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Abstract 

Translocation renal cell carcinoma (tRCC) is an aggressive subtype of kidney cancer driven by TFE3 gene fusions, 

which act via poorly characterized downstream mechanisms. Here we report that TFE3 fusions transcriptionally rewire 

tRCCs toward oxidative phosphorylation (OXPHOS), contrasting with the highly glycolytic metabolism of most other 

renal cancers. This TFE3 fusion-driven OXPHOS program, together with heightened glutathione levels found in renal 

cancers, renders tRCCs sensitive to reductive stress – a metabolic stress state induced by an imbalance of reducing 

equivalents. Genome-scale CRISPR screening identifies tRCC-selective vulnerabilities linked to this metabolic state, 

including EGLN1, which hydroxylates HIF-1α and targets it for proteolysis. Inhibition of EGLN1 compromises tRCC cell 

growth by stabilizing HIF-1a and promoting metabolic reprogramming away from OXPHOS, thus representing a 

vulnerability to OXPHOS-dependent tRCC cells. Our study defines a distinctive tRCC-essential metabolic program 

driven by TFE3 fusions and nominates EGLN1 inhibition as a therapeutic strategy to counteract fusion-induced 

metabolic rewiring. 

 

Main 

Translocation renal cell carcinoma (tRCC) comprises 1-5% of renal cell carcinomas (RCCs) in adults and a majority of 

RCCs in children1–3. tRCC is clinically aggressive and lacks effective therapies, therefore representing a major unmet 

need amongst kidney cancers4,5.  Genetically, tRCC is driven by an activating fusion involving a transcription factor in 

the MiT/TFE gene family, most commonly TFE31,6. These translocations, which occur between TFE3 and any one of 

several different partner genes, result in the expression of a transcription factor fusion protein that is constitutively 

nuclear3.  

Therapies that are effective for other RCC histologies are frequently employed in tRCC without clear mechanistic 

rationale. Accordingly, response rates to these agents in tRCC are modest, highlighting the distinct biological features 

of this RCC subtype7–10. Indeed, genomic studies have revealed few recurrent genetic alterations in tRCC apart from 

the defining MiT/TFE fusion3,11–13. Most notably, tRCCs lack alterations in the VHL tumor suppressor gene; this 

contrasts with clear cell RCC (ccRCC), the most common type of RCC, in which loss of VHL and concomitant activation 

of hypoxia inducible factor 2 alpha (HIF-2a) are pathognomonic3. RNA-Seq studies have also suggested that tRCCs 

have a unique transcriptional profile and cluster distinctly from other RCCs in tumor datasets3,14–16.  

Although is clear that the TFE3 fusion is the defining alteration in tRCC, the specific mechanism(s) by which it drives 

oncogenesis remain obscure. This is in contrast to driver fusions in other cancers (e.g. EWS-FLI, NRG1, RET), which 

have often been clearly linked to cancer hallmarks such as activating proliferation, growth factor signaling or 

invasion/metastasis17–19. While preclinical studies have nominated a few molecular pathways that may be activated in 

tRCC 20–25, these have not always been linked directly to the driver fusion. Indeed, a major barrier to developing effective 

therapies in tRCC has been an incomplete understanding of the oncogenic pathways driven by the TFE3 fusion.  

RCCs are intrinsically metabolic diseases and several subtypes of kidney cancer are associated with distinctive 

metabolic dysregulations stemming from their underlying driver alterations 26. For example, activation of HIF signaling 

downstream of VHL loss in ccRCC results in metabolic reprograming with increased glycolysis and suppression of entry 

into the TCA cycle 27,28. In fumarate hydratase deficient RCC (FH-RCC), glycolytic metabolism is due to an intrinsic 

deficiency in the TCA cycle enzyme, fumarate hydratase (FH) 29. Birt Hogg Dube syndrome-associated chromophobe 

RCCs, which harbor folliculin (FLCN) inactivation, also shift metabolism toward aerobic glycolysis, but display increased 
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mitochondrial mass secondary to peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC1α) 

activation 26. Renal oncocytomas display inactivating mutations in mitochondrial complex I genes, leading to impaired 

oxidative phosphorylation (OXPHOS) 30,31. Alterations in succinate dehydrogenase (SDH), tuberous sclerosis (TSC) 

and fructose-1,6-bisphosphatase 1 (FBP1) represent additional lesions that drive metabolic reprogramming in kidney 

cancer32. 

As these examples highlight, glycolytic metabolism is enforced by somatic mutation in most kidney cancer subtypes. 

Indeed, most cancers in general utilize glycolysis even under oxygen-replete settings where OXPHOS could be 

possible; this phenomenon of metabolic reprogramming, known as the “Warburg effect,” is a cancer hallmark 33–36. 

While some cancers do display evidence of enhanced OXPHOS in some contexts, this has not typically been linked to 

a genetic driver 37, and there are few examples of cancers that are for which aerobic respiration is a defining feature of 

the cancer’s metabolism. This raises the question of whether there are genetically-defined malignancies that represent 

the converse of highly glycolytic cancers. 

While direct inhibition of bioenergetic pathways often has a narrow therapeutic window 38, recent studies have also 

indicated extensive crosstalk between metabolic reprogramming in cancer and pathways involved in redox homeostasis, 

which may inform additional vulnerabilities of specific metabolic states 39. For example, it has been recently shown that, 

while activation of the antioxidant regulator NRF2 factor (nuclear factor erythroid 2-like 2, encoded by the NFE2L2 gene) 

is advantageous in lung cancers with glycolytic metabolism, its activation a subset of lung cancer cells high in OXPHOS 

decreases fitness by inducing NADH reductive stress and pushing the NADH/NAD+ ratio beyond a tipping point 40,41. 

This suggests that an overly reducing environment can prove to be a vulnerability in specific metabolic contexts. We 

have previously shown that tRCCs highly express some NRF2 target genes but curiously lack the somatic alterations 

in this pathway that are found in other kidney cancers 42, suggesting that tRCCs might exhibit a distinct interplay 

between bioenergetic preferences and redox homeostasis.  

To date, the defining metabolic features of tRCC and their associated vulnerabilities remain unknown. In this study, we 

sought to understand the key metabolic phenotypes in tRCC, their mechanistic link to the TFE3 driver fusion, and their 

functional consequences.  

