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Abstract

Marburg virus (MARV) causes severe disease in humans and is known to activate Nrf2, the major 

transcription factor of the antioxidant response. Canonical activation of Nrf2 involves oxidative or 

electrophilic stress that prevents Keap1 targeted degradation of Nrf2, leading to Nrf2 stabilization 

and activation of the antioxidant response. MARV activation of Nrf2 is non-canonical, with the 

MARV VP24 protein (mVP24) interacting with Keap1, freeing Nrf2 from degradation. A high 

throughput screening (HTS) assay was developed to identify inhibitors of mVP24-induced Nrf2 

activity and used to screen more than 55,000 compounds. Hit compounds were further screened 

against secondary HTS assays for inhibition of antioxidant activity induced by additional 

canonical and non-canonical mechanisms. This pipeline identified 14 compounds that suppress the 

response, dependent on the inducer, with 50% inhibitory concentrations below 5 μM and 

selectivity index values greater than 10. Notably, several of the identified compounds specifically 

inhibit mVP24-induced Nrf2 activity.
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The Nuclear factor erythroid 2-related factor 2 (Nrf2) transcription factor is a major 

regulator of the cellular antioxidant response, inducing expression of genes involved in the 

establishment of a cytoprotective state1. In addition to cellular detoxification, the Nrf2 

pathway also has important roles in disease, with either activation or inhibition contributing 

to cancer, inflammatory diseases, metabolic reprogramming and virus pathogenicity and 

replication2–12. Therefore, regulators of Nrf2 activity are of interest.

Under homeostatic conditions, Nrf2 is targeted for ubiquitination and proteasomal 

degradation by Kelch-like ECH-associated protein 1 (Keap1), a cellular substrate adaptor 

protein of the Cul3/Rbx1 ubiquitin E3 ligase complex (reviewed in10). During canonical 

activation, reactive oxygen species lead to conformational changes in Keap1, preventing the 

targeted degradation of Nrf2. Newly synthesized Nrf2 accumulates, translocates to the 

nucleus and leads to the upregulation of genes with promoters containing antioxidant 

response elements (ARE). ARE genes include phase II detoxifying enzymes and regulators 

of redox reactions, such as NADPH quinone oxidoreductase 1 (NQO1) and heme-oxygenase 

1 (HO-1). Additional, non-canonical, mechanisms of Nrf2 activation have been described. 

These include somatic mutations of Nrf2; mutations of Keap1 in cancer cells that cause 

constitutive activation of the pathway; and the interaction of Keap1 with other proteins, such 

as the autophagy adaptor protein p62, that compete with Nrf2 for Keap1 binding thereby 

releasing Nrf2 from degradation13–15.

Several viruses have been demonstrated to activate the Nrf2 antioxidant pathway indirectly, 

via the induction of oxidative stress or other signaling pathways, with both pro- and antiviral 

effects demonstrated3, 4, 6–8, 11. Notably, Marburg virus (MARV) directly activates the 

antioxidant response through the interaction of MARV VP24 protein (mVP24) with Keap1, 

which competes for Nrf2 binding5, 9. Although the impact of Nrf2 activation on MARV-

infected cells has yet to be clarified, Nrf2-deficient mice are better able to control MARV 

infection as compared to wildtype mice9. While wildtype mice succumbed to infection by 

day 8, mice lacking Nrf2 demonstrated 50% survival as well as lower viral titers on day 4 

post infection and complete clearance of virus in surviving mice by day 9. This suggests a 

role by which Nrf2 contributes to MARV pathogenesis, although the full extent of the 

contribution is not yet understood9.

Given the variety of disease etiologies linked to Nrf2 activation, inhibitors of the antioxidant 

pathway are of significant interest. In this study, we initially screened compounds for 

inhibition of ARE activity induced non-canonically by mVP24 expression. Inhibition by the 

resulting hits was then further assessed with counterscreening assays, where ARE responses 

were induced by tert-butyl hydroquinone (tBHQ) treatment, p62 over-expression or Nrf2 

overexpression. The data identify compounds that inhibit antioxidant gene expression in an 

inducer-dependent manner, including several compounds that specifically suppress mVP24-

induced Nrf2 activity.
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Results

Development of high-throughput screen to identify inhibitors of mVP24-induced ARE 
activity

We developed and optimized a high-throughput screening (HTS) assay in 384-well format 

based on the capacity of mVP24 expression to stimulate antioxidant response element 

(ARE) activity (Figure 1A)5. A loss of mVP24-induced ARE activity is expected to result 

from compounds that disrupt the mVP24:Keap1 interaction, or compounds that inhibit the 

Nrf2 antioxidant pathway downstream of mVP24. HEK293T cells stably expressing an ARE 

firefly luciferase reporter and either GFP alone (ARE/GFP), as a negative control, or GFP 

and mVP24 (ARE/mVP24) were generated. Stable expression of mVP24 was demonstrated 

over at least eight passages of the reporter cell line (Figure S1). The expression of mVP24 

results in constitutive activation of the Nrf2-dependent ARE pathway, allowing for luciferase 

activity to be assessed at any time point (data not shown). For use as an HTS assay, we chose 

to assess luciferase activity at 24h post-compound addition. The assay is robust, with a Z-

factor consistently greater than 0.5, a signal to background ratio (S/B) of ~80 and a 

coefficient of variation (CV) less than 6%, with no effect of DMSO concentrations at 0.25% 

(Figure 1B).

Development of secondary screening assays to assess compound specificity

To allow the specificity of compound inhibitory activities to be assessed, we developed 

several secondary screens. First, to ensure the detected activity was not due to inhibition of 

firefly luciferase, we generated an assay in 384-well format using cells transfected with 

either a plasmid encoding constitutively expressed firefly luciferase (ce-FF) or, as a negative 

control, empty vector (pCAGGS) (Figure 2A). Activity was robust, with DMSO at 0.25% 

having a limited effect. Secondly, to assess the breadth of inhibition of the antioxidant 

response, we generated three assays where Nrf2-dependent responses were stimulated at 

different levels of the pathway (Figure 2B–E). tBHQ is a chemical activator of Nrf2 that acts 

through modification of cysteine residues on Keap1, leading to the stabilization of Nrf216. 

