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Summary

Although ARF can suppress tumor growth by activating p53 function, the mechanisms by which it
suppresses tumor growth independently of p53 are not well understood. Here, we identified ARF
as a key regulator of nuclear factor-E2-related factor 2 (NRF2) through complex purification. ARF
inhibits the ability of NRF2 to transcriptionally activate its target genes, including SLC7A11, a
component of the cystine/glutamate antiporter that regulates reactive oxygen species (ROS)-
induced ferroptosis. As a consequence, ARF expression sensitizes cells to ferroptosis in a p53-
independent manner while ARF depletion induces NRF2 activation and promotes cancer cell
survival in response to oxidative stress. Moreover, the ability of ARF to induce p53-independent
tumor growth suppression in mouse xenograft models is significantly abrogated upon NRF2
overexpression. These results demonstrate that NRF2 is a major target of p53-independent tumor
suppression by ARF and also suggest that the ARF-NRF2 interaction acts as a new checkpoint for
oxidative stress responses.
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Oncogenic
stress

Myc, K-RAS and B-RAF

Chen et al., identified ARF as a key regulator of NRF2-mediated activation of SLC7A11, a
component of the cystine/glutamate antiporter that regulates reactive oxygen species (ROS)-
induced ferroptosis. They showed that the ARF-NRF2 interaction is critical for p53-independent
ferroptosis and tumor suppression induced by ARF.
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Introduction

Paradoxical results have emerged from recent studies into the effects of oxidative responses
in cancer. Although it was popularly thought that antioxidants protect against cancer,
accumulating evidence suggests that these agents can actually increase cancer risk (Gorrini
etal., 2013; Jaramillo and Zhang, 2013). In particular, genomic analyses of human cancers
have uncovered a high frequency of mutations in genes for factors that activate an
endogenous antioxidant program (Hayes and McMahon, 2009), such as the NRF2 (nuclear
factor erythroid 2-related factor) transcription factor and its repressor, the E3 ligase Keapl
(Kelch-like ECH-associated protein 1). In addition, studies of NRF2-mutant mouse models
have demonstrated that the malignantly activated forms of certain oncoproteins, including
Myc, K-RAS and B-RAF, can promote tumor cell proliferation in part by stimulating NRF2-
mediated expression of endogenous antioxidants and reducing ROS levels (Bauer et al.,
2011; Chio et al., 2016; DeNicola et al., 2011; Tao et al., 2014). While these findings
underscore the role of oxidative stress responses in tumor suppression, the mechanisms by
which these responses promote tumor development remain unclear.

Ferroptosis is a regulated form of non-apoptotic cell death driven by the accumulation of
lipid-based reactive oxygen species (ROS), particularly lipid hydroperoxides (Gao et al,
2015; Xie et al., 2016; Yang and Stockwell, 2016). Although cell-cycle arrest, senescence
and apoptosis serve as critical barriers to cancer development, accumulating evidence
suggests that loss of p53-dependent cell cycle arrest, apoptosis, and senescence is not
sufficient to abrogate the tumor suppression activity of p53. We recently showed that the p53
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tumor suppressor sensitizes cells to ferroptosis by repressing transcription of the SLC7A11
gene, which encodes a key component of the cystine/glutamate antiporter (Jiang et al., 2015;
Wang et al., 2016; Jennis et al., 2016). Cystine uptake is critical for glutathione synthesis to
buffer reactive oxygen species (ROS). Although the precise mechanism by which SLC7A11
modulates ferroptosis needs to be further elucidated, suppression of SLC7A11 expression
results in intracellular cysteine depletion, which makes the cells incapable of defending
oxidative stress and susceptible to ferroptotic cell death. In addition, p53-mediated
ferroptosis appears to act as a barrier to cancer development since it can suppress tumor
formation independent of p53-mediated cell cycle arrest, senescence and apoptosis (Jiang et
al., 2015; Wang et al., 2016). Of note, SLC7A11 is highly expressed in human tumors (Jiang
et al., 2015), and its expression is induced by NRF2 in human cancer cells (Suzuki et al.,
2013; Ye et al., 2014). Since several studies showed that activation of NRF2 is critical for
tumor growth, the precise mechanism by which NRF2 regulates SLC7A11 clearly needs
further elucidation. Here, through biochemical purification, we identified ARF as a key
regulator of NRF2. ARF is well established as a tumor suppressor critical for p53 activation
upon oncogenic stress; however, we found that ARF directly interacts with NRF2 both /in
vitroand in vivo. ARF has no obvious effect on NRF2 stability but NRF2-mediated
transcriptional activation is inhibited upon ARF induction. Moreover, expression of
SLC7AL1 is severely suppressed by ARF in p53-null cells, which sensitizes the cells to
ferroptosis in a p53-independent manner. In contrast, loss of ARF induces NRF2 activation
and promotes cancer cell survival upon oxidative stress. Moreover, ARF is able to induce
tumor growth suppression in a p53-independent manner in mouse xenograft models but this
activity can be significantly abrogated upon NRF2 overexpression. These results indicate
that NRF2 activity is tightly regulated by ARF and reveal that ARF modulates ferroptotic
responses in both a p53-dependent and a p53-independent manner.