 

tRCCs display activation of OXPHOS metabolism 

We recently performed comparative transcriptomics between tRCC tumors and other types of kidney cancer to identify 

pathways selectively activated in tRCC; this analysis revealed an enrichment for gene sets related to OXPHOS in 

tRCC42. To further extend this finding, we first assessed an OXPHOS transcriptional signature in three different RCC 

datasets (two of RCC tumors14,43 and one of RCC patient-derived xenografts44). In all three cohorts, we observed that 

tRCC tumors displayed heightened OXPHOS signatures relative to ccRCCs. By contrast, ccRCCs displayed higher 

glycolysis signature scores, consistent with the reliance of ccRCCs on aerobic glycolysis (Warburg effect)45 (Fig. 1a). 

Multiple prior studies have indicated that differences in post-translational histone modifications can discriminate 

between cancer subtypes of a given lineage46,47. To identify distinguishing features of the epigenetic landscape in tRCC, 

we performed chromatin immunoprecipitation sequencing (ChIP-seq) for the active histone modification H3K27ac in 3 

tRCC cell lines (UOK109, FU-UR-1, s-TFE) and 1 ccRCC cell line (786-O); we also integrated published H3K27ac 

ChIP-seq data for 4 additional ccRCC cell lines (A498, Caki-1, RXF393, TK10)48. Principal component analysis (PCA) 

of these 9 cell lines separated samples into two major groups. All ccRCC cell lines grouped together, while three tRCC 
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cell lines (UOK109, FU-UR-1, s-TFE) formed a separate cluster (Fig. 1b and Extended Data Fig. 1a). This suggests 

that tRCCs have distinctive epigenetic features compared to ccRCC. 

The H3K27ac modification marks active enhancers and is associated with active transcription. We used H3K27ac signal 

to annotate and rank active enhancers in each cell line across this panel (Table S1), distinguishing between typical 

enhancers (TEs) and superenhancers (SEs), the latter of which represent large enhancer clusters that activate the 

expression of oncogenic drivers49,50. We observed that H3K27ac signal at both TEs and SEs associated with OXPHOS 

pathway genes was higher in tRCC cell lines as compared with ccRCC cell lines (Fig. 1c). This included both genes in 

the tricarboxylic acid (TCA) cycle (the second stage in respiration responsible for the oxidation of acetyl-CoA and 

production of the reducing agents NADH and FADH2) as well as genes encoding multiple components of the electron 

transport chain (ETC), which is responsible for the oxidation of reduced electron carriers (NADH/FADH2) and transfer 

of electrons to oxygen via OXPHOS, leading to the generation of ATP (Fig. 1d and Extended Data Fig. 1b). Consistent 

with this epigenetic profiling data, RNA-Seq profiles of tRCC cells were enriched for an OXPHOS gene signature as 

compared with ccRCC cells (Fig. 1e). Together, these epigenomic profiling data suggest that aerobic respiration 

(OXPHOS) is transcriptionally driven in tRCC.  

To determine the phenotypic correlates of these epigenomic features, we then investigated the bioenergetic 

preferences of tRCC cells. We determined the ratio of oxygen consumption rate (OCR) to extracellular acidification rate 

(ECAR) using a Seahorse metabolic flux analyzer. The OCR/ECAR ratio reflects a cell’s preference for mitochondrial 

respiration versus glycolysis, with a higher OCR/ECAR indicating a preference for OXPHOS (mitochondrial 

respiration)51. As an example, the tRCC cell line (s-TFE) displayed a distinct bioenergetic profile with markedly 

increased mitochondrial capacity compared to the ccRCC cell line, 786-O (Fig. 1f). Indeed, tRCC cells overall exhibited 

a significantly elevated OCR/ECAR ratio compared to ccRCC cells (Fig. 1g), indicating a relative preference for aerobic 

respiration in tRCC41,52–54. Consistent with this observation, tRCC cells were also more tolerant to growth in galactose-

containing media, which forces cells to rely more heavily on OXPHOS for energy production53,55,56 (Fig. 1h).  

The preference of tRCC cells to utilize aerobic respiration next prompted us to investigate whether this renders them 

more sensitive to growth under hypoxic conditions than ccRCC cells. Under conditions of hypoxia, OXPHOS is 

downregulated while glycolysis is activated57,58. ccRCC cells are adapted to hypoxic growth due to loss of the VHL 

tumor suppressor gene and resultant activation of the HIF-2D pathway, which renders ccRCCs highly glycolytic; 

however, VHL loss is not found in tRCC42,59. Indeed, we found that tRCC cells displayed impairment of growth under 

hypoxic conditions, while ccRCC cells were unaffected or increased proliferation under hypoxic conditions (Fig. 1i and 

Extended Data Fig. 1c). Together, these results indicate that, in contrast to ccRCCs that are highly glycolytic, tRCC 

cells rely prominently on aerobic respiration. 

 

Aerobic respiration in tRCC is transcriptionally driven by the TFE3 fusion 

Since the TFE3 fusion is the defining (and often sole) genetic alteration in tRCC, we next sought to determine the link 

between the fusion and the metabolic features of tRCC. We performed Chromatin Immunoprecipitation and Sequencing 

(ChIP-Seq) using an antibody against the TFE3 fusion in three tRCC cell lines (FU-UR-1, ASPL-TFE3 fusion; s-TFE, 

ASPL-TFE3 fusion; UOK109, NONO-TFE3 fusion) and called high-confidence genomic binding sites (Methods and 

Table S2). We identified 1,347 TFE3 fusion peaks shared across all three tRCC cell lines (Fig. 2a).   
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We then annotated the genes proximal to consensus TFE3 fusion peaks and subjected these genes to enrichment 

analysis. Top enriched pathways included lysosomal biogenesis, autophagy, and mTOR signaling, consistent with 

canonical features of wild type TFE360–62. Notably, however, TFE3 fusion targets were also enriched for genes in 

OXPHOS metabolism (Fig. 2b). We examined enrichment of TFE3 fusion binding sites in proximity to OXPHOS-related 

genes and found strong TFE3 fusion binding in all three tRCC cell lines (Fig. 2c and Extended Data Fig. 2a). To 

determine whether expression of OXPHOS genes is regulated downstream of TFE3 fusion binding, we performed RNA 

sequencing (RNA-Seq) following ASPSCR1-TFE3 knockout in s-TFE and FU-UR-1 tRCC cells. OXPHOS was among 

the most significantly downregulated pathways (Fig. 2d-e and Extended Data Fig. 2b-c). Protein levels of the 

mitochondrial respiratory complexes (e.g. complex I protein NDUFB8 and complex II protein SDHB) also decreased 

upon fusion knockout (Extended Data Fig. 2d). Overall, these results indicate transcriptional regulation of OXPHOS-

related genes by the TFE3 fusion through direct binding at genes critical for aerobic respiration (Fig. 2b).  

