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ABSTRACT 30 
 31 
Activating mutations in KEAP1-NRF2 are frequently found in tumours of the lung, 32 

oesophageous and liver, where they are associated with aggressive growth, resistance to 33 

cancer therapies, and low overall survival. Despite the fact that NRF2 is a validated driver of 34 

tumorigenesis and chemotherapeutic resistance, there are currently no approved drugs 35 

which can inhibit its activity. Therefore, there is an urgent clinical need to identify NRF2-36 

selective cancer therapies. To this end, we developed a novel synthetic lethal assay, based 37 

on fluorescently labelled isogenic wild-type and Keap1 knockout cell lines, in order to screen 38 

for compounds which selectively kill cells in an NRF2-dependent manner. Through this 39 

approach, we identified three compounds based on the geldanamycin scaffold which display 40 

synthetic lethality with NRF2. Mechanistically, we show that NRF2 target genes metabolize 41 

the quinone-containing geldanamycin compounds into more potent HSP90 inhibitors, which 42 

enhances their cytotoxicity while simultaneously restricting the synthetic lethal effect to 43 

cells with aberrant NRF2 activity. As all three of the geldanamycin-derived compounds have 44 

been used in clinical trials, they represent ideal candidates for drug repositioning to target 45 

the currently untreatable NRF2 activity in cancer.    46 

 on S
eptem

ber 2, 2020 at C
ornell U

niversity Library
http://m

cb.asm
.org/

D
ow

nloaded from
 

http://mcb.asm.org/


Baird et al. 2020 
 

 3

INTRODUCTION 47 
 48 

Pan-cancer genomic analyses have identified a multitude of signaling pathways 49 

which drive and sustain tumorigenesis (1). Unfortunately, in many cases the therapeutic 50 

exploitation of these validated cancer targets is limited by the lack of efficacious drugs 51 

which can specifically inhibit oncogenic signaling. For example, many tumour suppressors 52 

and oncogenic transcription factors lack deep, druggable binding pockets which makes the 53 

pharmaceutical manipulation of their activities particularly challenging (2). This inability to 54 

chemically modulate these bona fide cancer drivers presents a significant bottleneck in the 55 

fight against cancer.   56 

One important oncogenic pathway whose activity cannot currently be inhibited by 57 

therapeutic interventions is the KEAP1-NRF2 pathway (1, 3, 4). Activating mutations in 58 

KEAP1-NRF2 signaling are present in 34% of squamous cell lung carcinoma, 22% of lung 59 

adenocarcinoma, 30% of oesophageal carcinoma, and 19% of hepatocellular carcinoma, and 60 

are associated with a poor prognosis and low overall survival (4-10). For example, in non-61 

small cell lung carcinoma, patients with activating mutations in the NRF2 pathway have a 62 

mean overall survival of 11.2 months, compared with 36.8 months for tumours with intact 63 

NRF2 regulation (11). Thus, the high prevalence of aberrant NRF2 activation in tumours, 64 

coupled with a significant NRF2-dependent reduction in overall patient survival, means that 65 

there is considerable unmet clinical need for the development of NRF2-specific cancer 66 

therapies. 67 

The transcription factor NRF2 regulates the cellular response to oxidative and 68 

electrophilic stresses through the upregulation of antioxidant and cytoprotective gene 69 

expression (12). Under non-stressed conditions, NRF2 is targeted for ubiquitination and 70 

proteasome-dependent degradation by its negative regulator KEAP1, which forms an E3 71 

ubiquitin ligase with CUL3 and RBX1 (13, 14). In response to a wide range of cellular 72 

stresses, the KEAP1-dependent E3 ubiquitin ligase is inactivated, which results in the 73 

stabilization of NRF2, and a concomitant upregulation of the antioxidant transcription 74 

program (15-18).  75 

During tumorigenesis, mutations which inactivate the KEAP1-dependent negative 76 

regulation of NRF2 result in the aberrant activation of the antioxidant transcription 77 

response. In this way, the cytoprotective functions of NRF2 are hijacked by the tumour, 78 
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conferring chemoresistance, tyrosine kinase inhibitor resistance and radiotherapy resistance 79 

upon the tumour cells, while simultaneously promoting cellular proliferation and metabolic 80 

rewiring (19-26). Together, these phenotypic changes contribute to the development of 81 

aggressive tumours with poor prognoses (9, 10, 22, 27). The oncogenic function of NRF2 has 82 

been validated in a variety of genetically engineered mouse models, which together confirm 83 

that, due to the central role that NRF2 plays in multiple important signaling nodes during 84 

tumour formation, survival and progression, it represents an excellent orphan drug target 85 

for novel cancer therapies (28, 29). 86 

Current strategies for targeting NRF2-dependent tumours are primarily focused on 87 

the development of direct NRF2 inhibitors. These first-generation NRF2 inhibitors, including 88 

brusatol and halofuginone, are general protein translation inhibitors which do not exhibit 89 

specificity for the KEAP1-NRF2 pathway, and therefore have limited clinical potential (30, 90 

31).  As it is particularly challenging to develop drugs which directly inhibit the function of 91 

transcription factors like NRF2, we pursued a synthetic lethal strategy to specifically target 92 

NRF2-dependent tumours, as this obviates the need to identify direct NRF2 inhibitors. 93 

Because NRF2 regulates the expression of many drug metabolizing enzymes, it is an 94 

excellent candidate for synthetic lethal screening as its target genes may metabolize and 95 

activate prodrugs specifically in tumour cells with aberrant NRF2 activation. In the context 96 

of NRF2-dependent cancer, a synthetic lethal compound would only exhibit toxicity in cells 97 

with high levels of NRF2 activity, leaving the wild-type cells within the patient relatively 98 

insensitive to any harmful effects. This strategy provides a large therapeutic window for 99 

treatment, and allows for the development of compounds to target pathways often 100 

considered “non-druggable” (32). 101 

In order to identify compounds which are synthetic lethal with NRF2, we developed 102 

a novel phenotypic screening strategy based on fluorescently labelled isogenic wild-type 103 

and Keap1 KO cell lines. The differential labelling of the cells allowed them to be mixed 104 

during the screen, as their genetic identity could be traced due to the differential 105 

fluorophore expression. During the post-screen data analysis, any compound which 106 

significantly altered the fluorophore ratio in favour of the wild-type cells would be 107 

considered a synthetic lethal hit.  108 

 In this study, we developed a novel synthetic lethal screening strategy to identify 109 

compounds which specifically kill cells with high levels of NRF2 activity. Through this 110 
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approach, we identified three compounds based on the geldanamycin scaffold, all of which 111 

have been through clinical trials, which are synthetic lethal with NRF2. Mechanistically, we 112 

show that NRF2 target genes effectively turn the geldanamycin-derived compounds into 113 

prodrugs which are selectively metabolized into more potent HSP90 inhibitors in cells with 114 

aberrant NRF2 activity. Together, our findings demonstrate that geldanamycin-based 115 

compounds represent excellent candidates for drug repositioning to target the currently 116 

undruggable KEAP1 and NRF2 mutations in human cancer.  117 
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RESULTS 118 
 119 
Development and validation of a KEAP1-NRF2 synthetic lethal screening system 120 

To identify compounds which are synthetic lethal with high levels of NRF2 activity, 121 

we developed a phenotypic screen based on an isogenic pair of fluorescently labelled Hepa1 122 

cells (Fig 1A). CRISPR-Cas9 was used to knockout Keap1, resulting in the constitutive 123 

activation of Nrf2 and the upregulation of Nrf2-dependent target gene expression (Fig 1B) 124 

(33). Stable clones of the parental wild-type Hepa1 cells expressing EGFP, and Keap1 KO 125 

cells expressing mCherry, were generated, which allowed the genetic identity of the cells to 126 

be tracked throughout the screening process due to their differential fluorophore 127 

expression (Fig 1A). This enabled us to mix the WT-GFP and Keap1 KO-mCherry cells in the 128 

same microplate wells during the screen, guaranteeing that the cells experienced the same 129 

conditions when treated with the library of screening compounds, while simultaneously 130 

generating a greater dynamic range for the screening assay. Using this approach, any 131 

compound which could significantly decrease the ratio of mCherry:GFP would be considered 132 

a synthetic lethal hit (Fig 1A).  133 

In monoculture conditions over a 5-day period, the fluorescence intensity from WT-134 

