated with increased infiltration of NK cells, which form an important 
component of the immune surveillance pathway and can also be 
recruited by the NISP factor CCL2 [70,71]. Taken together, these data 
support our contention that in early stage tumours, NRF2 activation 
functions as a tumour suppressor by promoting the immune 
surveillance-mediated removal of damaged cancer cells, and that this 

Fig. 8. The NISP mediates the removal of damaged cells when the NRF2-dependent oxidative stress response is insufficient to restore homeostasis 
A. Gene expression profiles of a macrophage-specific efferocytosis gene signature in liver-specific Pten:Keap1 double conditional knockout (P/K DKO), Atg7 con
ditional knockout (Atg7 CKO) and Keap1::Atg7 double conditional knockout mice (A/K DKO). Note that efferocytosis markers were specifically upregulated in the 
mouse models exhibiting genetic activation of Nrf2 in the context of cellular damage. B. RT-qPCR analysis of a macrophage-specific efferocytosis gene signature in 
allograft WT and Keap1 KO tumours. Each experiment was performed at least 3 times. Data represent mean ± SD, N = 6 mice per genotype, *p < 0.001. C. In 
irreparably damaged cells, the acute NRF2-dependent stress response is terminated by the induction of NISP gene expression. Their protein products function to 
recruit immune cells, which remove the damaged cells through the immune surveillance pathway. This mechanism maintains organismal homeostasis by limiting the 
accumulation of damaged cells with high NRF2 activity, as they may otherwise become deleterious to the host due to the pro-survival characteristics which NRF2 
confers upon cells.. 
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negative selective pressure must be overcome during later stages of 
tumourigenesis in order for NRF2-activated tumours to become malig
nant. Consistent with this model, the analysis of NRF2 activation during 
hepatocarcinogenesis in a rodent model revealed that, while activating 
mutations in Nrf2 are found in 90% of early-stage tumours, this muta
tion incidence is reduced to only 25% at later, malignant stages [72]. 
This time-course-dependent analysis means that 72% of the 
Nrf2-mutated early-stage tumours are resolved in situ by a mechanism 
which is currently unknown. We would posit that NRF2-induced im
mune surveillance may be responsible for the removal of these 
early-stage liver tumours. 

Thus, in the context of NRF2’s myriad of properties in tumours, we 
believe that activation of the NRF2-NISP-immune surveillance pathway 
explains many of the enigmatic tumorigenesis results from the literature, 
and therefore constitutes the hidden tumour suppressor function that 
NRF2 displays in vivo. 

In addition to its role in tumorigenesis, an additional clinically 
important function of NRF2 relates to its regulation of the response to 
oxidative stress [1]. As oxidative stress plays a critical role in many 
aging-related maladies, including neurodegenerative and chronic kid
ney diseases, it has been hypothesized that antioxidant therapy, of 
which activation of NRF2 would represents a prototypic example, would 
benefit organismal aging and longevity [8,9]. Indeed, in support of this 
idea, correlative analysis in mice has suggested that activation of Nrf2 
has a pro-longevity effect [10,11]. In this context, it is therefore sur
prising that the global constitutive activation of Nrf2 signaling does not 
extend longevity in mice, and instead, is associated with reduced overall 
lifespan [12,13]. These findings are enigmatic given the well-established 
cytoprotective properties of NRF2. In the context of these results, our 
contention that NRF2 promotes cellular senescence provides a simple 
framework through which these anomalous longevity data can be un
derstood. When viewed through a senescence lens, constitutively active 
NRF2 functions as an antagonistic pleiotropy factor, which promotes 
survival early in life through its cytoprotective activities, but as this is 
coupled to a senescence-inducing function, is deleterious during the 
post-reproductive stages of life. This simple framework also explains 
why, under physiological conditions, the cytoprotective functions of 
NRF2 are tightly regulated by KEAP1, as the antagonistic pleiotropy 
characteristics are only evident in constitutive active mouse models. 
Thus, KEAP1 functions to limit the deleterious impact of constitutive 
NRF2 activation. In support of this model, a recent study showed that in 
glioblastoma, NRF2 activation promotes a cellular senescence pheno
type in human patients [73]. 

In contrast to the senescence and NISP phenotypes observed in Pten:: 
Keap1 DKO mouse livers, Nrf2 has previously been shown to promote 
cellular proliferation in other liver experimental systems, including 
partial hepatectomy and portal vein branch ligation (PVBL) models 
[74–76]. One significant difference between these models and the Pten:: 
Keap1 DKO model is the role of Nrf2 activation in the generation of liver 
damage, as in Pten::Keap1 DKO mice, Nrf2 activation results in signifi
cantly increased liver damage relative to the control mice [41]. This 
requirement for tissue damage to elicit the senescence and NISP 
response suggests that this phenotype is elicited specifically in the 
context of significant cellular damage, and that in the absence of such 
damage, Nrf2 activation can promote other distinct cellular responses, 
including cell proliferation. 