Treatment of the stable ARE/GFP cell line with 10 μM tBHQ was sufficient to induce ARE 

luciferase activity over the untreated ARE/GFP cells, with a S/B of 19 (Figure 2C). Addition 

of DMSO at 0.25% resulted in a slight decrease of tBHQ-induced ARE firefly luciferase 

activity, however, the S/B remained greater than 15. Host protein p62, an autophagy adapter 

protein, interacts with a site on Keap1 that overlaps with that of the mVP24 interaction with 

Keap19, 14, 17. p62 is a known non-canonical activator of the Nrf2 antioxidant response that 

acts in an analogous manner to mVP24, competing with the interaction of Nrf2 for Keap1 

leading to the stabilization of Nrf214. As expected, expression of p62 activates the ARE 

luciferase reporter, with minimal effects of DMSO at 0.25% and a S/B greater than 10 

(Figure 2D). Finally, over-expression of Nrf2 itself bypasses the negative regulation by 

endogenous Keap1, activating the ARE reporter without the need for additional inducers and 

resulting in a S/B greater than 250 in the presence or absence of DMSO (Figure 2E). Each of 

these secondary assays was robust, with Z-factor values greater than 0.5 and S/B greater 

than 10, indicating their capacity to be used for primary high-throughput screening as well 

as in a confirmatory manner (Figure 2A–E).
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High-throughput screen to identify inhibitors

We screened a total of 55,108 compounds from libraries of known bioactive compounds and 

other discrete small molecule compounds to identify inhibitors of mVP24-induced ARE 

activity (Figure 3). 428 compounds were identified as initial hits (Figure 3). Hit compounds 

identified from the Microbiotix Library were screened to exclude pan-assay interference 

compounds (PAINS) and historical data was used to discard promiscuous hits active in more 

than two unrelated screens. Remaining hit compounds were then subjected to confirmatory 

dose response assays and candidates were removed when inhibitory activity mirrored 

cytotoxicity, leaving 46 compounds.

To further focus the list of hit compounds, we advanced candidates that had 50% inhibitory 

concentration (IC50) values less than 5 μM and a selectivity index (SI; 50% cytotoxicity 

concentration (CC50)/IC50) greater than 10 in the primary mVP24 screen (Figure 3, Table 1). 

Among these, we identified three compounds with a shared function, podophyllotoxin, 

colchicine and nocodazole, which all destabilize microtubules through interaction with 

tubulin18–20. We therefore chose to proceed with one representative microtubule destabilizer, 

podophyllotoxin.

The fourteen compounds remaining after this selection process were subjected to secondary 

screening assays to assess specificity (Figure 3 and Table 1). We also tested the compounds 

against a NF-κB-dependent firefly luciferase assay activated by TNFα as an additional 

control for non-specific inhibition of an inducible luciferase reporter (Table 1). Through this 

set of secondary assays, we identified compounds that demonstrated inhibition against 

various combinations of inducers of Nrf2-dependent antioxidant responses.

Compounds that inhibit ARE gene expression induced by multiple activators

5-iodotubercidin, an adenosine kinase inhibitor, was identified in our screens as an inhibitor 

of the four tested inducers of ARE reporter activity (Table 1). Inhibition of mVP24-induced 

ARE activity occurred with an IC50 of 0.44 μM, while inhibition of activity induced by 

tBHQ (IC50 0.20 μM), over-expression of p62 (IC50 0.058 μM) and Nrf2 (IC50 1.2 μM) was 

also demonstrated (Table 1 and Figure 4A). Additionally, 5-iodotubercidin demonstrated 

inhibition of the NF-κB reporter assay, with an IC50 of 6.5 μM, which is approximately 15-

fold higher than the IC50 value for mVP24-induced ARE activity. Therefore, although 5-

iodotubercidin inhibition is not limited to the Nrf2-dependent ARE pathway, greater 

specificity is demonstrated in these assays for the ARE pathway than that of NF-κB (Table 

1).

A possible mechanism through which inhibition of the antioxidant response can occur is 

through reduction of mVP24 or Nrf2 expression. To assess if the inhibition is mediated 

through effects on mVP24 or Nrf2 expression, we treated mVP24/ARE HEK293T cells with 

the compound at 1 and 5 μM for twenty-four hours, after which expression levels of 

endogenous Nrf2 and Flag-tagged mVP24 were determined by western blot analysis. 

Interestingly, the expression of Nrf2 was reduced in the presence of 5-iodotubercidin, 

relative to the DMSO control, while mVP24 expression was unaffected (Figure 4B and 
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Figure S2). This result suggests that the decrease of Nrf2 protein levels may contribute to the 

inhibition detected.

Podophyllotoxin, the representative microtubule destabilizer, was a potent inhibitor of 

mVP24-induced ARE activity, with an IC50 of 0.050 μM, although the inhibitory activity 

plateaus at approximately 80% inhibition around 1 μM of compound (Figure 4C). Potent 

activity was also demonstrated against tBHQ-induced ARE activity (IC50 0.026 μM), while 

inhibition of p62-induced ARE activity was less robust (IC50 3.1 μM) (Table 1). 

Podophyllotoxin did not inhibit ARE activity following over-expression of Nrf2, suggesting 

it does not block the function of free Nrf2 or that the inhibitory effect can be overwhelmed 

by exogenous Nrf2 (Table 1). Notably, expression of both mVP24 and endogenous Nrf2 was 

affected by treatment at 5 and 1 μM, relative to the DMSO control, suggesting that the 

decrease in levels of these two proteins may contribute to the inhibition of ARE activity by 

podophyllotoxin (Figure 4D and Figure S2).

Four additional compounds, F0015–0327, F2336–0041, F5001–2941 and F5540–0057, 

demonstrated inhibition against both mVP24 and tBHQ-induced ARE activity, with IC50 

values between 0.33 and 2.7 μM (Figure 4E and Table 1). Assessment of mVP24 expression 

following treatment of the mVP24/ARE HEK293T cells with the compounds at 1 and 5 μM 

for twenty-four hours demonstrated minimal effects on mVP24 expression levels by F0015–

0327 and F5540–0057, relative to the DMSO control (Figure 4F and Figure S2). 