To further characterize the metabolic profile driven by the fusion, we performed untargeted metabolic profiling after 

ASPSCR1-TFE3 knockout in s-TFE cells (Methods) and subjected differentially abundant metabolites to pathway 

analysis. Among the pathways most significantly impacted by fusion knockout, we noted the TCA cycle and arginine 

biosynthesis/metabolism (Fig. 2f). Analysis of metabolite levels within both the TCA cycle and the urea cycle 

(responsible for arginine synthesis as well as fumarate production, the latter of which enters the TCA cycle)63–65 

revealed a significant downregulation of metabolites in both pathways upon TFE3 fusion knockout (Fig. 2g and 2i). 

Integration with our ChIP-Seq data revealed that several critical genes in the TCA cycle, urea cycle, and ETC are direct 

transcriptional targets of the TFE3 fusion (Fig. 2h, orange boxes). We also noted that the expression of the urea cycle 

enzyme arginosuccinate synthetase 1 (ASS1), which lays upstream of fumarate production and is typically suppressed 

in ccRCC66, is activated by TFE3 fusions and highly expressed in tRCC (Extended Data Fig. 2e). Finally, we performed 

Seahorse metabolic flux analysis and observed a decrease in OCR upon TFE3 fusion knockout in tRCC cells (Fig. 2j-

k and Extended Data Fig. 2f).  

Interestingly, knockout of wild type TFE3 in a ccRCC cell line (786-O) did not lead to decreased expression of OXPHOS 

related genes (Extended Data Fig. 2g), nor were there effects on TCA cycle or arginine biosynthesis-related metabolites 

(Extended Data Fig. 2h-i) or on OCR (Extended Data Fig. 2j), suggesting that this activity may be a selective property 

of the constitutively active TFE3 fusion. Together, these results indicate metabolic reprogramming toward aerobic 

respiration is under direct transcriptional control of the driver TFE3 fusion in tRCC. 

 

Metabolic reprogramming by TFE3 fusions renders tRCC cells sensitive to reductive stress 

Almost all subtypes of RCC maintain high glutathione levels, partially reflective of their origin in kidney tubular cells 67, 

and the mechanisms by which these high GSH levels are maintained differ between subtypes 30,68,69. Baseline 

metabolite profiling revealed that tRCCs, like ccRCCs, have a high ratio of reduced to oxidized glutathione (GSH/GSSG) 

(Extended Data Fig. 3a). Glutathione metabolism was the top pathway downregulated upon ASPSCR1-TFE3 

knockdown in s-TFE cells upon metabolite profiling; we also observed downregulation of the PPP, which generates the 

reducing equivalent NADPH and plays a role in maintaining redox balance (Fig. 2f). To investigate whether these 

pathways might be directly regulated by the TFE3 fusion in tRCC, we examined fusion binding sites proximal to genes 

involved in glutathione metabolism or the PPP. We observed strong fusion binding proximal to these genes, with key 

enzymes in both pathways being direct TFE3 fusion transcriptional targets (Extended Data Fig. 3b-c). Moreover, most 

of these genes were transcriptionally downregulated on RNA-Seq after ASPSCR1-TFE3 knockout (Extended Data Fig. 
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3d), as were key metabolites in these pathways (Extended Data Fig. 3e). Finally, baseline ROS levels were significantly 

lower in tRCC cells than in ccRCC cells (Extended Data Fig. 3f) and increased upon knockout of the fusion (Extended 

Data Fig. 3g).  

In other RCCs, which are glycolytic, somatic activation of the NRF2 pathway can drive flux through pathways that 

produce reducing equivalents; however, such somatic alterations are not found in tRCC3,70. While we did observe 

expression of nuclear NRF2 in tRCC cells (Extended Data Fig. 3h-i), NRF2 levels were lower than typically seen with 

NRF2 mutation or KEAP1 inactivation. In many cases, NRF2 appeared activated secondary to high levels of SQSTM1 

(which encodes the p62 autophagy receptor protein, a TFE3 fusion target) (Extended Data Fig. 3j-m). Moreover, unlike 

highly glycolytic cells with high NRF2 activity, which are uniquely sensitive to NRF2 inhibition41,71,  tRCC cells are only 

modestly sensitive to NFE2L2 knockdown (42 and data not shown). Altogether, these results indicate that the TFE3 

fusion drives a highly reductive environment by directly activating transcription of multiple genes involved in the 

production of the reducing equivalents glutathione, NADH, and NADPH.  

While an increased GSH/GSSG ratio and elevated levels of reduced nucleotide cofactors (e.g. NADH and NADPH) 

can help to detoxify ROS, heightened levels of antioxidants can also result in an overly reductive environment that can 

be detrimental to cell fitness by priming a cell to “reductive stress”40. Reductive stress can encompass multiple flavors, 

all resulting from an imbalance of metabolic reducing equivalents, including NADH-reductive stress (elevated 

NADH/NAD+) and glutathione (GSH)-reductive stress (elevated GSH/GSSG)40,72. In the context of lung cancer, it has 

been recently shown that cells with heightened OXPHOS and low glycolytic metabolism are particularly reliant on 

Complex I of the ETC for NADH oxidation, and are therefore vulnerable to NADH reductive stress caused by NRF2 

pathway activation41.  

We therefore sought to determine whether tRCC cells – which we have shown to have enhanced OXPHOS and a 

highly reducing environment directly driven by the TFE3 fusion – represent a cancer type vulnerable to reductive stress. 

Indeed, we observed that overexpression of NRF2 in tRCC cells impaired proliferation, although it enhanced the 

proliferation of highly glycolytic ccRCC cells (Extended Data Fig. 4a-b). tRCC cells were also more sensitive to the 

knockout of KEAP1, which activates NRF2 signaling, than were ccRCC cells (Extended Data Fig. 4c-d). It has been 

previously shown that NADH levels are both necessary and sufficient for NRF2 sensitivity41. In agreement with this 

prior study41, we observed that NRF2 overexpression led to an increased NADH/NAD+ ratio (as measured by a 

genetically-encoded NADH/NAD+ reporter, SoNar)73 in tRCC cells (FU-UR-1 and s-TFE) compared to ccRCC cells 

(786-O) (Extended Data Fig. 4e-f). Overexpression of the NADH-oxidizing enzyme LbNOX74 partially rescued the 

detrimental effects of NRF2 induction on proliferation of tRCC cells (Extended Data Fig. 4g-h). Finally, knockout of the 

TFE3 fusion led to an increased NADH/NAD+ ratio by SoNar (Extended Data Fig. 4i), presumably mediated through 

the multiple OXPHOS genes that are TFE3 transcriptional targets (Fig. 2h). Altogether, our results indicate that TFE3 

fusions drive a transcriptional program that promotes a highly reductive cellular environment. While this antioxidant 

program may be beneficial in counterbalancing the ROS generated by OXPHOS, it also creates a unique metabolic 

state that renders tRCCs vulnerable to reductive stress. 