GFP and Keap1 KO-mCherry cells plated at multiple densities increased with time, mirroring 135 

normal cell growth dynamics (Fig 1C, D). The increase in fluorescence intensity with time 136 

was comparable with the change in total protein content of the cultures, which supports the 137 

model that fluorescence intensity can be used as a metric for cell number (Fig 1E). Similarly, 138 

when co-cultured together, both the WT-GFP and Keap1 KO-mCherry cells displayed 139 

increased fluorescence intensity with time, with the Keap1 KO cells exhibiting enhanced 140 

proliferation, which is consistent with the positive role that Nrf2 plays in cell growth (Fig 141 

1F)(23, 34). Visualisation of the co-culture of the WT-GFP and Keap1 KO-mCherry cells 142 

revealed uniform fluorophore expression between cells, further supporting the use of 143 

fluorescence intensity as a marker for cell survival during screening (Fig 1G). 144 

Consistent with previous reports, treatment of the WT-GFP and Keap1 KO-mCherry 145 

co-cultured cells with the chemotherapeutic drugs doxorubicin or 5-FU resulted in the 146 

increased survival of the Keap1 KO cells relative to WT (Fig 1H, I)(19, 20). This highlights the 147 

cytoprotective role that Nrf2 activity plays in response to standard cancer therapies, while 148 

clearly demonstrating that the co-culture system accurately models the drug response 149 
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profile of NRF2-dependent tumours, and therefore is an appropriate model with which to 150 

screen for compounds which are synthetic lethal with NRF2 activity.  151 

 152 

The HSP90 inhibitor 17-AAG is synthetic lethal with NRF2 153 

NRF2 and its related factors regulate the physiological response to a wide variety of 154 

cellular stresses (34-36). As a result, cells with high levels of NRF2 activity are able to 155 

tolerate increased levels of oxidative stress, which may represent a shift in homeostasis 156 

relative to wild-type cells. As tumour cells are subject to a myriad of cellular stresses, we 157 

hypothesized that the NRF2-dependent change in one homeostatic set point may make the 158 

cells susceptible to orthogonal stressors (37-39). Therefore, as a pilot screen, we designed a 159 

chemical compound library to determine whether Keap1 KO cells display increased 160 

sensitivity to the modulation of ER stress, nutrient stress, oxidative stress, and proteotoxic 161 

stress response pathway activation. Any compound which reduced the mCherry: GFP ratio 162 

to a level less than three standard deviations below the DMSO control was considered to be 163 

a hit in the primary screen. 164 

The induction of ER stress through the addition of tunicamycin or DTT, or oxidative 165 

stress through the addition of auranofin or BSO did not differentially impact the survival of 166 

WT or Keap1 KO cells, suggesting that activation of these stress response pathways is not 167 

synthetic lethal with Nrf2 activity (Fig 2A). Similarly, the induction of nutrient stress, through 168 

autophagy modulators (spermidine, chloroquine), mTORC inhibition (Torin 1) or SIRT1 169 

deacetylase activity (resveratrol) did not result in increased toxicity in Keap1 KO cells (Fig 170 

2A).  171 

In contrast, we found induction of proteotoxic stress through the addition of the 172 

HSP90 inhibitor 17-AAG did result in Keap1 KO-specific toxicity at 100 nM, suggesting that 173 

this compound may be synthetic lethal with Nrf2 activity (Fig 2A). The fluorescence 174 

intensity-derived screening data were consistent with the visualization of the 17-AAG 175 

treated cells, as in response to 17-AAG treatment, the WT-GFP cells completely dominated 176 

the microplate well surface, suggesting that 17-AAG does not function to quench mCherry 177 

fluorescence, but instead directly impacts the survival of the Keap1 KO cells (Fig 2B). The 178 

determination of total protein content of WT and Keap1 KO cells in monoculture in 179 

response to 17-AAG provided complementary evidence, independent of fluorophore 180 

expression, that 17-AAG displays a synthetic lethal effect in Keap1 KO Hepa1 cells (Fig 2C). 181 
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Furthermore, 17-AAG treatment generates a wide therapeutic window in the nanomolar 182 

range in which it is toxic to Keap1 KO cells but not to the co-cultured WT cells (Fig 2D). The 183 

treatment of monocultures of WT or Keap1 KO cells provided a complementary result to the 184 

co-culture assay system, and showed that the synthetic lethal effect of 17-AAG in Keap1 KO 185 

cells is cell-intrinsic, and does not require communication between cells within the co-186 

culture (Fig 2E, F).  187 

To confirm that Nrf2 activity is required for this synthetic lethal phenotype, we 188 

generated a third isogenic cell line in which CRISPR-Cas9 was used to knockout Nrf2 in 189 

Keap1 KO-mCherry cells (DKO cells). The double knockout cells displayed a significant 190 

decrease in Nrf2 target gene expression (Fig 2G), but demonstrated normal growth 191 

dynamics (Fig 2H), albeit growing at a slower rate than the Keap1 KO cells. Importantly, in 192 

DKO cells the concomitant loss of Nrf2 expression completely rescued the synthetic lethal 193 

phenotype, unequivocally confirming that Nrf2 activity is required for 17-AAG’s synthetic 194 

lethal effect (Fig 2I). 195 

Time-course analysis using the co-culture system revealed that Keap1 KO-mCherry 196 

expression peaked at day 4, and then significantly decreased on days 5, 7 and 8, suggesting 197 

that the Keap1 KO cells were dying in response to 17-AAG, and not merely proliferating 198 

more slowly (Fig 2J). This phenotype was completely rescued in the co-culture of WT and 199 

DKO cells, further confirming the requirement of Nrf2 for the synthetic lethal effect (Fig 2K). 200 

Together, these data show that in isogenic Hepa1 cells, Nrf2 activity is necessary and 201 

sufficient for the synthetic lethal interaction with the HSP90 inhibitor 17-AAG.  202 

 203 
17-AAG is synthetic lethal with NRF2 in human cancer cell lines 204 

 Activating mutations in the KEAP1-NRF2 pathway are common in tumours of the 205 

lung, oesophagus and liver (5-8). To confirm that the synthetic lethal relationship between 206 

Nrf2 and 17-AAG is not restricted to Hepa1 cells, we assayed ten human cancer cell lines, 207 

with differential levels of Nrf2 activation, derived from lung (A549, H2023, COR-L105, 208 

HCC827), oesophagus (KYSE70, KYSE30) and liver tumours (Huh-1, JHH5, Hep3B, JHH2). 209 

Furthermore, across these cell lines, NRF2 activation is achieved through a range of 210 

different mechanisms, which provides a more thorough understanding of the relationship 211 

between NRF2 activity and 17-AAG sensitivity: A549 cells contain an inactivating mutation in 212 

KEAP1 (G333C), KYSE70 cells have an oncogenic activating mutation in NRF2 (W24C), while 213 
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Huh-1 cells have high levels of phosphorylated p62, which drives constitutive NRF2 214 

activation through a non-canonical pathway (19, 22, 24). 215 

 After long-term treatment with 17-AAG (8 days), all five cell lines with aberrant NRF2 216 

activation showed significantly enhanced sensitivity to 17-AAG compared with the wild-type 217 

cells, which demonstrates that the synthetic lethal interaction between NRF2 and 17-AAG is 218 

not restricted to any single cell line or tissue type, but represents a ubiquitous interaction 219 

(Fig 3A, B). Within the lung and oesophageal cancer cell lines, A549 cells were significantly 220 

more sensitive to 17-AAG than all of the WT cell lines across the range of 100-800 nM, 221 

H2023 showed enhanced sensitivity from 50-800 nM, and KYSE70 cells displayed enhanced 222 

toxicity from 100-1,000 nM 17-AAG (Fig 3A). Within the liver cancer cell lines, Huh-1 cells 223 

showed significantly increased toxicity from 50-1,000 nM 17-AAG, while JHH5 cells were 224 

more sensitive than the WT liver cancer cell lines from 400-1,000 nM 17-AAG (Fig 3B). The 225 

same result was observed over a shorter treatment time-course of 4 days, which shows that 226 

the synthetic lethal interaction is a stable phenotype (Fig 3C). In this case, A549 cells 227 

displayed enhanced toxicity from 100-1,000 nM 17-AAG, KYSE70 from 50-800 nM, and Huh-228 

1 cells were more sensitive than all of the WT cell lines from 50-1,000 nM 17-AAG (Fig 3C). 229 