Interestingly, F2336–0041 and F5001–2941 decreased mVP24 expression following 

treatment at 1 μM, but not 5 μM. Nrf2 expression was decreased with treatment by F0015–

0327, F2336–0041 and F5001–2941, while F5540–0057 had no effect (Figure 4F and Figure 

S2). Together, these data suggest that the inhibition of the antioxidant response by F2336–

0041 and F5001–2941 may involve the regulation of mVP24 and Nrf2 expression, F0015–

0327 through the regulation of Nrf2 expression and F5540–0057 through a mechanism 

independent of mVP24 and Nrf2 expression.

DHODH-like inhibitors of mVP24-induced ARE activity

Four of the hit compounds, J107–0140, J107–0307, J107–0137 and J107–0181, shared a 

similar chemical scaffold (Figure 5A). Two of these compounds, J107–0140 and J107–0307, 

inhibited both mVP24 and p62-induced ARE reporter activity with IC50 values below 2.0 

μM (Table 1). The remaining two compounds inhibited only mVP24-induced ARE activity; 

J107–0137 (IC50 2.1 μM) and J108–0181 (IC50 2.2 μM). Notably, the similarity in structures 

was also shared with GSK983, a compound known to inhibit the enzyme dihydroorotate 

dehydrogenase (DHODH) (Figure 5B)21. In accordance with this shared chemical scaffold, 

GSK983 also demonstrated inhibition of mVP24-induced ARE activity with an IC50 of 

0.010 μM (Figure 5B). DHODH is required for de novo pyrimidine synthesis and inhibition 

leads to depletion of pyrimidines and loss of cellular proliferation21. Inhibitors of DHODH 

are immunosuppressive and are reported to have broad spectrum antiviral activity through 

the inhibition of viral RNA synthesis and induction of innate immune gene expression 

independent of viral infection22–24. Supplementation with exogenous pyrimidine 

ribonucleosides uridine or cytidine can reverse inhibition of RNA virus replication, while 

supplementation with deoxycytidine can reverse the cytostatic effects of DHODH inhibitors, 

Edwards et al. Page 5

ACS Infect Dis. Author manuscript; available in PMC 2021 March 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



relieving repression on DNA replication but not RNA synthesis. However, the connection 

between inhibition of DHODH and suppression of ARE responses is less clear. Therefore, 

we assessed the ability of uridine or deoxycytidine to reverse inhibition of mVP24-induced 

ARE activity in the presence of the DHODH-like inhibitor compounds, J107–0140 and 

J107–0307, and GSK983. Strikingly, uridine, but not deoxycytidine, was able to restore 

ARE luciferase activity in the presence of the three compounds, suggesting DHODH de 
novo synthesis of pyrimidines is required for mVP24-induced ARE responses (Figure 5B).

To assess if the DHODH-like inhibitor compounds reduce mVP24 or Nrf2 expression, we 

determined the protein levels of endogenous Nrf2 and Flag-tagged mVP24 following 24h 

treatment of mVP24/ARE HEK293T cells (Figure 5C). Relative to the DMSO control, 

mVP24 expression levels were either unaffected or increased in the presence of the five 

compounds (Figure 5C and Figure S3). Minimal effects on Nrf2 expression levels were 

detected for the DHODH inhibitor-like compounds, while GSK983 decreased Nrf2 

expression (Figure 5C and Figure S3). These data suggest that all DHODH inhibitor-like 

compounds function independently of effects on mVP24 and Nrf2 expression levels. In 

contrast, modest reduction of Nrf2 protein levels may contribute to the inhibitory activity of 

GSK983.

Notably, J107–0137 and J107–0181 exhibited inhibition specific to mVP24-induced Nrf2 

activity (Table 1). To determine if this specificity was mediated by loss of the mVP24:Keap1 

interaction, a co-immunoprecipitation assay in the presence of 5 μM of indicated compound 

was used (Figure 5D). Disruption of the mVP24:Keap1 interaction was not demonstrated by 

the DHODH-like or known inhibitors, suggesting that the inhibition of ARE activity by 

these compounds is not dependent upon loss of mVP24 interaction with Keap1.

Interestingly, DHODH inhibitors have been shown to increase p53 synthesis, which has 

separately been demonstrated to suppress Nrf2-dependent ARE responses25–27. To test if 

p53 can inhibit mVP24-induced ARE activity we co-expressed the ARE luciferase reporter, 

mVP24 and increasing concentrations of p53 in HEK293T cells. A significant decrease in 

reporter activity was detected even at the lowest concentration of p53, indicating that p53 

does inhibit mVP24-induced ARE activity (Figure 5E). To assess the role of p53 expression 

on the capacity of DHODH and DHODH-like inhibitors to suppress mVP24 activated ARE 

responses we knocked down p53 expression using two different siRNAs. Both siRNAs 

efficiently reduced p53 levels in the mVP24/ARE HEK293T cells with no effect on mVP24 

expression (Figure 5F). Loss of p53 led to an increase in mVP24-induced ARE activity over 

that of the scramble control siRNA, in both the mock treated sample and those treated with 

J107–0307 or GSK983. However, loss of p53 did not result in a reversal of inhibition by the 

compounds, suggesting that although p53 has a role in inhibiting ARE responses induced by 

mVP24, it does not have a role in the suppression mediated by DHODH inhibitors.

Inhibitors specific to mVP24-induced ARE activity

Six compounds demonstrated inhibition that was specific to mVP24-induced ARE activity 

(Table 1). Two of these were the DHODH inhibitor-like compounds J107–0137 and J107–

0181 (Figure 5A). The remaining four compounds, C798–0517, E975–1448, F2468–0184 

and F2468–0196, demonstrated IC50 values between 1.6 and 3.8 μM (Table 1 and Figure 
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6A). Using a co-immunoprecipitation assay we determined that treatment of HEK293T cells 

with each of these compounds at 5 μM does not result in disruption of mVP24 interaction 

with Keap1 (Figure 6B).

We further assessed these compounds for effects on mVP24 or Nrf2 expression, following 

treatment of the ARE/mVP24 HEK293T cell line at 5 and 1 μM for 24h (Figure 6C). 

Interestingly, all compounds appeared to increase mVP24 expression levels relative to the 

DMSO control, while minimal effects on Nrf2 levels were detected (Figure 6C and Figure 

S4). This suggests that although these compounds demonstrate inhibitory specificity towards 

mVP24-induced responses, this effect is not mediated through inhibition of mVP24 

expression.