 

TFE3-dependent metabolic reprogramming evinces EGLN1 as a druggable dependency in tRCC 

We then leveraged genome-scale CRISPR knockout screening to systematically uncover metabolic dependencies in 

s-TFE tRCC cells. We quantified gene dependencies in this cell line as previously described75 and compared 

dependency scores by gene to five well-annotated ccRCC cell lines subjected to CRISPR screening in a published 
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effort76,77. We found that s-TFE cells displayed higher gene dependency scores across 198 OXPHOS-related genes as 

compared with ccRCC cells (Fig. 3a). Direct inhibition of OXPHOS via Complex I inhibition has been tested in humans 

and has a narrow therapeutic window with serious dose-limiting toxicities 38,78. Therefore, we sought to interrogate our 

CRISPR screening data to identify additional selective metabolic vulnerabilities in tRCC that might converge on this 

pathway. We overlapped the top 1000 gene dependencies in s-TFE or ccRCC cell lines (averaged across 5 ccRCC cell 

lines screened in the Cancer Dependency Map) with lists of druggable genes71 and metabolic genes79. This resulted in 

a set of 48 druggable metabolic dependencies in s-TFE cells and 39 in ccRCC cells. We compared dependency scores 

of these genes in s-TFE vs. ccRCC cells; this revealed EGLN1 as the strongest selective dependency of tRCC cells, 

with no dependency in ccRCC cells (Fig. 3b). EGLN1 encodes a prolyl hydroxylase enzyme that acts as a critical 

oxygen sensor by hydroxylating the D subunit of the hypoxia-inducible factor (HIF-1D)�and targeting it for degradation 

by the VHL complex80,81. 

We hypothesized that EGLN1 knockout would lead to HIF-1D�stabilization selectively in tRCC cells, given that VHL is 

retained in this RCC subtype and because 14q deletion (where the HIF1A gene is located) is uncommon in tRCC, in 

contrast to ccRCC42,82. Indeed, we observed that, despite higher levels of HIF1A mRNA in tRCC vs. ccRCC tumors, a 

HIF1A gene signature was relatively suppressed in tRCC tumors, consistent with active degradation of HIF-1a by the 

EGLN1-VHL axis in tRCC (Fig. 3c and Extended Data Fig. 5a-b). As HIF-1D�functions a metabolic switch to reprogram 

metabolism away from OXPHOS and toward glycolysis, we reasoned that EGLN1 knockout could stabilize HIF-1D and 

thereby have a detrimental effect on tRCC cells, which we have shown to be uniquely dependent on OXPHOS83,84.  

Indeed, we observed that knockout of EGLN1 led to stabilization of HIF-1D�protein selectively in tRCC cells (Fig. 3d) 

(VHL and HIF1a were not detectable in 786-O cells). This was accompanied by a selective impairment of cell 

proliferation with EGLN1 knockout in tRCC cells but not ccRCC cells (Fig. 3e). Consistently, knockout of VHL, which 

would prevent degradation of EGLN1-hydroxylated HIF-1D��was also selectively essential in tRCC cells expressing high 

HIF1A (Extended Data Fig. 5c-f); VHL was dispensable both in the VHL-null ccRCC line 786-O and in the VHL-

preserved ccRCC line Caki-177 (Extended Data Fig. 5g-h). This effect was phenocopied by Roxadustat (FG-4592), an 

orally-available EGLN inhibitor and HIF stabilizer85,86, and almost completely rescued by concurrent HIF1A deletion 

(Fig. 3f-g and Extended Data Fig. 5i).  Consistent with the role of HIF-1D�as a metabolic switch between OXPHOS and 

glycolysis, knockout of both EGLN1 and VHL markedly reduced OCR in tRCC cells (Fig. 3h and Extended Data Fig.  

5j). We conclude that EGLN1 represents a strong and selective vulnerability in tRCC, likely driven by a mechanism of 

HIF-1D�stabilization that results in metabolic reprogramming away from OXPHOS and toward glycolysis, which is 

detrimental to tRCC cells (Fig. 3k).  

To gain further insight into the mechanism by which OXPHOS inhibition (either by TFE3 fusion inhibition or EGLN1 

inhibition) could impair fitness in tRCC, we overlapped gene dependencies in s-TFE cells with hits from a prior CRISPR 

screen that identified modulators of NRF2 sensitivity41. We found that gene dependencies in s-TFE cells showed strong 

overlap with genes whose knockout was found to sensitize to NRF2 hyperactivation in this prior study41. Notably, 

however, this was not the case in ccRCC cell lines (Fig. 3i). Treatment of tRCC cell lines with the mitochondrial Complex 

I inhibitor rotenone led to an increased NADH/NAD+ ratio by SoNar, as did knockout of TFE3 fusions (Fig. 3j and 

Extended Data Fig. 4i). These results suggest that impinging on the OXPHOS pathway in tRCC induces reductive 

stress. 

Recent genomic studies have implicated a distinct biology driving tRCC as compared with other RCC subtypes3,11–13,87. 

While the MiT/TFE gene fusion represents the pathognomonic genetic lesion in tRCC, the precise molecular 
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mechanisms by which it drives cancer have remained obscure. Here, our integrative analysis of multiple cell line models 

and tRCC tumors converges on metabolic reprogramming towards OXPHOS as a shared and critical oncogenic 

function of TFE3 fusions. This work clearly places tRCC alongside other RCCs as being typified by mutation-driven 

metabolic dysregulation26. However, our results clarify that tRCC has a metabolic profile that is distinct from other kidney 

cancers. This is of clinical relevance, given that tRCCs are frequently histologically misclassified as either ccRCC or 

papillary RCC; our study suggests that therapies targeted to those subtypes may not necessarily be active in tRCC, 

owing to its unique biology 7,8,10. 