Visualization of the cultures confirmed the enhanced 17-AAG-mediated cytotoxicity in cells 230 

with active KEAP1-NRF2 signaling (Fig 3D-H). Taken together, these data show that the 231 

synthetic lethal interaction between 17-AAG and NRF2 is a general phenomenon observed 232 

across all cell and tissue types. 233 

 234 

Activation of NRF2 activity in wild-type cells enhances 17-AAG cytotoxicity  235 

 A salient feature of the KEAP1-NRF2 pathway is the inducibility of NRF2 activity, and 236 

concomitant upregulation of the antioxidant transcription program, in response to oxidative 237 

and electrophilic stresses (14). In order to determine whether NRF2 target genes are 238 

required for the synthetic lethal interaction with 17-AAG, we chemically induced the NRF2-239 

dependent transcription response in human cancer cell lines which display normal 240 

regulation of the KEAP1-NRF2 pathway (Fig 3I, J). We found that co-treatment of cells with 241 

the NRF2 inducer DEM plus 17-AAG, resulted in significantly increased cytotoxicity when 242 

compared to treatment with 17-AAG alone. This result suggests that the activity of NRF2 243 

target genes is required for the synthetic lethal effect of 17-AAG, and confirms that NRF2 244 

activation is sufficient to confer enhanced 17-AAG cytotoxicity upon cells.   245 
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 246 

NRF2-dependent changes in HSP90, redox regulation or cellular proliferation are not 247 

required for the synthetic lethal phenotype  248 

In order to gain an understanding of the molecular mechanism responsible for the 249 

synthetic lethal interaction between NRF2 and 17-AAG, we modulated each of NRF2’s 250 

cellular functions in order to elucidate which, if any, are required for the synthetic lethal 251 

phenotype. As NRF2 is a transcription factor, and 17-AAG is an HSP90 inhibitor, we first 252 

addressed the possibility that an NRF2-dependent decrease in HSP90 gene expression may 253 

be responsible for the synthetic lethality, as a reduced cellular HSP90 chaperone pool would 254 

require lower levels of an inhibitor to induce toxicity. However, in isogenic Hepa1 cells, none 255 

of the four HSP90 homologues displayed reduced expression in response to constitutive 256 

Nrf2 activation, which shows that a reduction in the cellular HSP90 level is not responsible 257 

for the observed phenotype (Fig 4A).   258 

As NRF2 is the master regulator of the cellular redox state, we next addressed 259 

whether 17-AAG may induce hyperactivation of NRF2, leading to supraphysiological levels of 260 

NRF2 activity, which may induce reductive stress-mediated cell death (40). However, in both 261 

WT and Keap1 KO cells, the NRF2 transcription program was not upregulated in response to 262 

17-AAG treatment, which suggests that 17-AAG is not an NRF2 inducer (Fig 4B). To test 263 

whether supraphysiological levels of NRF2 alone can induce cell death, we knocked down β-264 

TrCP in A549 cells, which lack KEAP1 activity due to the presence of an inactivating G333C 265 

mutation (Fig 4C). This siRNA treatment resulted in an increase in the NRF2 transcription 266 

response, even in the absence of functional KEAP1, through the suppression of the non-267 

canonical GSK3-β-TrCP pathway of NRF2 degradation (41). This hyperactivated NRF2 state 268 

was not sufficient to induce cell death, while the addition of the antioxidant NAC also had 269 

no impact on the synthetic lethality of 17-AAG (Fig 4D,E). Together, these data show that 270 

NRF2’s regulation of the cellular redox state is not required for the synthetic lethality with 271 

17-AAG. 272 

Active NRF2 signaling promotes rapid cellular proliferation, which is a hallmark of its 273 

oncogenic effect (23, 34). This enhanced proliferation may contribute to cell death if it 274 

reduces the cell cycle time below the level required to repair the cellular damage induced by 275 

the proteotoxic 17-AAG. To test this model, we reduced the cellular proliferation rate by 276 

culturing the isogenic Hepa1 cells in reduced serum media. However, while this resulted in a 277 
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significant decrease in cell proliferation, it had no impact on the synthetic lethality of 17-278 

AAG, which argues against a role for NRF2-dependent enhanced proliferation in the 279 

synthetic lethal phenotype (Fig 4F). As NRF2-dependent changes to HSP90 levels, the 280 

cellular redox state, or cellular proliferation are not required for the synthetic lethality, 281 

these data suggest that the broader cell-wide phenotypic changes conferred by NRF2 282 

activation are not required for increased 17-AAG sensitivity.   283 

 284 

NRF2 is the main determinant of 17-AAG toxicity 285 

 To more clearly define the role of NRF2 in the synthetic lethal phenotype, we utilized 286 

the isogenic WT and DKO Hepa1 cells grown together in the co-culture system. Surprisingly, 287 

these co-culture assays revealed that the Nrf2-null DKO cells exhibit significantly less toxicity 288 

towards 17-AAG than the WT cells (Fig 4G, H). This strongly suggests that loss of Nrf2 is 289 

protective against 17-AAG, and therefore, that Nrf2 activity is the main factor in 290 

determining 17-AAG toxicity.  291 

 HSP90 inhibition by 17-AAG leads to the activation of the cytoprotective HSF1-292 

dependent heat shock response (42, 43). In order to determine whether this HSP90-HSF1 293 

axis is important for the NRF2 synthetic lethal phenotype, we carried out epistasis 294 

experiments using 17-AAG and the HSF1 inhibitor Kribb11. In WT cells, the inhibition of 295 

HSF1 coupled with 17-AAG treatment had no impact on cell survival, while in Keap1 KO 296 

cells, the co-treatment with Kribb11 resulted in increased cell death (Fig 4I). These data 297 

suggest that in Keap1 KO cells, 17-AAG induces cell death through the canonical HSP90-298 

dependent proteostasis pathway, as the cell death can be further enhanced by inhibiting 299 

HSF1 only in Keap1 KO cells. Furthermore, analysis of cell membrane permeability 300 

conclusively showed that 17-AAG induces cell death, and not merely a reduction in cell 301 

proliferation, in an NRF2-dependent manner (Fig 4J). Taken together, these data show that 302 

the activity of NRF2 makes cells more sensitive to 17-AAG induced cell death through the 303 

canonical HSP90 inhibition pathway.  304 

 305 

The geldanamycin scaffold is required for the synthetic lethal phenotype 306 

 As our data have shown that 17-AAG’s function as an HSP90 inhibitor, and not cross-307 

talk with one of the phenotypic changes induced by NRF2 activation, is required for the 308 

synthetic lethal phenotype, we assayed a broad range of HSP90 inhibitors to determine 309 
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whether HSP90 inhibition in general is synthetic lethal with NRF2.  We selected five 310 

additional HSP90 inhibitors, based on a range of chemical scaffolds, to determine which, if 311 

any, are synthetic lethal with NRF2 (Fig 5A). In human lung cancer cell lines, we found that 312 

17-DMAG, but not any of the other HSP90 inhibitors, displayed significantly enhanced 313 

toxicity specifically in the NRF2-active A549 cells (Fig 5B-F). Visually, while 50 nM 17-DMAG 314 

had no impact on the cell survival of COR-L105 cells, it resulted in significant cell death in 315 

the NRF2-active A549 cells (Fig 5G). 316 

This result was confirmed in the isogenic Hepa1 cells, where synthetic lethality was 317 

also only observed with 17-DMAG, and not with the other HSP90 inhibitors (Fig 5H-K). As 318 

both 17-AAG and 17-DMAG are derived from the geldanamycin scaffold, these data suggest 319 

that within HSP90 inhibitors, only compounds derived from geldanamycin are synthetic 320 

lethal with NRF2. As both 17-AAG and 17-DMAG have been used in clinical trials to treat a 321 

range of different tumours, they represent excellent candidates for drug repositioning to 322 

target NRF2-dependent tumours (44-48). 323 

 324 

Metabolism of the quinone in the geldanamycin-based compounds is responsible for the 325 

NRF2-specific synthetic lethality 326 

 To confirm the requirement of the geldanamycin scaffold for the synthetic lethal 327 

interaction, we tested a third geldanamycin-derived compound, IPI-504, which has also 328 

been used as a cancer treatment in clinical trials (49-51). In human lung and liver cancer-329 

derived cell lines, as well as in the isogenic Hepa1 cells, IPI-504 displayed significantly 330 

enhanced toxicity in the A549, Huh-1 and Keap1 KO cells, which all display constitutive NRF2 331 

activity (Fig 6A-F). Visualization of the IPI-504 treated cells confirmed that the compound is 332 

killing the cells is an NRF2-dependent manner (Fig 6B, D, F). Taken together, these results 333 

clearly demonstrate that amongst HSP90 inhibitors, the geldanamycin scaffold is an 334 

absolute requirement for synthetic lethality with NRF2.       335 

 The geldanamycin scaffold contains a quinone group which, in the case of 17-AAG, 336 

has been shown to be metabolized into a hydroquinone, 17-AAGH2, which displays 337 

increased potency as an HSP90 inhibitor (Fig 7A)(52). To ascertain whether 17-AAG is 338 

metabolized into the more potent 17-AAGH2 in an NRF2-dependent manner, we treated the 339 

isogenic WT and Keap1 KO Hepa1 cells with 17-AAG, and analysed the metabolites using LC-340 