Interestingly, F2468–0184 and F2468–0196 share a core structure (Figure 6A). Three 

additional compounds with similar structures were present in the initial screen but did not 

demonstrate any suppression of mVP24-induced ARE responses (Figure 6D). We completed 

dose response assays and cytotoxicity curves with compounds 6259503, F5139–0048 and 

F5139–0096, confirming the lack of inhibition (Figure 6D). These results suggest that 

modifications and relocations of the methoxy phenyl are tolerated and that large substituents 

on the thiazole, such as a thiophene, render the compounds inactive.

Discussion

Dysregulation of the Nrf2-dependent antioxidant response plays a major role in several 

diseases, making it an attractive target for therapeutics. In this study, using both canonical 

and non-canonical activators of the Nrf2 pathway, we identified several novel small 

molecule inhibitors of antioxidant gene expression. These distinct patterns of inhibition 

suggest additional levels of regulation of the antioxidant response that are dependent upon 

the inducer.

Our HTS assays identified the adenosine kinase inhibitor 5-iodotubercidin as having a broad 

spectrum of inhibitory activity reaching across both canonical and non-canonical activators 

of the antioxidant response. Identification of 5-iodotubercidin provides proof-of-concept for 

the ability of our screening assays to identify inhibitors of antioxidant activity as this kinase 

inhibitor has previously been used to block Nrf2 activity28. Inhibition of the NF-κB reporter 

was also demonstrated by 5-iodotubercidin, although the IC50 for inhibition of NF-κB was 

5–100-fold greater than those for suppressing ARE activation, suggesting greater specificity 

for inhibition of antioxidant response gene expression than NF-κB in these assays.

Three microtubule destabilizing compounds, podophyllotoxin, colchicine and nocodazole, 

were identified as inhibitors of mVP24-induced antioxidant activity. Podophyllotoxin was 

further shown to inhibit antioxidant activity induced by p62 expression and tBHQ treatment, 

but not over-expression of Nrf2. Of note, podophyllotoxin is considered to be a cytotoxic 

compound29. However, this was not detected in our cytotoxicity assays, nor did we see 

inhibition of luciferase activity across all secondary screens, indicating a lack of general 

toxicity by podophyllotoxin under the conditions of our assays. The small step down in the 

podophyllotoxin cytotoxicity curve may suggest possible cytostatic activity and it is possible 
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that treatment for longer than 24 hours would increase the detected cytotoxicity. While 

further studies are required to determine the mechanism of inhibition, these results suggest 

that podophyllotoxin exerts its inhibitory activity at a point in the activation process that 

occurs prior to accumulation of free Nrf2. This suggests that microtubule dynamics may 

play a role in regulating activation of the Nrf2 pathway. Additionally, a reduction in mVP24 

and Nrf2 expression levels were detected, indicating that regulation of inducer expression 

may contribute to inhibition.

Activation of the antioxidant response by mVP24 is through a non-canonical mechanism, 

while activation by tBHQ can be considered canonical, as it leads to modifications of 

cysteine residues in Keap1 that prevent Nrf2 degradation16. Therefore, it is interesting that 

four compounds were identified that inhibit antioxidant responses induced by both mVP24 

and tBHQ, but not p62, another non-canonical activator. A decrease in mVP24 expression 

following treatment by F2336–0041 and F5001–2941 could contribute to the inhibition 

detected with these compounds following mVP24-induced Nrf2 activity. Additionally, these 

two compounds and F0015–0327 decrease endogenous Nrf2 expression, suggesting this 

could contribute to the inhibition of both mVP24 and tBHQ-induced responses. F5540–0057 

had minimal effects on mVP24 and Nrf2 expression levels, suggesting a mechanism of 

action unrelated to their expression levels. However, it is important to note that while 

F5540–0057 reached an IC50 value, inhibitory activity against mVP24-induced responses 

plateaued soon after, indicating incomplete inhibition of the antioxidant response. The 

reason for the lack of corresponding inhibition of p62-induced antioxidant responses by 

these compounds is not clear. If the decrease in Nrf2 expression following treatment by three 

of these compounds contributes to inhibition of mVP24 and tBHQ-induced responses, it 

could be expected to also reduce responses induced by p62. As it does not, this may suggest 

that the inhibitory activity of these compounds is mediated through a regulatory step in the 

antioxidant pathway that affects mVP24 and tBHQ-induced responses but does not affect 

p62-induced responses.

Interestingly, our screen identified compounds with structural similarity to the DHODH 

inhibitor GSK983, two compounds that have activity against antioxidant responses induced 

by mVP24 and p62, both non-canonical activators of the Nrf2 response, and two compounds 

with specificity for inhibition of mVP24-induced activity. We further showed that this ARE 

inhibitory activity extended to GSK983. Notably, supplementation of the mVP24-induced 

Nrf2 activity assay with the pyrimidine analog uridine, but not the deoxyribonucleoside 

deoxycytidine, reversed inhibition of the antioxidant response. This suggests that de novo 
pyrimidine synthesis is required for antioxidant gene expression. Previous studies have 

shown that p53 synthesis is upregulated following inhibition of DHODH and, separately, 

that p53 can inhibit Nrf2 responses25–27. We found that over-expression of p53 can also 

inhibit mVP24-induced antioxidant responses, however, loss of p53 did not reverse 

inhibition by GSK983 and the DHODH-like inhibitor compounds. Therefore, while p53 can 

have a role in modulating Nrf2 activity induced by mVP24, this does not extend to 

regulating the inhibitory activity of these compounds. Together, these data indicate that 

DHODH and DHODH-like inhibitor compounds block mVP24-induced activation of 

antioxidant responses through a mechanism that requires de novo pyrimidine synthesis, 

although further study is required to understand this role.
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Non-canonical activation of the antioxidant pathway occurs through the competitive 

interaction of proteins with Keap1 that results in loss of interaction with Nrf2. These non-

canonical activating proteins include the host protein p62 and the viral protein 

mVP245, 9, 14, 15. Despite Nrf2 and p62 binding to overlapping sites in the Kelch domain of 

Keap1, the compound K67 was demonstrated to specifically disrupt the interaction of 

phosphorylated p62 with Keap1, while the interaction of Nrf2:Keap1 remained intact30. This 

facilitated Nrf2 degradation and inhibition of the pathway. mVP24 and Nrf2 also bind to an 

overlapping site in the Kelch domain31. The specificity of K67 for disruption of the p62 

interaction suggests the potential for identification of specific inhibitors of mVP24 

interaction with Keap1, while maintaining the Nrf2:Keap1 interaction. Given this possibility, 

we used co-immunoprecipitation assays to assess the capacity for mVP24 to interact with 

Keap1 in the presence of those inhibitors specific to mVP24-induced antioxidant activity. 