Identification of ARF as a new binding protein of NRF2

To elucidate the mechanisms by which NRF2 modulates SLC7A11 expression and
ferroptosis, we sought to isolate NRF2-associated protein complexes from human cancer
cells. To this end, cell extracts from a p53-null H1299 lung carcinoma cell line that stably
expresses a human NRF2 protein with N-terminal Flag and HA epitopes (FH-NRF2) were
subjected to two-step affinity chromatography, as previously described (Chen et al., 2010;
Dai et al., 2011). When the affinity-purified NRF2-associated proteins were analyzed by
liquid chromatography mass spectrometry/mass spectrometry (LC-MS/MS), we identified
several known NRF2-binding proteins, including CBP, p300, KEAP1, MafG, MafK, and
MafF (Figure S1A). In addition, Mass Spectrometric (MS) analysis of a protein band (with
the apparent size at ~14 kD molecular weight) revealed peptide sequences matching the
ARF tumor suppressor (Figure 1A). ARF (known as p14ARF in human and p19ARF in
mouse) was initially identified as the product of an alternative reading frame within the
Ink4a/ARF tumor suppressor locus (Reed et al., 2014; Sherr, 2006; Wang et al., 2008). A
major function of ARF is to activate the p53 pathway in response to oncogenic stress by
inhibiting the enzymatic activity of certain ubiquitin E3 ligases (i.e., Mdm2 and ARF-BP1)
that target p53 for proteasomal degradation (Forys et al., 2014; Reed et al., 2014; Sherr,
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2006; Chen et al., 2005). ARF can also act to suppress tumor growth in a p53-independent
manner by the mechanisms that are not completely understood (Eischen and Boyd, 2012;
Forys et al., 2014; Itahana and Zhang, 2008; Muniz et al., 2011).

ARF interacts with NRF2 both in vitro and in vivo

To validate the interaction between NRF2 and ARF in human cells, we transfected 293 cells
with an NRF2 expression vector in the presence or absence of a vector encoding Flag-tagged
ARF. As shown in Figure 1B, NRF2 was readily detected in the immunoprecipitated
complexes of Flag-ARF. To evaluate this interaction under more physiological conditions,
we also performed co-immunoprecipitation assays with endogenous proteins from H1299
cells. As shown in Figure 1C, western blot analysis revealed that the endogenous ARF
protein was co-precipitated by the NRF2-specific antibody but not by the 1gG control
antibody. Conversely, the endogenous NRF2 protein was co-precipitated by the ARF-
specific monoclonal antibody but not by the IgG control antibody (Figure 1D). To ascertain
whether NRF2 and ARF interact directly, we performed /n vitro GST pull-down assays by
incubating a GST-fusion protein containing full-length ARF with purified Flag-HA-tagged
NRF2. As shown in Figure 1E, NRF2 strongly bound GST-ARF but not GST alone. More
specifically, a GST-fusion protein harboring the N-terminal (amino acids 1-64), but not the
C-terminal (65-132), domain of ARF also bound NRF2 (Figure 1F). These data demonstrate
that ARF is a bona fide binding partner of NRF2.

ARF inhibits the ability of NRF2 to transcriptionally activate its target genes, including

SLC7Al11

Since ARF expression did not appreciably affect the protein levels of NRF2 (Figure S1B)
and had no effect on Keapl-mediated ubiquitination of NRF2 (Figure S1C), we examined
whether ARF modulates NRF2-dependent transcriptional activity. To this end, we co-
transfected H1299 cells with expression vectors encoding either NRF2 alone, or NRF2 and
ARF together, along with a luciferase reporter harboring the promoter sequences of
SLC7AL1, a known transcriptional target of NRF2 (Ye et al., 2014). As expected, NRF2
expression strongly induced activation of the SLC7A11 reporter (lane 2, Figure 1G).
However, co-expression of NRF2 with differing amounts of ARF led to a dosage-dependent
repression of the SLC7AL11 reporter (Figure 1G), suggesting that ARF is able to suppress the
transcriptional activity of NRF2. Consistent with the binding data (Figure 1F), the N-
terminal domain of ARF (lane 3, Figure 1H), but not its C-terminal domain (lane 4 vs. lane
3, Figure 1H) although expressing at the similar levels (Figure S1D, S1E), retained the
ability to repress NRF2 transcriptional activation.

Further mapping indicate that the 14 amino-terminal residues of ARF is able to directly
interact with NRF2 (Figure S2A) whereas ARFA14, a truncated polypeptide that lacks the
14 amino-terminal residues of ARF, failed to bind NRF2 (lane 8 vs. lane 6, Figure 2A).
Notably, loss of the these resides of ARF (ARFA14) also significantly abrogated its ability to
suppress NRF2-mediated transcriptional activation (lanes 5, 6 vs. lanes 3, 4, Figure 2B;
Figure S2B). To corroborate these findings, we established a tet-on Sa0S2 human
osteosarcoma p53-null cell line in which ARF expression can be induced by tetracycline.
Although ARF induction had no obvious effect on expression of endogenous NRF2 (Figure
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2C), the expression levels of SLC7A11 (Figure 2C), as well as several other known NRF2
transcriptional targets (NQO1, GSR and PRDX1; Figure S2C), were significantly reduced
upon ARF induction. To examine the role of endogenous ARF in modulating NRF2
function, we also tested whether these NRF2 targets are affected by RNAi-mediated ARF
depletion in SaoS2 cells. While the levels of NRF2 protein were unaffected by ARF
depletion, the expression levels of SLC7A11, as well as other NRF2 transcriptional targets,
were induced upon ARF depletion (Figure 2D; Figure S2D). Taken together, these data
demonstrate that ARF acts as a repressor of NRF2-mediated transcriptional activation.