MS. Interestingly, we found that significantly more 17-AAGH2 is produced in Keap1 KO than 341 
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WT cells, which strongly suggests that the metabolism of the quinone to the hydroquinone 342 

provides the mechanism for the NRF2-specific synthetic lethality of the geldanamycin-343 

derived compounds (Fig 7B). 344 

 A number of NRF2 target genes have been shown to metabolize quinones, including 345 

NQO1 and TXNRD1, which are upregulated in NRF2-active human cancer cell lines (Fig 7C). 346 

As the metabolism of other quinone-containing compounds, like β-lapachone, has been 347 

used as an anti-cancer strategy, we investigated whether the synthetic lethal properties of 348 

the quinone-containing geldanamycin-derived compounds extend to other quinone drugs. 349 

Surprisingly, in human lung cancer cell lines, high levels of NRF2 provided enhanced survival 350 

in response to β-lapachone treatment (Fig 7D). These data strongly suggest that the 351 

synthetic lethal relationship between the geldanamycin-derived compounds and NRF2 does 352 

not represent a general susceptibility of NRF2 to all quinone-containing drugs. 353 

 In order to determine which NRF2 target gene is responsible for the metabolism of 354 

the quinone to the hydroquinone, we focused on two NRF2 target genes, NQO1 and 355 

TXNRD1, as their roles in quinone metabolism are well supported experimentally (52, 53). 356 

Small molecule inhibitors of NQO1 (dicoumarol), and TXNRD1 (auranofin) revealed an 357 

additive effect when inhibited together, which suggests that multiple NRF2 target genes can 358 

metabolize 17-AAG into the more potent 17-AAGH2 (Fig 7E). To more clearly delineate the 359 

relative importance of NQO1 and TXNRD1 for the synthetic lethal interaction, we used 360 

CRISPR-Cas9 to knockout NQO1 in Huh-1 cells (Fig 7F). While addition of the TXNRD1 361 

inhibitor auranofin induced a modest increase in cell survival in cells treated with 17-AAG, 362 

the genetic knockout of NQO1 almost completely rescued the lethality, suggesting that 363 

NQO1 is the main NRF2 target gene responsible for the metabolism of 17-AAG to the more 364 

potent 17-AAGH2 (Fig 7G). Together, these data support a model whereby, in NRF2-365 

dependent tumours, upregulation of antioxidant gene expression effectively turns the 366 

geldanamycin-derived HSP90 inhibitors into prodrugs which are metabolized into more 367 

potent compounds through the activity of the NRF2 target genes NQO1 and TXNRD1. This 368 

mechanism provides the specificity for the synthetic lethal interaction between NRF2 and 369 

17-AAG, 17-DMAG and IPI-504.  370 

 371 

17-AAG displays synthetic lethality with NRF2 in vivo 372 
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 Chemotherapeutic drugs such as cisplatin have been shown to have no effect on 373 

tumour growth in xenotransplants using cells with active NRF2 signaling, presumably due to 374 

the cytoprotective activity which NRF2 confers on the tumour cells (31). To determine 375 

whether 17-AAG is able to inhibit NRF2-dependent tumours in vivo, we used a 376 

xenotransplantation model utilizing the Keap1 KO-mCherry cells, as this allowed us to 377 

accurately measure tumour growth in situ by using mCherry fluorescence imaged with IVIS 378 

(in vivo measuring system). We transplanted 2 x106 Keap1 KO cells subcutaneously into 379 

nude mice, and after an initial two-week growth period, treated them with 100 mg/kg of 17-380 

AAG three times per week.  After three weeks of treatment, we observed a significant 381 

decrease in tumour size in the mice treated with 17-AAG compared to the vehicle (Fig 8A, 382 

B), with no detrimental effects on overall mouse health as measured by body weight (Fig 383 

8C). While the tumours in the vehicle treated mice increased in size by over 14-fold in the 384 

three-week treatment period, the tumours in the 17-AAG treated mice grew by less than 5-385 

fold over the same time frame (p < 0.05).  This provides strong evidence that 17-AAG is 386 

active towards NRF2-dependent tumours in vivo.   387 

 388 

17-AAG displays enhanced toxicity in combination with AKT inhibition or paclitaxel 389 

 Large-scale genomic analyses have revealed that the most commonly co-mutated 390 

pathways in human tumours are KEAP1-NRF2 in combination with the PI3K-AKT pathway 391 

(1). As this is a clinically important sub-group of NRF2-dependent tumours, we wished to 392 

determine whether 17-AAG can enhance the anti-cancer cytotoxicity of AKT inhibition in an 393 

NRF2-dependent manner. In lung cancer cell lines, while KEAP1-deficient A549 cells show 394 

reduced sensitivity to AKT inhibition with MK-2206 compared to KEAP1-WT COR-L105 cells, 395 

co-treatment with 17-AAG specifically and significantly enhanced the toxicity of MK-2206 in 396 

A549 cells to a level below that of the KEAP1-WT cells (Fig 8D). Similarly, in liver cancer cell 397 

lines, the combination of 17-AAG and MK-2206 displays significantly enhanced toxicity in 398 

NRF2-activated Huh-1 cells when compared to Hep3B cells, which display basal NRF2 399 

activity (Fig 8E). Furthermore, as 17-AAG has been used in combination with paclitaxel in 400 

clinical trials (44), we examined whether this drug combination also exhibits enhanced 401 

cytotoxicity in a NRF2-dependent manner. In the NRF2-activated Huh-1 cells, a fixed 402 

concentration of 17-AAG coupled with escalating concentration of paclitaxel was 403 

significantly more toxic than the single treatment of paclitaxel alone (Fig 8F). Importantly, in 404 
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Hep3B cells, the same drug combination showed no additive cytotoxic effects (Fig 8F). 405 

Together, these data show that 17-AAG is suitable for use in combination therapies to 406 

enhance the toxicity of complementary drugs in NRF2-dependent tumour cells. 407 
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DISCUSSION 408 
 409 

Aberrant activation of NRF2 is a common event in human cancer. By hijacking NRF2’s 410 

cytoprotective function, these tumours become highly resistant to a broad range of cancer 411 

therapies, and therefore have very poor prognoses. Furthermore, the lack of approved 412 

therapies to modulate NRF2’s oncogenic functions means that there is a significant unmet 413 

clinical need to identify compounds which can specifically target NRF2 activity in tumours. 414 

Therefore, in this study we developed a novel synthetic lethal screening strategy with the 415 

aim of identifying compounds which specifically kill cells with high levels of NRF2 activity. 416 

Because NRF2 regulates the expression of a broad range of xenobiotic metabolizing 417 

enzymes, it is an ideal candidate for drug-based synthetic lethal screening, as its target 418 

genes may utilize the small compounds as bioactivatable prodrugs. This enzyme-dependent 419 

activation of the screening compounds would restrict the cytotoxicity to cells with aberrant 420 

NRF2 activity, and in doing so, generate a large therapeutic window for pharmaceutical 421 

intervention. Through this approach, we identified three geldanamycin-derived HSP90 422 

inhibitors which all display synthetic lethality with NRF2.  423 

 By screening a custom library of cell stress pathway modulators in isogenic WT and 424 

Keap1 KO cells, we identified 17-AAG as candidate synthetic lethal compound with NRF2. 425 

This result, and pathway specificity, was confirmed through the use of Nrf2 KO cells and a 426 

range of human tumour-derived cells lines with both normal and aberrant NRF2 activation. 427 

Mechanistically, we found that the quinone-containing geldanamycin chemical scaffold was 428 

required for the synthetic lethal interaction, and in doing so, expanded the synthetic lethal 429 

compounds to include 17-AAG, 17-DMAG and IPI-504. Use of chemical inhibitors and 430 

CRISPR-knockout cells revealed that the activity of cytoprotective enzymes which are 431 

upregulated by NRF2 activation is required for the synthetic lethal phenotype. 432 