However, no disruption of interaction was detected. Furthermore, mVP24 expression was 

enhanced in the presence of compounds specific for inhibition of mVP24-induced 

antioxidant responses. These data indicate that the mechanism of action of the inhibitors 

specific to mVP24-induced antioxidant responses does not involve disrupting the interaction 

of mVP24 with Keap1 or decreasing mVP24 expression.

Mice lacking Nrf2 demonstrate better control of the virus, suggesting the possibility that 

activation of Nrf2 by mVP24 may promote virulence9. This effect implies that therapeutic 

inhibition of Nrf2 activity could be used to control MARV infection. However, it is not yet 

fully understood how Nrf2 contributes to MARV replication either in vitro or in vivo. For 

these reasons, small molecule inhibitors of mVP24 activity that can serve as molecular 

probes would be useful to clarify the role of mVP24 activation of Nrf2. Initial studies in 

Huh7 and THP-1 cells with infectious MARV demonstrated minimal effects on viral titer 

with several of the identified compounds (data not shown). Further studies will be required 

to fully determine the contribution of Nrf2 activation by mVP24 to MARV infection.

In summary, we screened more than 55,000 compounds for inhibition of mVP24-induced 

antioxidant activity. These compounds were further tested for activity against antioxidant 

gene expression induced by the canonical activator, tBHQ, the non-canonical activator, p62, 

and over-expression of Nrf2. The identified compounds exhibited inducer-specific inhibitory 

activity, suggesting the presence of distinct mechanisms of regulation of the Nrf2-dependent 

antioxidant response. Together, these assays will allow for further screening and the 

potential identification of additional inducer-specific inhibitors. Such compounds should be 

useful to clarify not only the role of mVP24 activation of Nrf2 but also mechanisms that 

regulate the Keap1-Nrf2-antioxidant pathway.

Material and Methods

Plasmids and lentiviruses

pCAGGS Flag-tagged Nrf2, pcDNA/TO HA-tagged p62 and the NF-κB firefly luciferase 

reporter were previously described5, 17. The pGL4.37[luc2P/ARE/Hygro] (ARE) reporter 

plasmid was purchased from Promega. The constitutively expressed firefly (ce-FF) plasmid 

used contains the firefly luciferase open reading frame cloned into the plasmid pCAGGS. 

pcDNA Flag-tagged p53 was purchased from Addgene (#10838). Replication-defective 
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lentiviruses were generated as previously described32. Lentiviruses expressing GFP alone 

were generated from a lentiviral vector derived from pHR-SIN-CSIGW, which encodes for 

GFP under an internal ribosome entry site (IRES). Flag-tagged mVP24 was cloned into this 

lentiviral vector and was used to generate lentiviruses expressing both GFP and mVP24.

Cells

HEK293T cells were purchased from ATCC (CRL-3216). To generate stable HEK293T 

ARE/mVP24 and ARE/GFP cell lines, HEK293T cells were first transfected with a plasmid 

encoding the antioxidant response element (ARE) firefly luciferase reporter 

(pGL4.37[luc2P/ARE/Hygro] (Promega)) using Lipofectamine 2000 (Invitrogen). Two days 

post-transfection, hygromycin was used to select for cells that stably integrated the plasmid. 

Clonal cell populations were screened for luciferase activity in the presence of 10 μM tert-

butyl hydroquinone (tBHQ) and a single ARE clone was selected for optimal signal to 

background ratio. This clone was then transduced with either control or mVP24-expressing 

lentiviruses. As the lentiviruses express GFP under the control of an IRES, GFP was used as 

a selection marker for cell sorting to generate clonal populations. ARE/GFP control cell 

lines were screened for optimal ARE luciferase activity following tBHQ treatment; ARE/

mVP24 cell lines were screened for mVP24 expression and optimal mVP24-induced ARE 

luciferase activity. A single clonal population of each cell line was selected for further use. 

HEK293T cells and stable ARE/mVP24 and ARE/GFP HEK293T cells were maintained in 

Dulbecco’s minimal essential medium supplemented with 10% fetal bovine serum (FBS) 

and cultured at 37°C and 5% CO2.

Chemicals

The chemical libraries used for the screens were the SCREEN-WELL Kinase Inhibitor 

library (Enzo Life Sciences), the Prestwick Chemical library (Prestwick Chemical), and a 

subset of Microbiotix libraries of >200,000 discrete compounds previously used in high-

throughput screening for inhibitors of anti-infective targets33–39. GSK983, podophyllotoxin, 

colchicine, nocodazole, 5-iodotubercidin, tert-butylhydroquinone (tBHQ), uridine, 

deoxycytidine and dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich. 

F0015–0327, F2336–0041, F5540–0057, F5001–2941, C798–0517, E975–1448, F2468–

0184, F2468–0196, 6259503, F5139–0048, F5139–0096, J107–0137, J107–0140, J107–

0181 and J107–0307 were purchased from Life Chemicals Inc. All compounds were diluted 

to a concentration of 20 mM in DMSO before use. tBHQ was diluted in ethanol to a 

concentration of 50 mM. Uridine and deoxycytidine were diluted to 10 mM in distilled 

water. TNFα was purchased from PeproTech.

mVP24-ARE Screen

Kinase Inhibitor Library: ARE/mVP24 and ARE/GFP (negative control) HEK293T cells 

(2 × 104 cells/40 μL/well) were distributed in 384-well plates using a MultiDrop Combi 

reagent dispenser (Thermo Scientific). Plates were centrifuged for five minutes at 1000 rpm, 

after which cells were allowed to rest for one hour before compounds were transferred in 

triplicate onto ARE/mVP24 cells (final concentration: 10 μM). Twenty-four hours post-

compound addition, neolite (PerkinElmer) substrate was added and luciferase activity was 
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read using an EnVision plate reader (PerkinElmer). Z-factor values were calculated using the 

equation Z-factor = 1 − [(3σc+ + 3σc−)/(|μc+ − μc−|)]; the positive control was ARE/mVP24 

cells, and the negative control was ARE/GFP cells.