The ARF-NRF2 interaction is critical for ferroptosis in p53-null cancer cells

Our previous study showed that p533KR, an acetylation-defective mutant that fails to mediate
p53-dependent cell cycle arrest, apoptosis and senescence, still retains the ability to induce
ferroptosis through downregulation of SLC7A11 expression (Jiang et al; 2015; Wang et al.,
2016). To test the role of ARF in modulating ferroptotic responses upon ROS treatment, we
established a tet-on p53-null H1299 cell line in which ARF expression can be induced by
tetracycline. Consistent with the above data, SLC7A11 levels were drastically reduced at
various time points after ARF induction (Figure 2E, Figure S2E). Next, we examined
whether ROS-mediated ferroptosis is also regulated upon ARF induction. In these
experiments, ROS treatment was induced by fert-Butyl hydroperoxide (TBH), as described
previously (Hughes et al., 2014; Jiang et al., 2015; Wang et al., 2016; Wang et al., 2012). As
shown in Figure 2F, no obvious cell death was observed upon either ARF induction alone or
ROS treatment alone. Significantly, however, the combination of ARF induction and ROS
treatment induced high levels of cell death that was specifically inhibited by the ferroptosis
inhibitor Ferrostatin-1(Dixon et al., 2012) (Figure 2F, 2G). Similar data were also obtained
when ARF was induced in p53-null SaoS2 human osteosarcoma cells (Figure S2F and S2G).
Conversely, RNAi-mediated knockdown of endogenous ARF protected SaoS2 cells from
ROS-induced cell death (Figure S2H). To further validate whether the ARF-NRF2
interaction is crucial in the ferroptotic response, we examined whether ARF-mediated
ferroptosis can be rescued by ectopic expression of NRF2. To this end, we transfected p53-
null H1299 cells with expression vectors encoding either ARF alone or ARF and NRF2-V5
together (Figure S3A), and then tested for ferroptosis upon ROS treatment. Notably, ARF-
mediated ferroptosis was largely abrogated by co-expression of NRF2 (Figure 2H). Similar
data were also obtained when SLC7A11 was co-expressed (Figure S3B and S3C). Together,
these data indicate that ARF is able to induce ferroptosis in a p53-independent manner by
suppressing NRF2-mediated transcriptional activity.

ARF can regulate ferroptotic responses in both a p53-dependent and a p53-independent

manner

It is well accepted that ARF-mediated tumor suppression acts, at least in part, through p53
activation. To further elucidate the role of ARF in modulating ferroptotic responses, we
examined whether ARF induction can promote ferroptosis through both p53-dependent and
p53-independent processes. To this end, we used a derivative of the U20S human
osteosarcoma cell line in which ARF expression is controlled by an IPTG-inducible
promoter (Abida and Gu, 2008). As expected, IPTG treatment resulted in a significant
induction of ARF and activation of the p53 pathway (lane 3 vs. lane 1, Figure 3A). Since
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SLC7AL1 is a transcriptional repression target of p53, RNAi-mediated knockdown of
endogenous p53 led to upregulation of SLC7A11 expression (lane 2 vs. lane 1, Figure 3A);
conversely, downregulation of SLC7A11 expression was observed upon ARF induction
(lane 3 vs. lane 1). To ascertain whether ARF regulates SLC7A11 transcription in a p53-
independent manner, we induced ARF expression in these cells after RNAi-mediated
knockdown of endogenous p53. As shown in Figure 3A, SLC7A11 expression was strongly
repressed by ARF induction, even in the absence of p53 and p21 (lane 4 vs. lane 2, Figure
3A). Moreover, as shown in Figure3B and 3C, ROS-driven ferroptosis was markedly
increased upon ARF induction (by IPTG) in cells that express activated p53 (panel 2 vs.
panel 1, Figure 3B, 3C). Although knockdown of p53 diminished the basal levels of
ferroptosis (panel 3), these levels were again increased upon ARF induction in p53-depleted
cells (panel 4). This observation is consistent with our previous studies in which Erastin-
induced ferroptosis still occurred in p53-null MEFs, though to a lesser degree than in wild
type cells (Jiang et al., 2015). Therefore, we examined P53flox/flox NEFs

and P53flox/flox A pflox/flox \IEFss to ascertain whether deletion of the ARF gene can further
reduce cellular sensitivity to ferroptosis. As expected, infection with Ad-Cre ablated p53
expression in #53flox/flox \\EFs and both p53 and ARF expression in P537lox/flox A ppflox/flox
MEFs (Figure 3D). While low levels of ferroptosis (~28%) were observed in the p53-

null P53flox/flox \EFs (Ad-Cre) cells (Figure S3D), high levels (>75%) were observed in
control #53flox/flox \\EFs (Ad-GFP) and the control #53flox/flox A pflox/flox \EFs (Ad-GFP)
(Figure S3E). Notably, much lower levels (~16%) were detected in p53/ARF double-null
cells (Ad-Cre) compared to the levels in p53-null cells (Ad-Cre) under the same conditions
(Figure 3E). Taken together, these data establish that ARF can regulate ferroptotic responses
in both a p53-dependent and a p53-independent manner.