Taken together, these data support the following model: aberrant activation of NRF2 433 

in tumours results in the upregulation of the NRF2 antioxidant program, including the 434 

cytoprotective enzymes NQO1 and TXNRD1 (Fig 9). Upon treatment with geldanamycin-435 

derived HSP90 inhibitors, NRF2 target genes effectively utilize these compounds as 436 

prodrugs, and, by metabolizing the quinones into hydroquinones, generate potent HSP90 437 

inhibitors specifically in cells with oncogenic NRF2 activity, resulting in cell death. Thus, the 438 
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enhanced metabolic activation of the geldanamycin-derived prodrugs provides the 439 

mechanism for the specificity for the synthetic lethal interaction with NRF2. 440 

Previously, a large-scale systematic screen focusing on the identification of novel 441 

genomic biomarkers for anti-cancer therapies found that the expression of four genes 442 

(NQO1, C5ORF14, CENTD3, LAMB2) correlated with increased sensitivity to 17-AAG (54). 443 

However, mutations in KEAP1 or NFE2L2 in relation to 17-AAG sensitivity were not identified 444 

using this approach. Similarly, analysis of exome sequencing from hepatocellular carcinoma 445 

allowed the authors to propose that tumours with high expression of NQO1 may be more 446 

sensitive to HSP90 inhibition (55). However, the presence of divergent mutation signatures 447 

across the cell lines makes it impossible to determine the requirement of NRF2 for this 448 

effect. Thus, to date, the specific role and requirement of NRF2 activation in the sensitivity 449 

to 17-AAG has not been investigated. As aberrant NRF2 activation results in reduced 450 

sensitivity to a myriad of anti-cancer therapies through a diverse range of mechanisms, it is 451 

not obvious a priori that activation of NRF2 alone would be sufficient to sensitize cells to 17-452 

AAG. By using three isogenic cell lines (WT, Keap1 KO and Nrf2-Keap1 DKO), we were able to 453 

incontrovertibly determine the role of NRF2 in the sensitivity to geldanamycin-derived 454 

HSP90 inhibitors. As the KEAP1-NRF2 pathway functions as one of the central drivers of 455 

oncogenesis, it is important that unequivocal mechanistic support, and not merely 456 

correlative observations drawn from genome-scale studies, is provided so that the clinical 457 

relevance of this drug-biomarker pair can be clearly revealed. 458 

 The geldanamycin-derived HSP90 inhibitors which we have identified as being 459 

synthetic lethal with NRF2 have been utilized in both mono and combination therapies in 460 

clinical trials up to phase III for a range of tumour types, including multiple myeloma, non-461 

small cell lung carcinoma, acute myeloid leukemia and gastrointestinal stromal tumours (44-462 

48, 50, 51). This makes them ideal candidates for drug-repositioning as novel treatments for 463 

the orphan KEAP1-NRF2 pathway in cancer.  464 

Of particular clinical interest is the application of these compounds for the treatment 465 

of non-small cell lung carcinoma, as activating mutations in the NRF2 pathway are found in 466 

34% of squamous lung cell carcinoma, and 22% of lung adenocarcinoma, and in which 467 

activation of NRF2 correlates with a particularly poor prognosis (5, 6, 10). Importantly, we 468 

also found that in the context of NRF2-dependent cancer, 17-AAG toxicity can be further 469 

enhanced when used in combination with other drugs, such as inhibitors of AKT or HSF1 470 
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signaling. This suggests that in addition to use as a monotherapy, the geldanamycin-derived 471 

HSP90 inhibitors can also be used in combination therapies in which they may exhibit 472 

enhanced anti-tumour efficacy.  473 

While 17-AAG, 17-DMAG and IPI-504 have all shown efficacy in clinical trials, to date, 474 

they have not been implemented in clinical practice for multiple reasons, including strength 475 

of intellectual property protection, time to commercialization, and hepatic toxicity 476 

associated with higher dose administration (44, 56, 57). In the case of the hepatic toxicity 477 

profile upon treatment with higher doses of IPI-504, the authors noted that, “if a cancer 478 

patient population were identified in which clinical benefit could be achieved, the observed 479 

profile might be acceptable with appropriate monitoring for, and management of, known 480 

toxicities” (57). We would advocate that patients with aggressive NRF2-dependent tumours 481 

may represent one such candidate patient population. 482 

In summary, through a synthetic lethal screening approach, we have identified three 483 

candidate compounds for drug repositioning for the currently untreatable NRF2 activation 484 

in human cancer.  485 
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MATERIALS AND METHODS 486 

 487 

Reagents 488 

β-lapachone, MK-2206, Paclitaxel, BIIB021 and Kribb11 were purchased from Cayman 489 

Chemical (Ann Arbor, Michigan, USA). 17-AAG and PU-H71 was purchased from Selleck 490 

Chemicals (Houston, TX, USA). Radicicol was purchased from Focus Biomolecules 491 

(Pennsylvania, USA). 17-AAGH2 was purchased from APExBIO (Houston, TX, USA). 492 

Doxorubicin was purchased from Sigma-Aldrich (Missouri, USA).Methanol and acetonitrile 493 

for LCMS were purchased from Kanto Chemical (Tokyo, Japan). Formic acid was purchased 494 

from FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan). Purified water was 495 

obtained by a Milli-Q Gradient system (Millipore, Billerica, MA, USA). 496 

 497 

Cell culture 498 

All cells were maintained in high glucose Dulbecco’s modified Eagle’s medium (DMEM), 499 

except for the JHH2 and JHH5 cells, which were maintained William’s E media, 500 

supplemented with 10% fetal bovine serum (FBS), and antibiotics. All cells were cultured in a 501 

humidified atmosphere with 5% CO2 at 37°C. 502 

 503 

Cell line generation  504 

CRISPR-Cas9 was used to generate the clonal Keap1 KO Hepa1 cells (Ran et al. 2013). Briefly, 505 

the primers 5’-CACCGTGTGTCCTGCACGTGATGAA-3’ and 5’-506 

AAACTTCATCACGTGCAGGACACAC-3’ were cloned into px549 (ver 2.0) to generate the 507 

targeting vector. This was transfected in Hepa1 cells using Lipofectamine 2000 508 

(INVITROGEN). On the following day, the transfected cells were treated with puromycin for 509 

24 hrs. The surviving cells were cultured for an additional seven days, before being plated at 510 

single cell densities into individual wells of 96-well plates. qPCR for enhanced Nrf2 target 511 

gene expression was used to determine the success of the Keap1 KO protocol. To generate 512 

the clonal Keap1 KO-mCherry and WT-GFP cell lines, pEGFP-C1 and pmCherry-C1 were 513 

transfected into WT and Keap1 KO Hepa1 cells, respectively. Two-weeks of G418 treatment 514 

was used to select for transfected cells, after which the surviving cells were plated at single 515 

cell densities into individual wells of 96-well plates. The optimum clones were selected 516 

based on brightness and uniformity of fluorophore expression. To generate the clonal 517 
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Keap1-Nrf2 DKO-mCherry cells, 5’-CACCGTTCATAGCAGAGCCCAGTGA-3’ and 5’- 518 

AAACTCACTGGGCTCTGCTATGAAC were cloned into px549 (ver 2.0) to generate the 519 

targeting vector. This was transfected in Keap1 KO-mCherry cells using Lipofectamine 2000 520 

(INVITROGEN). On the following day, the transfected cells were treated with puromycin for 521 

24 hrs. The surviving cells were cultured for an additional seven days, before being plated at 522 

single cell densities into individual wells of 96-well plates. qPCR for reduced Nrf2 target gene 523 

expression was used to determine the success of the Nrf2 KO protocol. To generate the 524 

clonal Huh-1 NQO1 KO cells, 5’–CACCGTCGTACTGGCTCACTCAGAG-3’ and 5’– 525 

AAACCTCTGAGTGAGCCAGTACGAC-3’ were cloned into px549 (ver 2.0) to generate the 526 

targeting vector. This was transfected in Huh-1 cells using Lipofectamine 2000 527 

(INVITROGEN). On the following day, the transfected cells were treated with puromycin for 528 

7 days. The surviving cells were cultured for an additional seven days, before being plated at 529 

single cell densities into individual wells of 96-well plates. Immunoblot for NQO1 was used 530 

to determine the success of the NQO1 KO protocol 531 

 532 

Screening conditions and fluorescence intensity calculations 533 

For all experiments using co-cultured WT-GFP and Keap1 KO-mCherry cells, on “day -1” 1 534 

x103 WT and 2 x103 Keap1 KO cells were mixed together in each individual well of a black 535 