Prestwick Chemical Library: Cells were plated as in the Kinase Inhibitor Library 

screen. Compounds were transferred in duplicate using a high-density pin tool (V&P 

Scientific) attached to the pipetting head of a Nimbus liquid handler (20 nL/well, final 

concentration: 5 μM). Twenty-four hours post-compound addition, luciferase activity was 

read using neolite and a H1 synergy plate reader (BioTek). Z-factor values were calculated 

as in the Kinase Inhibitor Library.

Microbiotix Libraries: ARE/mVP24 and ARE/GFP HEK293T cells were plated as 

described above. Compounds were transferred in quadruplicate using a pintool (SciClone) 

(100 nL/well, final concentration: 5 μM). Plates were developed after a 24 hour-incubation 

with compounds and analyzed as in the Kinase Inhibitor Library.

For all libraries, the half-maximal inhibitory concentrations (IC50) of selected compounds 

were determined. ARE/mVP24 HEK293T cells (2 × 104 cells/40 μL/well) were distributed 

in 384-well plates using a MultiDrop Combi reagent dispenser (Thermo Scientific) and 

compounds were added in triplicate (0–50 μM, 3-fold dilution series). Twenty-four hours 

post-treatment, luciferase activity was determined as above. IC50 values were calculated 

with Prism 8 (GraphPad) using a four-parameter, nonlinear regression analysis.

Secondary Screens

Constitutively expressed firefly luciferase (ce-FF): HEK293T cells (7.5 × 106) were 

transfected in a T75 flask with 3 μg of a plasmid encoding constitutively expressed firefly 

luciferase (ce-FF) or pCAGGS empty vector. Twenty-four hours post-transfection cells were 

trypsinized and resuspended in DMEM with 10% FBS and were distributed in 384-well 

plates (2 × 104 cells/40 μL/well). Twenty-four hours post-plating firefly luciferase activity 

was assessed as above. Z-factor values were calculated as above; the positive control was ce-

FF transfected cells, and the negative control was pCAGGS empty vector transfected cells.

ARE/p62 and ARE/Nrf2: HEK293T cells (7.5 × 106) were transfected in a T75 flask with 

3 μg of a plasmid encoding ARE firefly luciferase reporter alone or in combination with 3 μg 

of HA-tagged p62, a non-canonical activator of the Nrf2 antioxidant response, or Flag-

tagged Nrf2 expression plasmids, to induce ARE firefly luciferase gene expression. The 

assay was carried out as above for ce-FF. Z-factor values were calculated using ARE/p62 or 

ARE/Nrf2 transfected cells as the positive control and ARE firefly luciferase reporter 

transfected cells as the negative control.

ARE/GFP/tBHQ: ARE/GFP HEK293T cells were plated in 384-well format (2 × 104 

cells/40 μL/well) and one-hour post-plating cells were treated with 10 μM tBHQ. Twenty-

four hours post treatment luciferase activity was assessed as above. Z-factor values were 

calculated using ARE/GFP cells treated with tBHQ as the positive control and untreated 

ARE/GFP cells as the negative control.
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NF-κB: HEK293T cells (7.5 × 106) were transfected in a T75 flask with 3 μg of a plasmid 

encoding NF-κB firefly luciferase reporter. Twenty-four hours post transfection, cells were 

distributed in a 384-well plate (2 × 104/40 uL/well) and the assay was carried out as above 

for ce-FF with the exception that at six hours prior to assessing luciferase activity, cells were 

treated with TNFα (10 ng/ml).

For all secondary screens, the half-maximal inhibitory concentrations (IC50) of selected 

compounds were determined. Cells were manipulated as above for each screen and were 

plated in 384-well plates using a MultiDrop Combi reagent dispenser (Thermo Scientific) 

and compounds were added in triplicate (0–50 μM, 3-fold dilution series). Twenty-four 

hours post-treatment, luciferase activity was assessed as above and IC50 values were 

calculated with Prism 8 using a four-parameter, nonlinear regression analysis.

Determining Half-Maximal Cell Cytotoxicity Concentration (CC50)

HEK293T cells (1 × 103 cells/40 μL/well) were plated in 384-well plates and were 

centrifuged at 1000 rpm for five minutes, after which they were allowed to rest for one hour. 

Compounds were then added as indicated (0–50 μM, 3-fold dilution series) in triplicate. 

Twenty-four hours post-treatment, CellTiter-Glo (Promega) was added, and ATP content 

was determined by reading luminescence using an EnVision plate reader. CC50 values were 

calculated with Prism 8 using a four-parameter, nonlinear regression analysis.

Pyrimidine Supplementation Assay

ARE/mVP24 HEK293T cells (2 × 104 cells/40 μL/well) were plated in 384-well plates using 

a MultiDrop Combi reagent dispenser (Thermo Scientific). Indicated compounds were 

added in triplicate (0–50 μM, 3-fold dilution series) in the presence of 1 mM of uridine or 

deoxycytidine, as indicated. Luciferase activity was read at twenty-four hours post-treatment 

as above.

p53 ARE Luciferase Assay

HEK293T cells (1 × 105/well) were transfected with 30 ng of a plasmid encoding ARE 

firefly luciferase reporter, 30ng of a plasmid encoding constitutively expressed Renilla 
luciferase reporter (pRLTK), 200 ng of pCAGGS encoding Flag-tagged mVP24 and 

increasing concentrations of pcDNA encoding Flag-tagged p53 (25–200 ng), using 

Lipofectamine 2000 (Thermo Fisher Scientific). Twenty-four hours post-transfection, 

luciferase activity was assessed using a dual luciferase assay (Promega) and read on an 

EnVision plate reader. Firefly luciferase values were normalized to Renilla luciferase values. 