ARF inhibits CBP-dependent NRF2 acetylation and NRF2 binding to its cognate
transcriptional promoter

Since ARF expression has minimal effect on NRF2 protein stability, we explored other
possible mechanisms by which ARF might suppress NRF2 transcriptional activity. It is well
established that the transcriptional coactivator CBP promotes NRF2-mediated transcriptional
activation by binding and acetylating the NRF2 polypeptide (Sun et al., 2009). Therefore, we
examined whether ARF impairs either the interaction between CBP and NRF2 and/or CBP-
mediated acetylation of NRF2. As shown in Figure S3F, co-immunoprecipitation assays
revealed that the CBP/NRF2 interaction was not dramatically affected by ARF expression
(lane 3 vs lane 2). Interestingly, however, the levels of CBP-dependent NRF2 acetylation
were markedly reduced upon expression of full-length ARF but not ARFA14, the truncated
ARF polypeptide that fails to bind NRF2 (lane 3 vs. lane 2, Figure 3F). Moreover, since
acetylation of NRF2 is critical for its sequence-specific DNA binding (Sun et al., 2009), we
examined whether ARF modulates NRF2 binding on the SLC7A11 promoter /n vivo.
Indeed, ChIP analysis revealed that full-length ARF (lane 3 vs. lane 2, Figure 3G), but not
the truncated ARFA14 polypeptide (lane 4, Figure 3G), repressed NRF2 loading on the
endogenous SLC7A11 promoter. Taken together, these data indicate that ARF represses
NRF2-mediated transactivation by inhibiting CBP-dependent NRF2 acetylation and NRF2
binding to its cognate transcriptional promoters.
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The ARF-NRF2 interaction is crucial for p53-independent tumor growth repression by ARF

Previous studies have shown that ARF also promotes apoptosis in response to more potent
oxidative reagents such as H,O, (Damalas et al., 2011; Liontos et al., 2012). Therefore, we
examined whether the ARF-NRF2 interaction is also involved in H,O»-induced apoptosis
using the ARF-tet-on p53-null H1299 cell line. As shown in Figure4A and 4B, although
modest levels of cell death (~10%) occurred in the absence of ARF expression (tet-off)
(panel 1), a dramatic increase (>70%) was seen upon ARF induction (tet-on) (panel 2). To
confirm the mode of H,O5-induced cell death, we treated cells with Z-VAD-FMK, a specific
inhibitor of apoptosis. Surprisingly, Z-VAD-FMK only imparted a partial rescue of cell
death (pane 3, Figure 4A, 4B), while cell death was also partly suppressed by Ferrostatin-1
(Ferr-1) (panel 4), a specific inhibitor of ferroptosis (Dixon et al., 2012). Notably, combined
treatment with both Z-VAD-FMK and Ferrostatin-1 completely rescued cell death (pane 5,
FiguredA and 4B). These data indicate that ARF promotes both apoptosis and ferroptosis in
respond to H,O, treatment. More importantly, further analyses indicate that both modes of
cell death induced by ARF are largely abrogated by ectopic expression of NRF2 (Figure
4C).

Finally, since NRF2 protein is aberrantly accumulated in many types of human cancer
(Hayes and McMahon, 2009; Suzuki et al., 2013; Tao et al., 2014), we examined whether
NRF2 overexpression affects ARF-mediated tumor growth suppression in xenograft tumor
models. Indeed, the growth of p53-null H1299 xenografts was significantly repressed upon
tetracycline-induced ARF expression (panel 3 vs. panel 1, Figure4D and 4E), indicating that
ARF is capable of inducing tumor growth suppression in a p53-independent manner.
Moreover, this tumor growth repression was largely abrogated by NRF2 overexpression
(panel 4 vs. panel 3, Figure4D and 4E). Western blot analysis confirmed that the ARF-
mediated downregulation of SLC7A11 expression (lane 3 vs. lane 1, Figure 4F) is
significantly ablated upon overexpression of NRF2 (lane 4 vs. lane 3, Figure 4F). Notably,
the up-regulation of Pfgs2has recently been identified to be a potential molecular marker of
ferroptosis (Yang et al., 2014). We therefore examined PtgsZ2 levels in xenograft tumors.
Indeed, Prgs2was found to be significantly up-regulated in the tumors when ARFis induced
(Figure S4A), suggesting that ferroptosis is involved in tumor suppression. In contrast,
upregulation of Pfgs2was suppressed when NRF2 was co-expressed in tumors (Figure
S4A), well-correlated with promoting the tumor growth by NRF2 expression (Figure 4E).
These data demonstrate that the ARF-NRF2 interaction is crucial for p53-independent tumor
growth repression by ARF.

Discussion

The emerging role of oxidative stress responses in metabolism, ferroptosis and tumor
suppression has been a topic of great interest (Jiang et al., 2015; Gao et al., 2015; Jennis et
al., 2016). Several studies indicate that deregulation of NRF2 is critically involved in
tumorigenesis (Hayes and McMahon, 2009; Jaramillo and Zhang, 2013). Nevertheless, the
precise mechanisms by which NRF2 is regulated in human cancers need further elucidation.
Through biochemical purification, we have identified ARF as a bona fide regulator of NRF2.
Interestingly, we found that the NRF2-ARF interaction plays a key role in p53-independent
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ferroptotic responses in human cancer cells. In particular, our results show that (i) ARF
interacts with NRF2 both /n vitroand in vivo, (i) ARF inhibits the ability of NRF2 to
transcriptionally activate its target genes, including SLC7A11; (iii) ARF can regulate
ferroptotic responses in both a p53-dependent and a p53-independent manner; (iv) The ARF-
NRF2 interaction is critical for ferroptosis in p53-null cancer cells; (v) ARF inhibits CBP-
dependent NRF2 acetylation and NRF2 binding to its cognate transcriptional promoter; (vi)
The ARF-NRF2 interaction is crucial for p53-independent tumor growth repression by ARF.
Thus, these results reveal a new mechanism by which the ARF-NRF2 interaction controls
cancer cell growth /n vivo.