Consistent with this idea, other transcription factors which play an 
important role in the regulation of senescence can also promote a 
diverse range of context-dependent cellular outcomes. For example, C/ 
EBPβ promotes cellular proliferation in response to partial hepatectomy, 
despite the fact that in other cellular contexts, C/EBPβ is required for the 
establishment and maintenance of the senescence state [31,77]. Thus, 
due to the unique Nrf2-dependent tissue damage phenotype observed in 
the Pten::Keap1 DKO mice, there was no change in gene expression of 
Nrf2 or C/EBPβ target genes that have previously been shown to be 
upregulated in partial hepatectomy or portal vein branch ligation 

studies (Fig. S8). One limitation of this study is the reliance on gene 
expression data as the major source of evidence for monocyte invasion 
into damaged tissues in the Pten and Atg7-based mouse models. In the 
future, additional studies will be carried out to further characterize the 
immune cell recruitment and infiltration phenotypes caused by Nrf2 
activation in damaged tissues. 

In summary, we have found that NRF2 functions to prime cells to 
become senescent in response to irreparable damage. In the senescent 
state, NRF2 drives expression of a unique secretory phenotype (NISP), 
which functions in a tumour suppressor capacity by recruiting immune 
effector cells in order to remove the damaged, senescent cells through 
the immune surveillance pathway. This pathway represents the final 
stage of the oxidative stress response, as it allows cells to be safely 
removed if the macromolecular damage caused by the original stressor is 
so extensive that it is beyond the repair capacity of the cell. 
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Materials and methods 

Mitomycin C washout and recovery 

For the co-cultured isogenic WT and Keap1 KO cells, on “day − 1” 
2000 cells from each cell type were seeded into individual wells of a 
black flat-bottom 96-well plate (Corning #3904). On the following day 
(day 0), 50 nM mitomycin C, or 0.1% DMSO was added to each well. 
Immediately after the addition of the compounds, the fluorescence in
tensities of GFP and mCherry were measured using a PHERAstar FS 
microplate reader (BMG Labtech, Ortenberg, Germany). The plates were 
then returned to the 37 ◦C incubator until day 3, when the mitomycin C 
media was replaced with fresh media in the “washout” samples. The 
fluorescence intensity was measured again on days 5, 6 and 7 to deter
mine cell growth relative to the initial fluorophore intensities measured 
on day 0. For the human cancer cell lines (H460, A549 and H2023), on 
“day − 1” 2000 cells from each cell type were seeded into individual 
wells of a clear flat-bottom 96-well plate. On the following day (day 0), 
50 nM mitomycin C, or 0.1% DMSO was added to each well. The 96-well 
plates were then incubated at 37 ◦C for 48 h, when the mitomycin C 
media was replaced with fresh media in the “washout” samples. The 
plates were then returned to the incubator and allowed to recover for a 
further 72 h. After this, they were washed with PBS, lysed with 25 μl 
RIPA buffer (50 mM Tris, 150 mM NaCl, 1% (v/v) NP-40, 0.5% (w/v) 
deoxycholic acid, 0.1% (w/v) SDS, pH7.4), and then frozen at − 30 ◦C. 
Total protein concentrations for each well were determined using the 
BCA protein assay (Pierce) following the manufacturer’s instructions, 
and were normalized to the DMSO controls. 

Mice 

Ptenflox/flox (WT), Ptenflox/flox:Albumin-Cre (Pten CKO), Keap1flox/flox: 
Albumin-Cre (Keap1 CKO), Ptenflox/flox: Keap1flox/flox: Albumin-Cre 
(PtenKeap1 DKO) and Nrf2− /− (Nrf2 KO) mice were all previously 
described [41]. For the Atg7 mouse experiments, Atg7flox/flox (control), 
Atg7flox/flox:Albumin-Cre (Atg7 CKO), Keap1flox/flox:Albumin- Cre (Keap1 
CKO) and Atg7flox/flox:Keap1flox/flox:Albumin-Cre (Keap1Atg7 DKO) mice 
were generated and maintained as described previously [49]. The mice 
were provided with water and rodent chow ad libitum. All mice were 
maintained under specific-pathogen-free conditions and treated ac
cording to the regulations of The Standards for Human Care and Use of 
Laboratory Animals of Tohoku University and Guidelines for Proper 
Conduct of Animal Experiments of the Ministry of Education, Culture, 
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Sports, Science, and Technology of Japan. 