We show that tRCCs bioenergetically favor OXPHOS, a program that is driven directly by the TFE3 fusion. While this 

is in stark contrast to most other RCCs, in which the TCA cycle is suppressed, a recent study has interestingly shown 

that ccRCCs may shift to a mitochondrial respiration program during metastasis88. Metastatic rates for RCC vary by 

subtype, with certain subtypes metastasizing from smaller primary tumors89. We speculate that the proclivity of tRCCs 

to aerobic respiration may be linked to their inherent aggressiveness and propensity to metastasize early90. Interestingly, 

a recent study reported an OXPHOS transcriptional program in alveolar soft part sarcoma (ASPS), a distinct cancer 

also driven by TFE3 fusions; this suggests that the TFE3 fusion may drive similar metabolic programs across cancer 

types91. Consistent with this notion, Tfe3 knockout mice exhibit altered mitochondrial morphology and dynamics, with 

impaired mitochondrial respiratory function 92.  

Most cancers show evidence of aerobic glycolysis, and in several kidney cancers, a deficiency in aerobic respiration 

appears to be selected for by genetic mutation (e.g. FH mutations in FH-RCC or Complex I mutations in renal 

oncocytoma). By contrast, tRCC appears to represent a unique case in which OXPHOS is induced by the driver fusion 

and is presumably under positive selection. This cancer may therefore represent an attractive model in which to study 

aerobic respiration driven by genetic alteration, and the mechanisms by which such an event might be oncogenic. More 

broadly, while rewiring of metabolism is a cancer hallmark, there are a limited number of examples in which these 

phenotypes are tightly linked to genetic biomarkers. The fact that an OXPHOS program appears directly attributable to 

the singular genetic event in tRCC (the TFE3 fusion) opens the possibility that this axis can be therapeutically exploited.  

Recent studies have suggested that inhibiting OXPHOS in cancer cells may be a viable therapeutic strategy37. 

Pharmacologically, this can be achieved through selective mitochondrial complex I inhibitors93, or via the anti-diabetic 

drug metformin, which has activity on complex I94,95.  Unfortunately, despite promising preclinical studies, a recent 

clinical trial suggested that IACS-010759, a potent and selective complex I inhibitor, had a narrow therapeutic window 

with serious dose-limiting toxicities, warranting caution for targeting OXPHOS via this mechanism in cancer38,78. Our 

results suggest that EGLN1 inhibition may be a means to more selectively shift the balance between OXPHOS and 

glycolysis in tRCC cells. Notably, EGLN1 dependency is quite selective across cancers96 and multiple EGLN inhibitors 

have been clinically developed, approved, and are generally well-tolerated in humans85,86,97,98. 

We show that, in addition to driving OXPHOS, TFE3 fusions activate a host of genes involved in glutathione and NADPH 

biosynthesis, thus establishing a highly reducing cellular environment that is linked to unique metabolic vulnerabilities. 

High levels of glutathione are generally associated with resistance to cell death via ferroptosis, but interestingly, 

perturbing OXPHOS or ETC function sensitizes to death via ferroptosis99,100. The highly reducing environment in tRCC, 

in conjunction with aerobic respiration driven by the TFE3 fusion, also makes this RCC subtype uniquely vulnerable to 

reductive stress. This metabolic liability can be exploited therapeutically by either inhibition of OXPHOS or 

hyperactivation of NRF2 signaling. While TFE3 fusions activate certain NRF2 target genes involved in the antioxidant 

response, it is notable that somatic alterations in the NRF2 pathway (e.g. KEAP1 inactivation, NFE2L2 activation, chr5q 
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gain) are not found in tRCC, unlike other RCCs3,101–103. This suggests that somatic activation of NRF2 may not be 

tolerated in tRCC owing to their dependence on aerobic respiration, as such events would be predicted to constrain 

aerobic respiration, upset NADH/NAD+ balance, and result in NADH-reductive stress41,104. 

Our work illuminates actionable metabolic features driven by the TFE3 fusion in tRCC that are distinct from other RCC 

subtypes, offering hope that molecularly-directed therapies can be advanced to specifically target the biology of this 

aggressive subtype of kidney cancer.  
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Methods 
 
Cell culture 
786-O (ATCC, CatLog: ATCC® CRL-1932 TM), 293T (ATCC, CatLog: ATCC® CRL-11268TM), RCC4 (Sigma: #3112702), 

KRMC-1(JCRB, CatLog:JCRB1010), A498(ATCC, CatLog: ATCC® HTB-44TM), Caki-1(ATCC, CatLog: ATCC® HTB-

46TM), Caki-2 (ATCC, CatLog: ATCC® HTB-47TM), UOK109 (Dr. W. Marston Linehan’s laboratory, National Cancer 

Institute), FU-UR-1(Dr. Masako Ishiguro’s laboratory Fukuoka University School of Medicine) and s-TFE(RIKEN, # 

RCB4699 were grown at 37°C in DMEM supplemented with 10% FBS, 100 U mL−1 penicillin, and 100 μg 

mL−1 Normocin (Thermo fisher: #NC9390718).  

 

Antibodies  
H3K27ac (Diagenode, Cat#: C15410196; RRID: AB_2637079), NRF2 (Cell Signaling Tech, Cat#: 12721; RRID: 

AB_2715528), NRF2 (Abcam, Cat#: ab62352; RRID: AB_944418), TFE3 (Sigma, Cat#: HPA023881; RRID: 

AB_1857931), TFE3 (Sigma, Cat#: SAB4200824; RRID: N/A), p62 (Cell Signaling Tech, Cat#: 5114S; RRID: 

AB_10624872), HIF1A (Fisher Scientific, Cat#: BDB610959; RRID: N/A), EGLN1 (Cell Signaling Tech, Cat#: 4835S; 

RRID: AB_10561316), VHL (Cell Signaling Tech, Cat#: 68547; RRID: AB_2716279), ACTIN (Cell Signaling Tech, Cat#: 

8457; RRID: AB_10950489), ACTIN (Cell Signaling Tech, Cat#: 3700; RRID: AB_2242334), V5 (Life Technologies, 

Cat#: R96025; RRID: AB_2556564), Mouse IgG (Santa Cruz, Cat#: sc-2025; RRID: AB_737182), Rabbit IgG (Cell 

Signaling Tech, Cat#: 2729; RRID: AB_1031062), Donkey anti-Rabbit IgG (H+L) (Life Technologies, Cat#: A10042; 

RRID: AB_2534017), kEAP1 (Cell Signaling Tech, Cat#: 4678S; RRID: AB_10548196), OXPHOS (Abcam, Cat#: 

ab110411; RRID: AB_2756818) 

 
Plasmid construction 

All ORFs were cloned into the pLX403(Addgene, #41395 puromycin resistance; #158560, blasticidin resistance) by 

Gibson cloning or Gateway cloning. All doxycycline inducible shRNA were cloned into a Gateway-compatible lentivector 

pLV706105. All sgRNAs were cloned into plentiCRISPRv2 (Addgene, #52961, puromycin resistance). Target sequences 

for shRNAs and sgRNAs are listed in Table S4. All the constructs were confirmed by Sanger sequencing. 