ARF was originally identified as an alternative transcript of the Ink4a tumor suppressor
locus that encodes p16'NK4a an inhibitor of cyclin dependent kinases (Sherr, 2006).
Alterations affecting this locus, which frequently disrupt p16'NK42 and p14ARF, are
common in human cancers. The ARF tumor suppressor acts as a key factor to suppress
tumor growth upon hyperproliferative signals such as those emanating from the Ras and
Myc oncoproteins (Eischen et al., 2009). Numerous studies indicate that ARF suppresses
aberrant cell growth in response to oncogene activation by activating the p53 pathway.
Although it is well established that ARF and p53 function in a linear pathway of tumor
suppression (Reed et al., 2014;Sherr, 2006; Wang et al., 2008), accumulating evidence
indicates that ARF also has p53-independent tumor-suppressor activities (Eischen et al.,
2012; Forys et al., 2014, Itahana et al., 2008; Muniz et al., 2011). This notion is further
supported by recent genomic analyses showing that ARFis inactivated in human cancers
containing mutated p53 (Cancer Genome Atlas Research Network, 2012; O’Dell et al.,
2012). Our data demonstrate that NRF2 acts as an important target of ARF and that ARF-
mediated repression of NRF2 is critical for both the apoptotic and ferroptotic responses
under oxidative stress in p53-null cells. Notably, ARF is able to induce tumor growth
suppression in a p53-independent manner in mouse xenografts, but this activity can be
significantly abrogated by NRF2 overexpression. Thus, our data demonstrate that the ARF-
NRF2 interaction regulates not only normal cellular responses to oxidative stress, but also
plays a key role in the p53-independent tumor suppression activity of ARF.

Research into effects of oxidative responses in cancer is fraught with controversy and
conflicting results. Although it was popularly believed that antioxidants protect against
cancer, accumulating evidence suggests that antioxidants actually increase cancer risks
(Jaramillo and Zhang, 2013; Chio et al., 2016). On the other hand, cell cycle arrest,
apoptosis, and senescence each serve as important mechanisms to prevent inappropriate
expansion of cells with malignant potential, recent studies indicate that oxidative stress
induced ferroptosis also contributes significantly to the tumor suppression activity (Jiang et
al., 2015; Yang et al., 2014). Indeed, high levels of reactive oxygen species (ROS) are
generally toxic for normal cell growth, cancer cells appear to bypass normal responses to
cellular stress, allowing for sustained growth even in unfavorable environments. It is well
established that the levels of ARF are induced upon oncogenic stress (Sherr, 2006).
Interestingly, recent studies indicate that several malignantly-activated oncoproteins,
including Myc, K-Rasand B-RAF, can protect cancer cells from the toxic effects of
oxidative stress by inducing transcription of NRF2 (DeNicola et al., 2011). These studies
underscore the role of oxidative responses in tumorigenesis and also suggest that oxidative
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stress responses are directly linked with oncogenic stress. Since our data indicate that ARF-
mediated effects on NRF2 can be detected in both human cancer cells and normal MEFs, it
is very likely that ARF is capable of modulating NRF2 activities under both normal
conditions and oncogenic stressed conditions.

Moreover, using three independent cancer databases (Bladder, Head and Neck, and Uterine)
(Figure S4B, 4C and 4D), we found that SLC7A11 mRNA expression is significantly
downregulated in patients with higher expression levels of ARF compared with patients with
lower levels of ARF (p <0.05). Further, we show that patients expressing lower levels of
ARF have a significantly shorter overall survival compared to patients bearing tumors
expressing higher levels of ARF (p = 0.0005) (Figure S4E). Although further investigation is
required to examine whether mutations of KEAP1 or NFE2L2 (NRF2) have any effects on
ARF-mediated regulation of NRF2, ARF expression has no obvious effect on NRF2 stability
and ARF does not interfere with the KEAP1-mediated ubiquitination of NRF2 (Figure S1B
and S1C). Moreover, we found that ARF interacts with the Neh1 and Neh3 domains of
NRF2, separated from the Neh2 domain, the KEAP1-binding region of NRF2 (Figure S1F,
S1G and S1H). It is very likely that ARF-mediated regulation of NRF2 is independent of
mutations of KEAP1 or NRF2 in human cancers. Together, our finding indicate that the
functional interaction between NRF2 and ARF is critical for ferroptotic responses in both
normal and cancer cells, and may act as a novel checkpoint on the oxidative stress responses
that is crucial for ARF-mediated tumor suppression.

STAR*METHODS

Detailed methods are provided in the online version of this paper and include the followings:
KEY RESOURCE TABLE

CONTACT FOR REAGENT AND RESOURCE SHARING
EXPERIMENTAL MODELS AND SUBJECT DETAILS
Cell culture and stable lines

Plasmids

METHODS DETAILS

Purification of NRF2-complexes from human cells

Ablation of endogenous ARF by RNA. in SaoS2 cells

RNA extraction, quantitative RT-PCR

Chromatin immunoprecipitation assay

Mouse xenograft

Cell death assay
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Mass Spectrometry Assay
Generation of p53-deficient or ARFand p53-deficient MEFs
QUANTIFICATION AND STATISTICAL ANALYSIS
DATA AND SOFTWARE AVAIABILITY
STAR*METHODS

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents may be directed to the corresponding author,
Dr. Wei Gu (wg8@columbia.edu).