Allograft tumor implantation 

Suspensions of WT or Keap1 KO Hepa1 cells (2 x106 cells in 100 μl 
PBS) were injected subcutaneously into the left or right trunk of 5-week- 
old Balb/c-nu/nu female mice. The allografts were allowed to grow for 5 
weeks, after which the tumours were removed and frozen in liquid ni
trogen. All animals were housed in specific pathogen-free conditions, 
and monitored according to the regulations of The Standards for Human 
Care and Use of Laboratory Animals of Tohoku University and the Guide
lines for Proper Conduct of Animal Experiments by the Ministry of Edu
cation, Culture, Sports, Science, and Technology of Japan. 

Flow cytometry and cell sorting 

Tumours were harvested from nude mice, which were transplanted 
with wild-type Hepa1 cells or Keap1 knockout Hepa1 cells. The tumour 
cells were isolated using Tumor Dissociation Kit, mouse (Miltenyi Bio
tec), following the protocol provided by the manufacturer. Red blood 
cells were removed using RBC Lysis buffer (0.015 M NH4Cl, 1 mM 
KHCO3 and 10 μM EDTA-2Na). Debris was removed using Debris 
removal solution (Miltenyi Biotec). Propidium iodide (1 μg/mL) was 
used to remove dead cells. Analyses and cell sorting were performed 
using FACSVerse (BD Biosciences). Data were analyzed using FlowJo 
software (BD Biosciences). The following antibodies were used for the 
flow cytometric analyses: Brilliant Violet 421™ anti-mouse/human 
CD11b Antibody (Biolegend, Cat: 101236), FITC anti-mouse Ly-6C 
(BD Pharmingen™, Cat: 553104), and Anti-Mo CD62L (L-Selectin) APC 
(Invitrogen, REF: 17-0621-82). 

Cell culture 

All cells were maintained in high glucose Dulbecco’s modified Ea
gle’s medium (DMEM), except for the JHH2 and JHH5 cells, which were 
maintained William’s E media, supplemented with 10% fetal bovine 
serum (FBS), and antibiotics. All cells were cultured in a humidified 
atmosphere with 5% CO2 at 37 ◦C. 

Gene expression analysis and ChIP-qPCR 

For RT-qPCR, total RNA was prepared from cell lysates using TRIzol 
reagent (Life Technologies, Carlsbad, CA) in accordance with the man
ufacturer’s instructions. A 1 μg aliquot of total RNA was reverse tran
scribed with ReverTra Ace (Toyobo, Osaka, Japan). The resultant cDNA 
was used as a template for quantitative reverse transcription-PCR (qRT- 
PCR) on a SYBR green 7300 real time PCR analyzer (Life Technologies). 
Chromatin precipitation for ChIP-qPCR was carried out as previously 
described [78]. The ChIP-qPCR primers were designed based on the 
NRF2 binding peaks in the genes of interest in the UCSC genome 
browser. The primers used during the qPCR analysis are available upon 
request. Microarray analysis of PtenKeap1 DKO mice was carried out 
using the previously published GSE50575 dataset [41]. 

Microarray analysis 

Total RNA from the livers of Atg7flox/flox (control), Atg7flox/flox:Albu
min-Cre (Atg7 CKO), Keap1flox/flox:Albumin- Cre (Keap1 CKO) and 
Atg7flox/flox:Keap1flox/flox: Albumin-Cre (Keap1Atg7 DKO) mice were 
labelled with Cy3. The samples were hybridized to whole-mouse- 
genome Oligo DNA Microarray kit ver2.0 (Agilent Technologies, Inc., 
Santa Clara, CA) according to the manufacturer’s protocol. Arrays were 
scanned using a G2539A microarray scanner system (Agilent), and the 
resulting data were analyzed using GeneSpring GX software (Agilent). 
The microarray data produced in this study have been submitted to the 
Gene Expression Omnibus (GEO) database, and assigned the GEO 

accession number (under application). 

Histological analysis 

The livers were fixed in Mildform 10 N (Wako Pure Chemical Cor
poration, Osaka, Japan) and embedded in paraffin for staining with 
hematoxylin and eosin. 

ELISA 

The ELISA for CCL2 was carried out using the Mouse MCP1 ELISA Kit 
(ab208979, Abcam) following the protocol provided by the manufac
turer. The samples were generated from conditioned media taken from 
WT and Keap1 KO Hepa1 cells, which were treated with either DMSO or 
200 nM MMC for 5 days. 

Senescence associated-β-gal staining 

SA-β-gal staining was carried out using the Senescence Detection Kit 
(ab65351, Abcam) following the protocol provided by the manufac
turer. The samples used in this assay were generated using MMC 
washout conditions, as described above. 

Reagents 

Mitomycin C and doxorubicin were purchased from Sigma-Aldrich 
(Missouri, USA). ABT-263 was purchased from Cayman Chemical (Ann 
Arbor, Michigan, USA). Celastrol was purchased from Selleck Chemicals 
(Texas, USA). 

Statistical analysis 

The data are presented as mean ± SD. Student’s T-test (two-tailed) 
was used to determine the statistical significance of the results. 
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