 

RNA extraction and RT-qPCR 
ccRCC cell line (786-O) and tRCC cell line (FU-UR-1) were transduced with lentivirus expressing doxycycline shRNA 

against wild type TFE3 and ASPSCR1-TFE3 and selected with 500 mg/mL of G418. Subsequently, the cells were 

treated with doxycycline at a concentration of 1mg/mL for 5 days. s-TFE tRCC cells were transduced with control sgRNA 

or sgRNA targeting ASPSCR1-TFE3 for 5 days. Total RNA was isolated using RNeasy Plus Mini Kit (QIAGEN, #74136).  

 
Western blot analysis 
Cells were resuspended in RIPA lysis buffer (Thermo Fisher Scientific, #89901) supplemented with protease inhibitors 

(Roche, #11836170001) and phosphatase inhibitors (Roche, #4906845001) on ice for 30 min. Total soluble protein was 

obtained by centrifugation at 12,000 rpm at 4°C for 15 min. The concentration of protein was measured using Pierce 

BCA protein Assay Kit (Thermo Fisher Scientific, #23225). Equal amounts of protein were loaded onto NuPAGE 4-12% 

Bis-Tris Protein Gels (Thermo Fisher Scientific, #NP0335) for separation by SDS-PAGE. Proteins were transferred to 

nitrocellulose membranes (Life Technologies, #IB23001) using an iBlot2 (Thermo Fisher Scientific), The nitrocellulose 
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membranes were blocked with blocking buffer (Thermo Fisher Scientific, # NC1660550). Immunoblot analysis was 

performed with the indicated primary antibodies in antibody dilution buffer (Thermo Fisher Scientific, #NC1703226) 

overnight at 4°C. Membranes were incubated with secondary antibodies in antibody dilution buffer. Membranes were 

imaged using the Odyssey Clx Infrared Imaging System (LI-COR Biosciences). 

 
Chromatin immunoprecipitation (ChIP) 
ChIP was performed as previously described106. Briefly, 3 x 106 cells were fixed using 1% formaldehyde (Life technology: 

#28906) without methanol for 5 minutes at room temperature followed by quenching with 125 mM glycine (Sigma-

Aldrich: #50046). Cells were washed twice with PBS and resuspended in 130 μL SDS lysis buffer. Chromatin was 

sheared to 200-400 bp using a Covaris E220 sonicator and cleared by centrifugation for 15 min at 13,000 rpm. 100 μL 

sample was diluted ten-fold with ChIP dilution buffer, and then incubated with protein A and protein G dynabeads (1:1 

mix) and indicated antibody (H3K27ac, Diagenode, #C15410196; TFE3, Sigma, #HPA023881) at 4Ԩ overnight. 

Antibody-bound DNA was subsequently washed with 1 mL low salt buffer, 1 mL high salt buffer, 1 mL LiCl buffer once, 

respectively, and then washed twice with TE wash buffer. ChIP DNA was reverse-crosslinked and purified for DNA 

library construction. ChIP DNA library was made using NEBNext® Ultra™ II DNA Library Prep Kit (New England Biolabs, 

#E7645S). 

    
Seahorse assay 
Oxygen consumption rates (OCR) and extracellular acidification rates (ECAR) were determined with the XF Cell Mito 

Stress Kit (Agilent: #103015-100). All tRCC cell lines were seeded on a poly-L-lysine coated 96-well Seahorse plate 

(Agilent: #101085-004) at 4.5 x 103 cells/well. ccRCC cell lines were seeded at 3.5 x 103 cells/well (786-O, Caki-1, 

Caki-2, KRMC-1, A498) and 3 x103 cells/well (RCC4). Cells were incubated overnight at 37 Ԩ in 5% CO2 incubator.  

XF96 FluxPak sensor cartridge was hydrated according to manufacturer’s instructions. During the following days, the 

growth medium was removed, and cells were washed with pre-warmed seahorse medium (XF DMEM (Agilent: 

#103575-100) supplemented with 10 mM glucose, 1 mM pyruvate solution, and 2 mM glutamine). After washing, cells 

were incubated in 180 μL Seahorse medium at 37 Ԩ in non-CO2 incubator for 45-60 min. The oxygen consumption 

rates were measured by XFe 96 extracellular flux analyzer by adding oligomycin, FCCP and rotenone/antimycin A to 

each cartridge port. All OCR values were normalized to total protein content as measured by BCA (Thermo Fisher 

Scientific, #23225) according to manufacturer’s instructions. 

 

Confocal microscopy 
ccRCC cell line (786-O) and tRCC cell lines (UOK109, FU-UR-1, s-TFE) cells were cultured on glass coverslips at 37 Ԩ 

in 5% CO2 incubator for 24h. Cells were rinsed twice with pre-cold PBS and fixed with 4% paraformaldehyde for 10 

min. 0.5% Triton X-100 was added to cells for 10 min for permeabilization. Subsequently, coverslips were blocked in 

2.5% BSA in PBS for 1h and incubated with primary antibody (diluted in 2.5% BSA) at 4°C overnight. Following 

overnight incubation, coverslips were washed three times with TBS-T, then incubated with secondary antibody at room 

temperature for 1h. Coverslips were then mounted with DAPI medium and images were obtained with a 63x oil objective.  