EXPERIMENTAL MODELS AND SUBJECT DETAILS

Cell culture and stable lines—All the cell lines were obtained from ATCC and have
been proven to be negative for mycoplasma contamination. No cell lines used in this work
were listed in the ICLAC database. The cell lines were freshly thawed from the purchased
seed cells and were cultured for no more than 2 months. The morphology of cell lines was
checked every week and compared with the ATCC cell line image to avoid cross-
contamination or misuse of cell lines. Cells were maintained in 37°C incubator with 5%
CO2. DMEM media was used by supplementing with 10% FBS, 100 units/ml penicillin and
100 mg/ml streptomycin. To generate ARF inducible stable line, its cDNA was cloned into
tet-on pTRIPZ inducible expression vector (Thermo Open Biosystems). The H1299 or
SaoS2 cells was transfected with Lipofectamine 2000 (Invitrogen), followed by selection
and maintenance with puromycin (1 mg/ml) in DMEM medium containing 10%
tetracycline-free FBS. To induce the expression of ARF in H1299 or SaoS2 cells, 0.1 mg/ml
of doxycycline was added to the culture medium. To induce the expression of ARF in a
U20S derivative, NARFG cells, 1 mM isopropy! p-d-thiogalactopyranoside (IPTG) was
used. NARF®6 cells have been described previously (Abida and Gu, 2008).

Plasmids—cDNA of NRF2 was generously gifted from Dr. Zhang (University of Arizona).
For Flag-HA-NRF2, full length NRF2 was subcloned into PCIN4-Flag-HA vector. For
NRF2-V5, or Flag-NRF2 construct, full length NRF2 were amplified by PCR without a stop
codon or with introducing a Flag sequence to the N terminus, and then cloned into
pcDna3.1/v5-His-Topo vector (Invitrogen). To prepare GST-NRF2 mutant constructs, cDNA
sequences corresponding to different regions were amplified by PCR from wild type NRF2
construct, and subcloned into pGEX-2T. For GST-ARF 1-14 construct, quick change site-
directed mutagenesis kit was used (Stratagene). For HA-ARF, HA-ARF (1-64) and HA-
ARF (65-132) constructs, cDNA of ARF were amplified by PCR with introducing HA
sequence to the N terminus, and then cloned into pcDna3.1/v5-His-Topo vector (Invitrogen).
All the other constructs of ARF have been described previously (Chen et al., 2005).

METHOD DETAILS

Purification of NRF2-complexes from human cells—The epitope-tagging strategy to
isolate NRF2-containing protein complexes from human H1299 cells was performed as
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previously described with some modifications (Chen et al., 2005; Dai et al., 2011). In brief,
to obtain an Flag-HA-NRF2 expressing cell line, p53 null H1299 cells were transfected with
pCIN4-Flag-HA-NRF2 and selected for 2 weeks in 1 mg/ml G418 (GIBCO). The tagged
NRF2 protein levels were detected by western blot analysis. Cells were grown in DMEM
with 10% fetal bovine serum plus 0.5 mg/ml G418, and harvested near confluence. The cell
pellet was resuspended in buffer A (10 mM HEPES pH 7.9, 0.1 mM EDTA, 10 mM KClI,
0.5 mM PMSF, 1 mM DTT and protein inhibitor mixture [Sigma]). 10% NP 40 (Fluka) was
added till a final concentration of 0.5% after the cells were allowed to swell on ice for 15
min. The homogenate is centrifuged for 10 min at 4,000 rpm after the tube is vigorously
vortexed for 1 min. The nuclear pellet was resuspended in ice-cold buffer C (20 mM Herpes
pH 7.9, 0.4 M NaCl, 1 mM EDTA, 1 mM PMSF, 1 mM DTT and protein inhibitor mixture)
and the tube was vigorously rocked at 4°C for 45 min. Buffer D (20 mM HEPES [pH 7.9], 1
mM EDTA) was used to dilute the nuclear extract to the 100 mM final NaCl concentration,
and ultra-centrifuged 25,000 rpm for 2 hr at 4°C. Filtered with 0.45 um syringe filters
(NALGENE), and then the supernatants were used as nuclear extracts for M2
immunoprecipitations by anti-FLAG antibody-conjugated agarose (Sigma). The bound
polypeptides were eluted with the 10 pg/ml FLAG peptide in BC100 solution and were
further affinity purified by anti-HA antibody-conjugated agarose (Sigma). The final elutes
from the HA-beads with 0.1% trifluoroacetic acid (TFA, Sigma) were resolved by SDS-
PAGE on a 4%-20% gradient gel (Novex) for silver staining or colloidal-blue staining
analysis. Specific bands were cut and subjected to mass-spectrometry peptide sequencing.

Ablation of endogenous ARF by RNAI in SaoS2—The RNAi-mediated ablation of
endogenous ARF was performed essentially as previously described (Chen et al., 2010). A
21-nucleotide siRNA duplex with 3’dTdT overhangs corresponding to ARF mRNA
(GAUCAUCAGUCACCGAAGGUU) was synthesized (Dharmacon). Cells were transfected
using lipofectamine 3000 following manufacturer's protocol (Invitrogen) three times with
24-48 hr intervals. After three consecutive transfections, cells were harvested for western
blot analysis and mRNA analysis.

RNA extraction, quantitative RT-PCR—Total RNA was isolated using TRIzol
(Invitrogen) according to the manufacturer’s protocol. One microgram of total RNA was
reverse transcribed by the SuperScript 1V First-Strand Synthesis SuperMix (Invitrogen)
following manufacturer’s protocol. Quantitative PCR was done using a 7500 Fast Real-Time
PCR System (Applied Biosystems) with standard protocol. For quantitative RT-PCR
primers; human SLC7A11 forward, ATGCAGTGGCAGTGACCTTT, reverse,
GGCAACAAAGATCGGAACTG; human NQOI forward
ATGTATGACAAAGGACCCTTCC, reverse, TCCCTTGCAGAGAGTACATGG human
PRDX1 forward, AGGCCTTCCAGTTCACTGAC, reverse,
CAGGCTTGATGGTATCACTGC; human HPRT forward, TATGGCGACCCGCAGCCCT,
reverse, CATCTCGAGCAAGACGTTCAG; human GSR forward,
ATGATCAGCACCAACTGCAC, reverse CGACAAAGTCTTTTTAACCTCCTT,; human
Prgs2 forward TCACCGTAAATATGATTTAAGTCCAC, reverse
CTTCACGCATCAGTTTTTCAAG.