96-well plate (Corning #3904). On the following day (day 0), the compounds were added to 536 

the screening plates at the concentrations described in the text. Immediately after the 537 

addition of the compounds, the fluorescence intensities of GFP and mCherry were 538 

measured using a PHERAstar FS microplate reader (BMG Labtech, Ortenberg, Germany). The 539 

screening plates were then returned to the 37oC incubator until day 8, when the 540 

fluorescence intensity was measured again. The change in fluorescence for both GFP and 541 

mCherry during the growth period was calculated as “Day 8 – Day 0”. The ratio of 542 

mCherryDay 8-0: GFPDay 8-0 was calculated by dividing the mCherryDay 8-0 by GFPDay 8-0. For a 543 

synthetic lethal compound, the numerator would decrease, while the denominator would 544 

be unchanged, and therefore overall the ratio of mCherry: GFP would decrease. 545 

Comparisons between treatments, or within different populations of GFP of mCherry cells 546 

were made by normalizing the data to the DMSO control. As the cell culture media contains 547 

a background fluorescence signal which is highest on Day 0, when the media is fresh, and 548 

decreases with time as the media components are metabolized by the cells, it is possible for 549 
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the Day 8 – Day 0 calculation to provide a negative value. For example, if a compound, such 550 

as IPI-504, efficiently kills the Keap1-mCherry cells, then no mCherry fluorescence signal will 551 

be generated, however the media background fluorescence will reduce with time as the 552 

WT-GFP cells metabolize the fluorescing culture media components. For the screen of the 553 

stress pathway modulators presented in Fig 2A, any mCherryDay 8-0: GFPDay 8-0 ratio which was 554 

more than three standard deviations below the ratio obtained for the DMSO treated wells 555 

was considered a hit. When using fluorescence intensity to determine the concentration-556 

dependent effects of compounds such as 17-AAG on cell survival, the fluorescence intensity 557 

data for each fluorophore channel were normalized to the DMSO control. In such cases n = 558 

6 for each concentration tested.    559 

 560 

Cell survival assays for human cancer cells  561 

On “day -1” 2 x103 cells were plated into each individual well of a 96-well plate. On the 562 

following day (day 0), the compounds were added to the screening plates at the 563 

concentrations described in the text. The 96-well plates were then incubated at 37oC until 564 

day 8, when they were washed with PBS, and lysed with 25 μl RIPA buffer (50 mM Tris, 150 565 

mM NaCl, 1% (v/v) NP-40, 0.5% (w/v) deoxycholic acid, 0.1% (w/v) SDS, pH7.4), after which 566 

they were frozen at -30oC. Total protein concentrations for each well were determined using 567 

the BCA protein assay (Pierce) following the manufacturer’s instructions, and were 568 

normalized to the DMSO controls for comparisons between and within cell types. In all 569 

cases, n = 6 for each concentration tested.  Statistical comparisons were made between WT 570 

and mutant cell lines using a Student’s T-Test.  571 

 572 

Gene expression analysis by qPCR  573 

Total RNA was prepared from cell lysates using TRIzol reagent (Life Technologies, Carlsbad, 574 

CA) in accordance with the manufacturer’s instructions. A 1 µg aliquot of total RNA was 575 

reverse transcribed with ReverTra Ace (Toyobo, Osaka, Japan).  The resultant cDNA was 576 

used as a temperate for quantitative reverse transcription-PCR (qRT-PCR) on a SYBR green 577 

7300 real time PCR analyzer (Life Technologies). The primers used during the qPCR analysis 578 

are available upon request. 579 

 580 

 581 
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 582 

siRNA knockdown of βTrCP1/2 583 

A549 cells were transfected with a single siRNA duplex which targeted both βTrCP1 and 584 

βTrCP2, using the oligos 5'GUGGAAUUUGUGGAACAUC-dTdT-3' and 3'-dTdT-585 

CACCUUAAACACCUUGUAG-5' using Lipofectamine 2000 (INVITROGEN). The success of the 586 

knockdown was determined using qPCR for βTrCP1/2 and NRF2 target genes. 587 

 588 

Cell death quantification 589 

Cell death as determined by membrane permeabilization was determined using the CellTox 590 

assay (Promega), following the manufacturer’s instructions. On “day -1” 2 x103 A549 or 591 

COR-L105 cells were plated to each well of black 96-well plate (Corning #3904). On day 0, 592 

200 nM 17-AAG, along with the CellTox reagent, was added to the cells. On day 3, CellTox 593 

fluorescence was measured using a PHERAstar FS microplate reader (BMG Labtech, 594 

Ortenberg, Germany). 595 

 596 

Tumor implantation experiments 597 

Cell suspensions of Keap1 KO-mCherry Hepa1 cells (2 x106 cells in 100 µl PBS) were 598 

subcutaneously injected into the trunk of 5-week-old Balb/c-nu/nu female mice. 100 mg/kg 599 

of 17-AAG in 10% DMSO /90% corn oil, or vehicle alone, were intraperitoneally 600 

administered three times per week, for three weeks, starting 2 weeks after tumor 601 

implantation. Fluorescence intensity measurements from the implanted tumor were 602 

captured by an in vivo imaging system (IVIS) (PerkinElmer). All animals were housed in 603 

specific pathogen-free conditions, according to the regulations of The Standards for Human 604 

Care and Use of Laboratory Animals of Tohoku University and the Guidelines for Proper 605 

Conduct of Animal Experiments by the Ministry of Education, Culture, Sports, Science, and 606 

Technology of Japan. 607 

 608 

17-AAG and 17-AAGH2 analysis by UHPLC-MS/MS 609 

Methanol (1 mL) was directly added to the cultured cells on a dish, and its lysate was 610 

obtained and transferred to a sample tube (15 mL). The sample was mixed for 30 sec and 611 

sonicated in an ultrasonic bath for 10 min. Then, the sample was centrifuged at 16,400 x g 612 
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for 20 min at 4°C. The supernatant (200 μL) was transferred to a sample vial and set on the 613 

autosampler. The sample (10 μL) was subjected to an ultra-high-performance liquid 614 

chromatography triple quadrupole mass spectrometry (UHPLC-MS/MS). The UHPLC-MS/MS 615 

analysis was performed on an UltiMate3000 system, which consist with the binary pumps, 616 

autosampler and column compartment (Thermo Fisher Scientific, San Jose, CA) interfaced to 617 

a TSQ Quantiva equipped with Heated-ESI operated in negative ion mode. The UHPLC 618 

separation was performed using a C18 column (CAPCELL PAK C18 ACR, 2.0 mm i.d. ×100 619 

mm, 3 µm particle size; OSAKA SODA Co., Ltd. Osaka, Japan). The mobile phases were 620 

consisted of water containing 0.1% formic acid (A) and acetonitrile containing 0.1% formic 621 

acid (B). Analytes were separated by the gradient conditions; the initial condition was 0% B 622 

with 0.3 mL/min, followed by a linear gradient to 50% B from 3.0 min to 4.0 min, 90% B 623 

from 4.0 min to 6.1 min and 100% B from 6.1 min to 8.0 min. Then, the 100% B was 624 

maintained for 4.0 min; and the mobile phase was returned to the initial conditions and 625 

maintained for 3.0 min until the end of the run. The total run time was 15.0 min, and the 626 

temperature of column compartment was 40 °C. The spray voltage of HESI source, sheath 627 

gas, auxiliary gas, sweep gas, ion transfer tube temperature and vaporizer temperature 628 

were 2.5 kV, 40 arb, 15 arb, 2 arb, 350°C and 350°C, respectively. The sheath gas, auxiliary 629 

gas and sweep gas were nitrogen. 17-AAG and 17-AAGH2 were analyzed in the selected 630 

reaction monitoring mode of the MS/MS system. The optimal precursor ion [M+H]+, product 631 

ion [M+H]+ and its collision energy were m/z 584.4, m/z 541.4 and 18 eV for 17-AAG, and 632 

m/z 586.4, m/z 543.3 and 17 eV for 17-AAGH2. The collision gas was argon at a pressure of 633 

1.5 mTorr. All the data was analyzed by Thermo Xcalibur 4.2.47 (Thermo Fisher Scientific, 634 

San Jose, CA, USA), and peak area of 17-AAG and 17-AAGH2 detected at 6.3 min and 4.9 min 635 

on the chromatogram, respectively, were automatically calculated by the software and used 636 

for further data analytes. 637 
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FIGURE LEGENDS 906 
 907 
Fig. 1 | Development of an assay to identify compounds which are synthetic lethal with 908 