 

Live cell imaging, image segmentation and quantifications 
For NRF2 overexpression experiments, ccRCC cell line (786-O) and tRCC cell lines (FU-UR-1, s-TFE) expressing 

SoNar reporter and dox-inducible NRF2 were seeded on a glass bottom 96 well plate (iBidi) at 7 x 103 cells/well for 1 
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day and then treated with dox the following day for 9h. For rotenone treatment experiments, tRCC cell lines (UOK109 

and s-TFE) were seeded on a glass bottom 96 well plate (iBidi) at 7 x 103 cells/well for 1 day and then treated with 

rotenone for 30 minutes. For TFE3 fusion or EGLN1 knockout experiments, the indicated tRCC cell lines expressing 

control sgRNA, TFE3 fusion sgRNA or EGLN1 sgRNA were seeded on a glass bottom 96 well plate (iBidi) at 7 x 103 

cells/well for 1 day. Subsequently, all plates were aintained at 37 Ԩ in CO2 incubator and imaged with the Leica Thunder 

3D Cell Culture imager using the HC PL APO 40x/1.10 water objective and a Hamamatsu ORCA-Flash4.0 LT3 Digital 

CMOS camera. To assess relative NAD+ level, cells expressing SoNar were excited with a 488 nm light and emission 

was recorded within the 500–570 nm wavelength range. For relative NADH levels, a 395 nm light was used for excitation 

and emission was measured from a 500–570 nm wavelength range. The images were then processed using CellProfiler 

to calculate NADH/NAD+ ratio. For image segmentation and quantifications, cells were segmented using Cellpose107 

plugin in CellProfiler108.  Segmentation masks were generated using Cellpose pre-trained model “cyto2” and a cell 

diameter of 350 pixels (minimum size of 250 pixels and flow threshold 0.7). The segmented masks and original images 

were then fed into CellProfiler to quantify mean intensity value for both NADH and NAD+. Ratiometric images of SoNar 

were subjected to processing in Image J, wherein they were converted into 32-bit images and subsequently rendered 

in a 16-color mode for presentation. 

 

Intracellular ROS measurement 
ccRCC and tRCC cells were seeded in a 6-well plate for 24h. Cells were washed twice with PBS, and then incubated 

with pre-warmed PBS buffer containing 5 μM CM-H2DCFDA (Thermo Fisher: #C6827) probe for 30 min. Subsequently 

cells were cultured in complete growth medium at 37 Ԩ incubator with 5% CO2 for 30 min. Cells were collected and 

resuspended in FACS buffer (PBS+2%FBS). The fluorescent signal at 530nm following excitation at 488nm was 

measured using a Fortessa flow cytometer. 

 

Cell proliferation assay 
For CRISPR knockout experiments, the indicated cell lines were transduced with indicated sgRNA. Subsequently, cells 

were seeded in 96-well plates at varying densities ranging from 200-2000 cells per well, depending on the cell line. At 

the indicated time point, cell growth medium was removed from plates and the Cell Titer Glo reagent (Promega, #G7571) 

was added. The plates were then incubated on a shaker at room temperature for 10 minutes. The luminescence was 

measured on SpectraMax plate reader. For cell proliferation assays in glucose and galactose containing-DMEM culture 

medium, the indicated ccRCC and tRCC cells were seeded in a 96-well plate at varying densities ranging from 1000 to 

3000 cells per well in glucose or galactose-containing medium, depending on the cell line. After 6 days, cells were fixed 

and stained with Hoechst, cell numbers were determined using a Celigo Imaging Cytometer. 

 

Cell growth assay under hypoxia or normoxia condition 

The indicated cells were seeded in two 12 well plates separately, with densities ranging from 500 to 6000 cells per well 

depending on the cell lines. The normoxia plate was put into at 37 Ԩ incubator with 5% CO2 and 20% O2 for 10 days, 

while the hypoxia plate was put into 37 Ԩ incubator with 5% CO2 and 2.5% O2 for 10 days. Following the incubation 

period, the cells were fixed and stained with crystal violet. To quantify results, the crystal violet was destained with 10% 

acetic acid and absorbance was measured at 590 nm. 

 

Colony formation assay 
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NFE2L2 and LbNOX were cloned to a doxycycline inducible pLX403 vector by gateway cloning. The indicated cell lines 

were transduced with lentivirus expressing NFE2L2 or LbNOX and selected with 5 Pg/mL of puromycin. Subsequently, 

the indicated cells were seeded in a 12 well plate, with densities ranging from 800 to 3000 cells per well depending on 

the cell line. Every two days, the culture medium was refreshed with or without the addition of 1Pg/mL doxycycline. For 

KEAP1 knockout experiments, the indicated cell lines were transduced with lentivirus expressing control sgRNA or 

KEAP1 sgRNA selected with 5 Pg/mL of puromycin, then the indicated cells were seeded in a 12 well plate, with 

densities ranging from 800 to 3000 cells per well depending on the cell line. After 12-25 days, the cells were fixed and 

stained with crystal violet. To quantify the results, the crystal violet was destained with 10% acetic acid and absorbance 

was measured at 590 nm. 

 
Drug treatment assay 
The indicated cells were seeded in 96-well plates, ranging from 500 to 3000 cells per well depending on the cell line. 

EGLN1 inhibitor FG4592 (Selleckchem, #S1007) was added at the indicated concentration with a D330e Digital 

Dispenser (Tecan), with DMSO as a negative control. After 3 days, the medium was replaced with fresh medium and 

the EGLN1 inhibitor was re-added at the same concentration. After 7 days, cell viability was measured with the Cell 

Titer-Glo luminescent Cell Viability Assay (Promega, #G7571). 

 

Metabolic fingerprinting  
ccRCC (786-O, A498, RCC4) and tRCC (FUUR-1, s-TFE, UOK109) cells were used. For knockout experiments, cells 

were transduced with pLenti-CRISPRv2 carrying either control sgRNA, sgRNA targeting TFE3. Subsequently, all these 

cells were expanded and selected with puromycin at a concentration of 2 and 5 μg mL-1 for 5 days.  After selection, the 

cells were seeded in 6 cm dishes and cultured for an additional 2 days. The cells then were washed three times with 

fresh 75mM ammonium carbonate wash buffer (pH 7.4). Metabolites were extracted twice by adding 1.5 mL extraction 

solvent (40:40:20 Acetonitrile: methanol: water) at -20Ԩ for 5 minutes. The combined extracts were then centrifuged 

for 10min at 14000 rpm at 4Ԩ. For flow injection analysis-tandem mass spectrometry, cell extracts were diluted 1:100 

in methanol. 5 μl of each sample was analyzed in two technical replicates by flow-injection coupled to an Agilent 6550 

qTOF mass spectrometer (Agilent Technologies) in negative ionization mode on as previously described109. The mobile 

phase was 1 mM ammonium fluoride in isopropanol/water (60:40, v/v) and flow rate was 150 μl per min. The mobile 

phase was spiked with hexakis (1H,1H,3H-tetrafluoropropoxy) phosphazene and taurocholic acid ad ~1e5 signal 

intensity for online mass calibration. Mass spectra were acquired in profile mode at 4 GHz (HiRes) in m/z range of 50 

to 1,000. Data were collected for 0.46 minutes per sample at 1.4 spectra/s. Ions were annotated by matching their 

inferred mass with compounds in the HMDB database, allowing a tolerance of 1 mDa. Only deprotonated adducts were 

considered in the analysis. 