Mol Cell. Author manuscript; available in PMC 2018 October 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

Page 12

Chromatin immunoprecipitation assay—The assay was performed as described
previously with minor modifications (Jiang et al., 2015). Briefly, cells were crosslinked with
1% formaldehyde for 10 min at 25°C and neutralized by glycine to a final concentration of
0.125 M. Cells were harvested after being washed twice with cold PBS, and suspended in
cold lysis buffer (10 mM Tris-Cl, pH8.0, 85 mM KCI, 5 mM EDTA 0.25% triton, 0.5%
NP40 and proteinase inhibitor mixture). After 10 min incubation at 4°, nuclei were harvested
and re-suspended in CHIP lysis buffer (50 mM Tris-HCI pH 8.0, 5 mM EDTA, 1% SDS and
protease inhibitor mixture). After sonication, the lysates were centrifuged, the supernatants
were added with magnetic beads coated with specific antibodies or 1gG control and
incubated overnight. Beads were washed seven times with washing buffer (50 mM HEPES,
pH7.5, 500 mM HCI, 1 mM EDTA, 0.7% Na-deoxycholate and 1% NP40) and once with TE
buffer before the protein-DNA complex was eluted with 1% SDS and 0.1 M NaHCO3.
After reverse crosslinking overnight at 55°C, DNA was extracted and quantitative PCR
performed. SLC7A11 primer: forward TTACTACTTCTGGATTGGCTA, reverse
CTTGTATTTAAGCGCCTGCC.

Mouse xenograft—Pooled stable cell line was derived from H1299 tet-on ARF cells by
transfecting either empty vector or vector overexpressing NRF2. Cells were selected by
G418 (1 mg /ml) for 2 weeks and then re-transfected the same vectors again. After
additional treatment with or without doxycycline (1.0 mg/ml) for 60 h, 1.0x 108 of cells
were then mixed with Matrigel (BD Biosciences) at 1:1 ratio (volume) and injected
subcutaneously into nude mice (NU/NU, Charles River). The mice were fed with the food
containing doxycycline hyclate (Harlan, 625mg/kg) or control food. Seven weeks after
injection, the mice were killed and the weight of the tumors was measured. The
experimental protocols were approved by the Institutional Animal Care and Use Committee
(IACUC) of Columbia University. The tumors of the experiments did not exceed the limit
for tumour burden (10% of total bodyweight or 2 cm in diameter).

Cell death assay—*or cell death assays involving ARF activation, ARF was preactivated
for 48 h by either doxycycline (tet-on stable line cells) or IPTG followed by treatment with
either TBH or H202. Cells were counted with a haemocytomer using a standard protocol.
Cells with blue staining were considered as dead cells. Cell death was further quantitated by
propidium iodide staining followed by FACS analysis.

Mass Spectrometry Assay—The protein complex was separated by SDS-PAGE and
stained with GelCode Blue reagent (Pierce, 24592). The visible band was cut and digested
with trypsin and then subjected to liquid chromatography (LC) MS/MS analysis.

Generation of p53-deficient or p53 and ARF deficient MEFs—p5370X/flox apg
p5310x/flox A popflox/flox MEFs are generously gifted from Dr. Weber (Washington University
in St. Louis). P53 alone or both ARF and p53 conditional knockout MEFs were transduced
with Ad-CMV-Cre (Vector Biolabs) for 3 days, in order to undergo Cre-mediated deletion of
the floxed p53 or ARF allele. The elimination of p53 or ARF protein in MEFs was
confirmed by immunoblotting as described above.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Results were shown as the means + s.d. except in Fig. 4E. Difference was determined by
using a two-tailed, unpaired Student’s ftest in all figures. All statistical analysis was
performed by using GraphPad Prism software. p < 0.05 was denoted as statistically
significant.

DATA AND SOFTWARE AVAILABILITY

Raw western blotting data for this paper have been deposited to Mendeley data and are
available at http://dx.doi.org/10.17632/9x3z42pvrk.1

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
ARF interacts with NRF2 both /n vitroand in vivo
ARF inhibits the ability of NRF2 to activate its target genes.

The ARF-NRF2 interaction is critical for ferroptosis in p53-null cells

NRF2 is a major target for p53-independent tumor suppression by ARF.
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Figure 1. Identification of ARF as a component of the NRF2 protein complexes
A. Coomassie blue staining of affinity-purified protein complexes from nuclear extracts of a

Flag-HA-NRF2/H1299 stable cell line (lane 2) and the parental H1299 cell line (lane 1).
Specific NRF2-interacting protein bands were analyzed by mass spectrometry.

B. Human 293 cells were co-transfected with expression vectors encoding NRF2-V5 and/or
Flag-ARF, as indicated. Lysates were immunoprecipitated with FLAG/M2 beads, and the
fractionated proteins were immunoblotted with antibody specific to the V5 (for NRF2, upper
panel) or the Flag (for ARF, lower panel) epitope.

C. Co-immunoprecipitation of ARF with NRF2 from H1299 cells. Whole cell extracts (lane
1) or immunoprecipitates generated with the NRF2 antibody (lane 3) or a control IgG (lane
2) were immunoblotted with anti-ARF (lower) or anti-NRF2 (upper) antibody.

D. Co-immunoprecipitation of NRF2 with ARF from H1299 cells. Whole cell extracts (lane
1) and immunoprecipitates generated with the ARF antibody (lane 3) or a control IgG (lane
2) were immunoblotted with anti-ARF (upper) or anti-NRF2 (lower) antibody.