The assay was performed in triplicate; error bars indicate the standard deviation for the 

triplicate.

siRNA ARE Luciferase Assay

mVP24/ARE HEK293T cells (7 × 105) were transfected with 1uM of siRNA using 

Lipofectamine RNAiMAX (Thermo Fisher Scientific); either one of two against p53 (#1 

A-003329–22 and #2 A-003329–23 (Dharmacon)) or a scrambled siRNA control 

(D-001810–01 (Dharmacon)). Twenty-four hours post-transfection cells were trypsinized 

and replated in a 96-well plate (1 × 105/well). Cells were allowed to rest for one hour after 
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which they were treated with DMSO, J107–0307 or GSK983 at the indicated concentrations. 

Twenty-four hours post-treatment, luciferase activity was assessed and analyzed as under the 

ARE Luciferase Assay. Cell lysates were subjected to western blot analysis for Flag-tagged 

mVP24 and endogenous p53 expression.

Co-immunoprecipitation Assay

HEK293T cells (1 × 106) were transfected with 2 μg of pCAGGS encoding HA-tagged 

Keap1 and Flag-tagged Nrf2, as indicated, using Lipofectamine 2000 (Thermo Scientific). 

At 24 hours post-transfection, cells were treated with 5 μM of the indicated compounds for 

an additional 24 hours. Following treatment, cells were lysed in NP-40 lysis buffer (50 mM 

Tris [pH 7.5], 280 mM NaCl, 0.5% Nonidet P-40, 0.2 mM EDTA, 2 mM EGTA, 10% 

glycerol, protease inhibitor (cOmplete; Roche)). Anti-FLAG M2 magnetic beads (Sigma-

Aldrich) were incubated with lysates for one hour at 4°C, washed five times in NP-40 lysis 

buffer, and eluted using 3X FLAG peptide (Sigma-Aldrich) at 4°C for 30 minutes. Input and 

co-precipitation samples were analyzed by western blot.

Western Blots

Lysates were run on 10% Bis-Tris Plus polyacrylamide gels (Thermo Fisher) and transferred 

to PVDF membrane (Bio-Rad). Membranes were probed with the indicated antibodies and 

were developed by Western Lightning Plus ECL (Perkin Elmer) and imaged on a ChemiDoc 

MP Imaging System (Bio-Rad).

Relative Expression Determination

ARE/mVP24 HEK293T cells (3 × 105) were treated with the indicated compounds at 5 μM 

and 1 μM for 24 hours. Cells were lysed in NP-40 lysis buffer and samples were analyzed by 

western blot. Relative expression was determined by normalizing expression of the indicated 

protein to its β-actin loading control and expressing the value relative to the expression level 

of the DMSO treated control. The assay was repeated in triplicate.

Antibodies

Rabbit and mouse anti-Flag, rabbit anti-HA and mouse anti-β-tubulin antibodies were 

purchased from Sigma-Aldrich. Rabbit anti-β-actin and mouse anti-p53 antibodies were 

purchased from Cell Signaling. Rabbit anti-Nrf2 antibody was purchased from Abcam.

Quantification and Statistical Analysis

Statistical analysis was performed using GraphPad Prism 8 with significance determined by 

an unpaired t test. Statistical details can be found in the figure legends. Data points were 

considered significantly different if the p-value was < 0.05. Quantification of protein 

expression on western blots was performed using Image Lab Software V5.2.1 to determine 

mean intensity of each protein band (Bio-Rad).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Development of a high-throughput screen (HTS) for identifying inhibitors of mVP24-
induced antioxidant response.
(A) Under homeostatic conditions, Keap1 targets Nrf2 for poly-ubiquitination and 

proteasomal degradation. mVP24 competes with Nrf2 for interaction with Keap1, allowing 

Nrf2 to accumulate, translocate to the nucleus and upregulate antioxidant target genes. (B) A 

quality control plate was used to assess the robustness of the HTS assay, comparing ARE/

mVP24 cells to ARE/GFP cells with or without DMSO. Z-factor values were calculated 

using the formula Z-factor = 1 − [(3σc+ + 3σc−)/(|μc+ − μc−|)]. ARE/mVP24, red circles, 144 

wells; ARE/mVP24 + 0.25% DMSO, red open circles, 48 wells; ARE/GFP; black squares, 

144 wells; ARE/GFP + 0.25% DMSO, black open squares, 48 wells.
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Figure 2. Development of secondary screening assays.
(A) HEK293T cells transfected with a constitutively expressing firefly reporter, pCAGGS 

firefly (ce-FF), or empty vector (pCAGGS) were plated in a 384-well plate and were treated 

with 0.25% DMSO as indicated. Twenty-four hours post treatment, firefly luciferase activity 

was assessed. ce-FF, blue circles, 80 wells; ce-FF + DMSO, blue open circles, 32 wells; 

pCAGGS, black squares, 80 wells; pCAGGS + DMSO, black open squares, 32 wells. (B) 

Schematic diagram illustrating different mechanisms by which the Nrf2 antioxidant pathway 

can be activated: tBHQ treatment (green arrow), p62 transfection, or Nrf2 overexpression 

(dark teal, Nrf2 labeled ovals). (C) ARE/GFP HEK293T cells were plated in a 384-well 

plate and were treated with10 μM tert-butylhydroquinone (tBHQ) and 0.25% DMSO as 

indicated. Twenty-four hours post-treatment, firefly luciferase activity was assessed. 

Edwards et al. Page 18

ACS Infect Dis. Author manuscript; available in PMC 2021 March 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



ARE/GFP/tBHQ, green circles, 80 wells; ARE/GFP/tBHQ + DMSO, green open circles, 32 

wells; ARE/GFP, black squares, 80 wells; ARE/GFP + DMSO, black open squares, 32 

wells. (D) HEK293T cells transfected with a plasmid encoding an ARE firefly reporter and 

pCAGGS encoding HA-tagged p62 as indicated, were plated in a 384-well plate and were 

treated with 0.25% DMSO as indicated. Twenty-four hours post treatment, firefly luciferase 

activity was assessed. ARE/p62, orange circles, 80 wells; ARE/p62 + DMSO, orange open 

circles, 32 wells; ARE, black squares, 80 wells; ARE + DMSO, black open squares, 32 

wells. (E) HEK293T cells transfected with a plasmid encoding an ARE firefly reporter and 

pCAGGS encoding Flag-tagged Nrf2 as indicated, were plated in a 384-well plate and were 

treated with 0.25% DMSO as indicated. Twenty-four hours post treatment, firefly luciferase 

activity was assessed. ARE/Nrf2, teal circles, 80 wells; ARE/Nrf2 + DMSO, teal open 

circles, 32 wells; ARE, black squares, 80 wells; ARE + DMSO, black open squares, 32 

wells. (A, C–E) Z-factor values were calculated using the formula Z-factor = 1 − [(3σc+ + 