Nrf2.  909 

A, Scheme showing an overview of the synthetic lethal screening strategy using isogenic WT 910 

and Keap1 KO Hepa1 cells. B, Nrf2 target genes are significantly upregulated in the CRISPR-911 

Cas9 generated Keap1 KO Hepa1 cells, when compared to the parental WT cells. C, WT-GFP 912 

cells plated at multiple densities display normal growth dynamics over a five-day period. D, 913 

Keap1 KO-mCherry cells plated at multiple densities display normal growth dynamics over a 914 

five-day period. E, When co-cultured together at an initial seeding of 1,000 WT-GFP cells 915 

and 2,000 Keap1 KO-mCherry cells, both cell lines proliferate together at an expected rate 916 

over an 8-day period. F, Over a 4-day period, the fluorescence intensity of the WT-GFP and 917 

Keap1 KO-mCherry monocultured cells increases at a comparable rate to the increase in 918 

total protein content. G, Visualization of the co-culture of WT-GFP and Keap1 KO-mCherry 919 

cells, showing uniform fluorophore expression between the cells. Scale bar = 300 μm. H, I, 920 

Under co-culture conditions, when compared to the Keap1 KO-mCherry cells (orange line), 921 

the WT-GFP cells (blue line) are significantly more sensitive to the anticancer drugs 5-FU and 922 

doxorubicin. 923 

 924 

Fig. 2 | The HSP90 inhibitor 17-AAG is synthetic lethal with Nrf2. 925 

A, A screen of a library of stress pathway modulators reveals that the proteotoxic HSP90 926 

inhibitor 17-AAG is synthetic lethal with Nrf2 activity in Hepa1 cells. B, Visualization of the 927 

co-cultured WT-GFP and Keap1 KO-mCherry cells shows that in response to DMSO, the co-928 

culture is dominated by mCherry expressing cells, while in 17-AAG treated cells, the 929 

mCherry signal is significantly diminished, and the GFP expressing cells expand their domain 930 

to fill the entire surface of the microplate well. Scale bar = 300 μm. C, Validation of the 931 

fluorescence-based primary screen using total protein content as a measure of cell survival. 932 

Keap1-KO cells show significantly enhanced sensitivity to 17-AAG at 50 and 100 nM, which is 933 

independent of the measurement of fluorescence intensity. * p < 0.05. D, Viabilities of co-934 

cultured WT-GFP (blue line) and Keap1 KO-mCherry cells (orange line), determined by 935 

fluorescence intensity relative to the DMSO control, exposed to the indicated 936 

concentrations of 17-AAG for 8 days.  937 
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E, Fluorescence intensity of WT-GFP cells exposed to 0.1% DMSO or 100 nM 17-AAG, 938 

measured each day over a period of 8 days. F, Fluorescence intensity of Keap1 KO-mCherry 939 

cells exposed to 0.1% DMSO or 100 nM 17-AAG, measured each day over a period of 8 days.  940 

G, Nrf2 target genes are significantly downregulated in the CRISPR-Cas9 generated Keap1-941 

Nrf2 DKO Hepa1 cells, when compared to the parental Keap1 KO-mCherry cells. H, Keap1-942 

Nrf2 DKO-mCherry cells plated at multiple densities display normal growth dynamics over a 943 

five-day period. I, Fluorescence intensity of Keap1-Nrf2 DKO-mCherry cells exposed to 0.1% 944 

DMSO or 100 nM 17-AAG, measured each day over a period of 8 days. J, Viabilities of co-945 

cultured WT-GFP and Keap1 KO-mCherry cells, determined by fluorescence intensity, 946 

exposed to 0.1% DMSO or 100 nM 17-AAG, measured each day over a period of 8 days. The 947 

Keap1 KO data are depicted with the dashed line, while the WT cell data are shown with the 948 

unbroken line. * p < 0.05. K, Viabilities of co-cultured WT-GFP and Keap1-Nrf2 DKO-mCherry 949 

cells, determined by fluorescence intensity, exposed to 0.1% DMSO or 100 nM 17-AAG, 950 

measured each day over a period of 8 days.  951 

 952 

Fig. 3 | 17-AAG is synthetic lethal with NRF2 in a range of different human cancer cell 953 

lines. 954 

A, Viabilities of mono-cultured NRF2-active A549, H2023 and KYSE70 cells, and NRF2-normal 955 

COR-L105, HCC827 and KYSE30 cells. Cell viabilities were determined by total protein 956 

content, after exposure to the indicated concentrations of 17-AAG for 8 days. For a given 957 

concentration of 17-AAG, the NRF2-active cell lines were designated as sensitive to 17-AAG 958 

if their survival was statistically significantly reduced compared to all of the WT cells. B, 959 

Viabilities of mono-cultured liver cancer cell lines. Cell viabilities of NRF2-active Huh-1 and 960 

JHH5 cells, and NRF2-normal Hep3B and JHH2 cells, were determined by total protein 961 

content, after exposure to the indicated concentrations of 17-AAG for 8 days. For a given 962 

concentration of 17-AAG, the NRF2-active cell lines were designated as sensitive to 17-AAG 963 

if their survival was statistically significantly reduced compared to all of the WT cells. C, 964 

Viabilities of mono-cultured NRF2-active A549, KYSE70 and Huh-1 cells, and NRF2-normal 965 

COR-L105, KYSE30 and Hep3B cells. Cell viabilities were determined by total protein 966 

content, after exposure to the indicated concentrations of 17-AAG for 4 days. For a given 967 

concentration of 17-AAG, the NRF2-active cell lines were designated as sensitive to 17-AAG 968 

if their survival was statistically significantly reduced compared to all of the WT cells. D-H, 969 
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Visualization of mono-cultured A549 and COR-L105 cells (D), H2023 and HCC827 cells (E), 970 

KYSE70 and KYSE30 cells (F), Huh-1 and Hep3B cells (G) and JHH5 and JHH2 cells (H), 971 

determined by total protein content, treated with 0.1% DMSO or the indicated 972 

concentrations of 17-AAG, for 8 days. Scale bar = 300 μm. I, Viabilities of mono-cultured 973 

ABC1 cells (with normal NRF2 regulation), determined by total protein content, exposed to 974 

the indicated concentrations of 17-AAG for 8 days, with and without co-treatment with the 975 

NRF2 inducer DEM (100 μM). J, Viabilities of mono-cultured KYSE30 cells (with normal NRF2 976 

regulation), determined by total protein content, exposed to the indicated concentrations 977 

of 17-AAG for 8 days, with and without co-treatment with the NRF2 inducer DEM (100 μM). 978 

* p < 0.05. 979 

 980 

Fig. 4 | Nrf2-dependent changes in the cellular phenotype are not required for the 981 

synthetic lethal effect. 982 

A, The relative expression of the four HSP90 homologues in WT-GFP and Keap1 KO-mCherry 983 

cells as measured by qPCR.  B, The relative expression of the Nrf2 target genes NQO1, GCLM 984 

and GSTM3 in response to 0.1% DMSO or 100 nM 17-AAG treatment for 24 hrs in WT-GFP 985 

and Keap1 KO-mCherry cells as measured by qPCR. C, The relative expression of the two 986 

βTrCP homologues BTRC and FBWX11, and the NRF2 target genes NQO1, HO1, GSTP1 and 987 

GCLM in A549 cells after treatment with an siRNA targeting βTrCP1/2, or a scrambled 988 

control, as measured by qPCR. D, The relative survival of A549 cells after 4 days of 989 

treatment with an siRNA targeting βTrCP1/2, or a scrambled control. Note that there is no 990 

change in cell survival upon hyperactivation of NRF2. E, The ratio of mCherry: GFP 991 

fluorescence from co-cultured WT-GFP and Keap1 KO-mCherry cells after 8 days treatment 992 

with either 0.1% DMSO or 100 nM 17-AAG, co-treated with the indicated concentrations of 993 

the antioxidant NAC. Note that 17-AAG kills the vast majority of Keap1 KO cells under all 994 

conditions, and therefore the ratio of mCherry: GFP is low in both the presence and absence 995 

of NAC. F, The ratio of mCherry: GFP fluorescence from co-cultured WT-GFP and Keap1 KO-996 

mCherry cells after 8 days treatment with either 0.1% DMSO or 100 nM 17-AAG, cultured in 997 

media containing the indicated percentages of growth serum. G, Viabilities of co-cultured 998 