E. Western blot analysis of an 7 vitro GST pull-down assays of highly purified FHNRF2
protein incubated with GST-ARF (lane 3) or GST alone (lane 2).

F. Western blot analysis of an /n vitro GST pull-down assays of highly purified FHNRF2
protein incubated with GST-ARF (1-64) (lane 3), GST-ARF (65-132) (lane 4) or GST alone
(lane 2).
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G. H1299 cells were transfected with the SLC7A11-Luc reporter construct together with
expression vectors encoding NRF2 and differing amounts of ARF.

H. H1299 cells were transfected with the SLC7A11-Luc reporter construct together with
expression vectors encoding NRF2 and either full-length HA-ARF, HAARF(1-64), or HA-
ARF(65-132).

See also Figure S1.
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Figure 2. ARF regulates the transcriptional activity of NRF2 and promotes ferroptosis
A. U20S cells were co-transfected with expression vectors encoding FH-NRF2 and either

full-length ARF or ARF(A14), which lacks amino acids 1-14. Lysates were
immunoprecipitated with FLAG-M2 beads, and the fractionated proteins were
immunoblotted with HA-specific antibody (to detect FH-NRF2, upper panel) or ARF-
specific antibody (lower panel).

B. H1299 cells were transfected with the SLC7AL1-Luc reporter construct, together with
expression vectors encoding NRF2 and full-length ARF or ARFA14.

C. Extracts of ARF-inducible SaoS2 cells treated with doxycycline were immunoblotted
with antibodies specific for NRF2, SLC7A11, ARF and Actin.

D. Extracts of SaoS2 cells treated with an ARF-specific RNAI (lane 2) or a control RNAI
(lane 1) were immunoblotted with antibodies specific for NRF2, SLC7A11, ARF and Actin.
E. Extracts of ARF-inducible H1299 cells treated with doxycycline as indicated were
immunoblotted with antibodies specific for NRF2, SLC7A11, ARF and Actin.

F. Representative phase-contrast images of ferroptotic cell death induced by ROS (TBH
treatment) in ARF-inducible H1299 cells treated with or without doxycycline and/or
Ferrostatin-1 (Ferr-1) as indicated.

G. Quantification of ROS-induced cell death from Figure 2F (error bars, s.d. from three
technical replicates).
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H. The percent cell death induced by ROS was determined for H1299 cells transfected with
an empty expression vector or with expression vectors encoding ARF alone or ARF and
NRF2 together (error bars, s.d. from three technical replicates).

See also Figure S2.
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Figure 3. ARF can induce both p53-dependent and p53-independent ferroptosis
A. ARF-inducible U20S cells were treated with control RNAI (lane 1), p53 RNAi (lane 2),

control RNAI + IPTG (lane 3), or p53 RNAI + IPTG (lane 4) as indicated, and cell extracts
were immunoblotted with antibodies specific for NRF2, SLC7A11, p53, p21, ARF and

Actin.
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B. Representative phase-contrast images of ARF-inducible U20S cells treated with ROS and
either IPTG (to induce ARF expression) and/or Ferrostatin-1 (Ferr-1), as indicated.
C. Quantification of ROS-induced cell death of the cells shown in 3B (error bars, s.d from

three technical replicates).

D. Extracts of p53f/fl and ARF/fl/p53f/fl MEFs treated with either the Ad-Cre or the control
Ad-GFP virus were immunoblotted with antibodies specific for p53 and ARF.
E. ARF is critical for p53-independent ferroptosis. Quantification of ferroptotic cell death in
p53f/fl and ARFI/flps53f/fl MEFs treated with the Ad-Cre virus with or without Erastin as
indicated (error bars, s.d. from three technical replicates).
F. 293 cells were transfected with expression vectors encoding Flag-NRF2, CBP-HA, and/or
ARF/ARFA14 as indicated. Lysates were immunoprecipitated with FLAG-M2 beads, and
the fractionated proteins were immunoblotted with the acetylated specific antibody to
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acetylated NRF2 (upper), the Flag antibody (for Flag-NRF2; middle). ARF or ARFA14 in
crude lysates were analyzed by western blotting with anti-ARF antibody (lower).

G. ChIP-gPCR analysis of NRF2 binding on the endogenous SLC7A11 promoter. H1299
cells were transfected with expression vectors encoding FH-NRF2 and either full-length
ARF or ARF(A14), which lacks amino acids 1-14. See also Figure S3.
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Figure 4. The ARF-NRF2 interaction is critical for ARF-mediated tumor suppression
independent of p53

A. Representative phase-contrast images of H,O,-treated ARF-inducible H1299 cells
cultured in the presence or absence of doxycycline, and/or the presence of Ferrostatin-1
(Ferr-1) and/or Z-VAD-FMK, as indicated.

B. Quantification of H,O,-induced cell death from the samples shown in Figure 4A (error
bars, s.d from three technical replicates).

C. Quantification of HyO»-induced cell death from H1299 cells co-transfected with an
empty expression vector or with expression vectors encoding ARF alone or ARF and NRF2
together.

D. Xenograft tumors from tet-on ARF-inducible H1299 cells transfected with an empty
expression vector or an expression vector encoding NRF2.

E. Tumor weight was determined from Figure 4D (error bars, SEM from six tumors).
Independent experiments were repeated three times and representative data are shown.

F. Western blot analysis of ARF, NRF2 and SLC7AL11 protein levels in tet-on ARFinducible
H1299 cells with or without NRF2 overexpression.

See also Figure S4.
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