3σc−)/(|μc+ − μc−|)] comparing in each subpanel the indicated cell line in colored circles to 

that in black squares, with or without DMSO.
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Figure 3. Schematic of screening campaign.
55,108 compounds were screened against the ARE/mVP24 luciferase assay. Hit compounds 

were screened for pan-assay interference (PAINS) and confirmed through dose response and 

viability assays. Compounds with a 50% inhibitory concentration (IC50) < 5 μM and a 

selectivity index (SI) > 10 were moved forward and activity was assessed against the 

secondary assays; ce-FF (constitutively expressed firefly), ARE/p62, ARE/GFP/tBHQ, 

ARE/Nrf2 and NF-κB luciferase assays. Compounds were considered to demonstrate 

specific inhibitory activity with an SI > 10.
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Figure 4. Inhibitors of multiple levels of ARE promoter activity.
(A) ARE/mVP24 HEK293T cells were distributed in a 384-well plate and treated with 

increasing concentrations of 5-iodotubercidin in triplicate. Twenty-four hours post-treatment 

firefly luciferase activity was assessed (left axis, red circles). In parallel, HEK293T cells 

were plated in a 384-well plate and treated in triplicate with increasing concentrations of 

compounds. Twenty-four hours post-treatment, ATP content was assessed to determine 

viability (right axis, black squares). Error bars represent the standard deviation. (B) 

Expression of Flag-tagged mVP24 (red circles) and endogenous Nrf2 (teal squares) 

expression determined relative to DMSO control for ARE/mVP24 HEK293T cells treated 

with 5-iodotubercidin at 5 and 1 μM for 24h. The dotted line represents the DMSO control, 

individual values for each of the triplicates are indicated and the error bars represent the 
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standard deviation. (C) ARE/mVP24 HEK293T cells were treated with podophyllotoxin and 

analyzed as in (A). (D) Relative expression of Flag-tagged mVP24 and Nrf2 determined 

relative to the DMSO control. (E) ARE/mVP24 HEK293T cells were treated with the 

indicated compounds and analyzed, as in (A). Structures of the compounds are indicated. (F) 

ARE/mVP24 HEK293T cells were treated with the indicated compounds and analyzed as in 

(B).
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Figure 5. DHODH-like inhibitors of mVP24-induced ARE promoter activity.
(A) ARE/mVP24 HEK293T cells were distributed in a 384-well plate and treated with 

increasing concentrations of the indicated compounds in triplicate. Twenty-four hours post-

treatment firefly luciferase activity was assessed (left axis, red circles). In parallel, 

HEK293T cells were plated in a 384-well plate and treated in triplicate with increasing 

concentrations of compounds. Twenty-four hours post-treatment, ATP content was assessed 

to determine viability (right axis, black squares). Error bars represent the standard deviation. 

Structures of compounds are indicated. (B) ARE/mVP24 HEK293T cells were plated in a 

384-well plate and treated with increasing concentrations of compound and 1 mM of uridine 

or deoxycytidine as indicated. Twenty-four hours post-treatment, firefly luciferase activity 

was assessed. Error bars represent the standard deviation. (C) Expression of Flag-tagged 
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mVP24 (red circles) and endogenous Nrf2 (teal squares) expression determined relative to 

DMSO control for ARE/mVP24 HEK293T cells treated with the indicated compounds at 5 

and 1 μM for 24h. The dotted line represents the DMSO control, error bars represent the 

standard deviation and individual values for each of the triplicate are indicated. (D) 

Immunoprecipitation of Flag-tagged mVP24 in cells also expressing HA-tagged Keap1, 24 

hours post-treatment with 5 μM of the indicated compounds. Western blots were performed 

for Flag and HA. (E) HEK293T cells were transfected with plasmids encoding an ARE 

firefly luciferase reporter, a constitutively expressed Renilla luciferase and the indicated 

mVP24 and p53 expression plasmids. Twenty-four hours post-transfection, luciferase 

activity was assessed. Expression of Flag-tagged mVP24 and p53 was determined by 

western blot. Error bars represent the standard deviation. (F) ARE/mVP24 HEK293T cells 

were transfected with a scramble siRNA (scr) or one of two p53 targeted siRNAs (p53#1, 

p53#2) and were treated with compounds at indicated concentrations. Luciferase activity 

was assessed for the samples in triplicate twenty-four hours post treatment and siRNA 

knockdown was confirmed by western blot for p53. Statistical significance was assessed 

using unpaired t test; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Error bars represent 

the standard deviation.
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Figure 6. Inhibitors specific to mVP24-induced ARE promoter activity.
(A) ARE/mVP24 HEK293T cells were plated in a 384-well plate and treated with increasing 

concentrations of the indicated compounds in triplicate. Twenty-four hours post-treatment 

firefly luciferase activity was assessed (left axis, red circles). In parallel, HEK293T cells 

were plated in a 384-well plate and treated in triplicate with increasing concentrations of 

compounds. Twenty-four hours post-treatment, ATP content was assessed to determine 

viability (right axis, black squares). Error bars represent the standard deviation. Structures of 

compounds are indicated. (B) Immunoprecipitation of Flag-tagged mVP24 in cells also 

expressing HA-tagged Keap1, 24 hours post-treatment with 5 μM of the indicated 

compounds. Western blots were performed for Flag and HA. (C) Expression of Flag-tagged 

mVP24 (red circles) and endogenous Nrf2 (teal squares) expression determined relative to 
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DMSO control for ARE/mVP24 HEK293T cells treated with the indicated compounds at 5 

and 1 μM for 24h. The dotted line represents the DMSO control, error bars represent the 

standard deviation and individual values for each of the triplicate are indicated. (D) ARE/

mVP24 HEK293T cells were plated and analyzed as in (A) with the indicated compounds.
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