WT-GFP and Keap1-Nrf2 DKO-mCherry cells, determined by fluorescence intensity relative 999 

to the DMSO control, exposed to the indicated concentrations of 17-AAG for 8 days. H, 1000 
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Visualization of the co-cultured WT-GFP and Keap1-Nrf2 DKO-mCherry cells shows that in 1001 

co-cultures treated with 800 nM 17-AAG, the mCherry signal from the DKO cells dominates 1002 

the surface of the microplate well. Scale bar = 300 μm. I, Viabilities of co-cultured WT-GFP 1003 

and Keap1 KO-mCherry cells, determined by fluorescence intensity, exposed to 1004 

combinations of 0.1% DMSO, 100 nM 17-AAG and 2 μM Kribb11 (HSF1 inhibitor). * p < 0.05. 1005 

J, Relative cell death of A549 and COR-L105 cells exposed to 0.1% DMSO or 200 nM 17-AAG 1006 

for 3 days, as determined using the CellTox membrane permeability assay. 1007 

 1008 

Fig. 5 | The geldanamycin scaffold is required for the synthetic lethal interaction with 1009 

NRF2.  1010 

A, Chemical structures of the HSP90 inhibitors 17-AAG, 17-DMAG, PU-H71, Radicicol, NVP-1011 

BEP800 and BIIB021. B-F. Viabilities of mono-cultured A549 (orange line) and COR-L105 cells 1012 

(blue line), determined by total protein content, exposed to the indicated concentrations of 1013 

17-DMAG, PU-H71, Radicicol, NVP-BEP800 and BIIB021 for 8 days. G, Visualization of mono-1014 

cultured A549 and COR-L105 cells, treated with 0.1% DMSO or 50 nM 17-DMAG, for 8 days. 1015 

Scale bar = 300 μm. H, Viabilities of co-cultured WT-GFP and Keap1 KO-mCherry cells, 1016 

determined by fluorescence intensity, exposed to the indicated concentrations of 17-DMAG 1017 

for 8 days. I, Visualization of the co-cultured WT-GFP and Keap1 KO-mCherry cells shows 1018 

that in response to DMSO, the co-culture is dominated by mCherry expressing cells, while in 1019 

17-DMAG treated cells, the mCherry signal is significantly diminished, and the GFP 1020 

expressing cells expand their domain to fill the entire surface of the microplate well. Scale 1021 

bar = 300 μm J, K, Viabilities of co-cultured WT-GFP and Keap1 KO-mCherry cells, 1022 

determined by fluorescence intensity, exposed to the indicated concentrations of NVP-1023 

BEP800 and PU-H71 for 8 days. 1024 

 1025 

Fig. 6 | Geldanamycin-derived IPI-504 is synthetic lethal with NRF2. 1026 

A, Viabilities of mono-cultured A549 (orange line) and COR-L105 cells (blue line), 1027 

determined by total protein content, exposed to the indicated concentrations of IPI-504 for 1028 

8 days. B, Visualization of mono-cultured A549 and COR-L105 cells, treated with 0.1% DMSO 1029 

or 100 nM IPI-504, for 8 days. Scale bar = 300 μm. Note that only the A549 cells displayed 1030 

toxicity towards 100 nM IPI-504. C, Viabilities of mono-cultured Huh-1 and Hep3B cells, 1031 

determined by total protein content, exposed to the indicated concentrations of IPI-504 for 1032 
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8 days. D, Visualization of mono-cultured Huh-1 and Hep3B cells, treated with 0.1% DMSO 1033 

or 100 nM IPI-504, for 8 days. Scale bar = 300 μm. E, Viabilities of co-cultured WT-GFP and 1034 

Keap1 KO-mCherry cells, determined by fluorescence intensity, exposed to the indicated 1035 

concentrations of IPI-504 for 8 days. F, Visualization of the co-cultured WT-GFP and Keap1 1036 

KO-mCherry cells shows that in response to DMSO, the co-culture is dominated by mCherry 1037 

expressing cells, while in response to increasing concentration of IPI-504, the mCherry signal 1038 

significantly diminishes, while the GFP expressing cells expand their domain to fill the entire 1039 

surface of the microplate well. Scale bar = 300 μm  1040 

 1041 

Fig. 7 | Metabolism of 17-AAG to 17-AAGH2 by the NRF2 target gene NQO1 provides the 1042 

specificity for the synthetic lethal interaction. 1043 

A, Structure of the geldanamycin drug scaffold, with the location of the quinone groups 1044 

highlighted with an asterisk. B, Concentrations of the 17-AAG metabolite 17-AAGH2 1045 

analysed using LC-MS, and calculated based on the peak area detected at 4.9 min on the 1046 

chromatograms, from samples collected from WT-GFP and Keap1 KO-mCherry cells exposed 1047 

to the indicated concentrations of 17-AAG for 24 hrs. * p < 0.05, ** p < 0.005. C, The relative 1048 

expression of the NRF2 target genes NQO1 and TXNRD1 from a range of human cancer cell 1049 

lines as measured by qPCR. Cells with aberrant NRF2 activation are shown in black, while 1050 

those with normal NRF2 regulation are shown in white. D, Viabilities of mono-cultured A549 1051 

and COR-L105 cells, determined by total protein content, exposed to the indicated 1052 

concentrations of β-lapachone for 8 days. Note that, while β-lapachone is also a substrate 1053 

for NQO1, A549 cells show decreased toxicity to β-lapachone. This is in sharp contrast to the 1054 

toxicity profile of 17-AAG, suggesting that the synthetic lethal relationship between NRF2 1055 

and 17-AAG does not extend to all NQO1 substrates. E, Viabilities of mono-cultured A549, 1056 

determined by total protein content, exposed to the indicated concentrations of 17-AAG, 1057 

co-treated the NQO1 inhibitor dicoumarol (10 μM) and/ or the TXNRD1 inhibitor auranofin 1058 

(50 nM), for 4 days. * p < 0.05. F, Immunoblot showing the NQO1 status of four different 1059 

Huh-1 CRISPR-Cas9 generated clones. Only clone #6 is a knockout. G, Relative cell survival of 1060 

Huh-1 cells, determined by total protein content, exposed to the indicated concentrations 1061 

of 17-AAG for 8 days, and co-treated with the TXNRD1 inhibitor auranofin, AUR (100 nM), or 1062 

compared to the isogenic NQO1 KO cell line generated using CRISPR-Cas9. 1063 
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 1064 

 1065 

Fig. 8 | 17-AAG displays activity against NRF2-dependent tumours in vivo, and, when used 1066 

in combination with AKT inhibition.  1067 

A, Representative IVIS images of in vivo mCherry expression from Keap1-mCherry Hepa1 1068 

cells transplanted into Nude mice. The mice were treated with either vehicle or 100 mg/kg 1069 

17-AAG three times per week for 3 weeks. B, Fold change in tumour size determined by in 1070 

vivo mCherry expression over the 21-day 17-AAG treatment period shown in a. N = 5 mice 1071 

per group. * p < 0.05. C, Over the 21-day experimental period, treatment with 100 mg/kg 1072 

17-AAG had no impact on mouse body weight changes relative to the vehicle control. D, 1073 

Viabilities of mono-cultured A549 and COR-L105 cells, determined by total protein content, 1074 

exposed to the indicated concentrations of the AKT inhibitor MK2206, with or without 100 1075 

nM 17-AAG, for 8 days. Note that only the A549 cells displayed increased toxicity towards 1076 

MK-2206 when co-treated with 100 nM 17-AAG. E, Viabilities of mono-cultured Huh-1 and 1077 

Hep3B cells, determined by total protein content, exposed to the indicated concentrations 1078 

of the AKT inhibitor MK2206, with or without 100 nM 17-AAG, for 8 days. F, Viabilities of 1079 

mono-cultured Huh-1 and Hep3B cells, determined by total protein content, exposed to the 1080 

indicated concentrations of paclitaxel, with or without 200 nM 17-AAG, for 8 days.  1081 

 1082 

Fig. 9| The mechanism through which 17-AAG is synthetic lethal with NRF2 activity. 1083 

Summary showing the mechanism through which 17-AAG displays synthetic lethality with 1084 

NRF2. In NRF2-activated tumours, high levels of NRF2 result in increased cytoprotective 1085 

enzyme gene expression, particularly NQO1. For a given concentration of 17-AAG, the 1086 

higher levels of NRF2 target gene expression result in a significant increase in the generation 1087 

of the 17-AAG metabolite 17-AAGH2, which results in enhanced HSP90 inhibition and cell 1088 

death. 1089 
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