 
RNA-seq analysis 
Paired-end RNA-seq reads were aligned to a Bowtie2 (v2.2.6)110 indexed human genome (hg38 sourced from UCSC) 

using STAR (2.7.1.a)111 with default settings. For better alignment, the first aligned splicing junctions detected by STAR 

(SJ.out.tab) were used for STAR alignment again with parameters “--sjdbFileChrStartEnd SJ.out.tab --readFilesIn $R1 

$R2 --quantMode TranscriptoomeSAM GeneCounts --sjdbGTFfile $GTF_file --outSAMtype BAM Unsorted 

SortedByCoordinate”. Then the aligned transcriptome bam files (AlignedtoTranscriptome.out.bam) were used to 

quantify gene expression levels by rsem-calculate-expression function from RSEM(v1.3.1)112. Tag per million reads 
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(TPM) from gene expression results files (.genes.results) were extracted and assembled for subsequent differential 

gene expression analysis by DESeq2 (1.36.0)113. Heatmap for deregulation of glutathione metabolism and PPP genes 

after ASPSCR1-TFE3 KD/KO in FU-UR-1 and sTFE were plotted in R. 

 
Gene Set enrichment analysis (GSEA) 
GSEA was performed on expressed genes according to the software (v4.3.2) manual. GSEA was used on the Hallmark 

gene sets from Molecular Signatures Database (MSigDB)114. For the Hallmark analysis, the gene sets were ranked by 

the number of pairwise comparisons that had a normalized enrichment score (NES)>1 in tRCC vs other comparators. 

Gene sets with a nominal p value of <0.05 and an FDR of <0.25 were considered significant. FDR q value for the GSEA 

analysis was applied to plot bar plot of gene sets shown in the figures.  

 

ChIP-seq analysis 
Before alignment, raw ChIP-sequencing reads were qualified by FastQC (v0.11.9). Trimmomatic (v0.39) was used to 

trim adaptor and low-quality reads. Trimmed reads were aligned to hg38 human genome assembly using Bowtie2 

(v2.2.6)110, with parameters “--very-sensitive --end-to-end --mm -X 2000 --no-unal”. Proper paired and high-quality 

mapped reads (MAPQ >30) were extracted by samtool115 (v1.9) with parameter “-F 1804 -f 2 -q 30”. PCR duplicates 

were marked and further removed by picard tools (v2.22.3), then reads were subjected to peak calling by MACS2 

(v2.1.1.20160309)116 with “q 0.01” for H3K27ac ChIP and “p 1e-4” for TFE3 ChIP-seq. Signal tracks for each example 

were generated using the MACS2 pileup function and were normalized to 1 million reads. Bigwig files were generated 

using the bedGraphToBigWig command for visualization. H3K27ac and TFE3 ChIP-seq signal at selected genomic loci 

were visualized using IGV117. Peak annotation was performed using annotatePeaks function from homer (v4.11.1)118. 

Enrichment analysis was performed on annotated genes proximal to TFE3 peaks using Enrichr119. Profile plot for TFE3 

at annotated OXPHOS, glutathione metabolism and PPP genes were drawn with deeptools (v3.5.6)120. Bedtools 

(v2.29.2)121was used to assess overlap of TFE3 peaks among FU-UR-1, s-TFE and UOK109 cells. ROSE249,122  was 

used to call enhancers and superenhancers based on H3K27ac signals, as well as to annotate superenhancers with 

nearby genes. The annotated OXPHOS genes were separated into superenhancer and typical enhancers and then 

their enhancer score was plotted correspondingly in R. Heatmap for enhancer score at annotated OXPHOS, TCA cycle 

and ETC genes were z-scored and plotted in R.  
 
Principal Component Analysis (PCA) 
Read coverages for genomic regions of aligned H3K27ac ChIP-seq reads were computed using multiBamSummary 

from deeptools (v3.5.6)120 with default settings. PCA analysis was performed using plotPCA function from deeptools 

(v3.5.6)120 with default settings. 

 
GO term analysis  
Gene ontology enrichment analyses were performed using EnrichR. Adjusted p values were plotted to show the 

significance.  
 
Tumor data analysis 
Tumor data were obtained from TCGA cohort3, IMmotion151 cohort3 and RCC patient-derived xenograft cohorts123 as 

previously reported. For the comparison of OXPHOS, glycolysis, and HIF1A gene signatures between tRCC tumors 

and ccRCC tumors, single sample GSEA (ssGSEA) scores were computed using the GSVA package in R to infer the 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 10, 2024. ; https://doi.org/10.1101/2024.08.09.607311doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.09.607311
http://creativecommons.org/licenses/by/4.0/


   
 

   
 

level of activity of OXPHOS, glycolysis, and HIF1A gene signatures in each cohort. In order to adjust for potential RNA-

seq batch effects in visualization, signature scores were Z-scored within each dataset prior to visualization. Comparison 

of ssGSEA scores between tumor types was performed using Wilcoxon rank-sum tests. For the comparison of SQSTM1 

mRNA level and HIF1A mRNA level between tRCC tumors and ccRCC tumors, gene expression was Z-scored within 

each dataset independently. Comparison of gene expression scores between tumor types was performed using 

Wilcoxon rank-sum tests.  

 

Data and Materials Availability Statement  
The data and unique reagents generated in this study are available upon request from the corresponding author. 

Analyzed data from ChIP-Seq and RNA-Seq are available in Supplementary Table S1-S3. Raw sequencing data are 

available in GEO under accession number GSE266517 (RNA sequencing) and GSE266530 (ChIP sequencing) 

 

 
Quantification and statistical analysis 

Statistical analyses were performed by GraphPad prism 9 and Python (on Spyder v4.1.5) and R v4.3. 1. Sample sizes, 

statistical tests and significance are described in figure legends. Statistical comparisons were determined by Wilcoxon 

rank-sum test. Significance was defined as *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.001, n.s. 
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Ϯ͘ DŽĐŚ͕�,͕͘��ƵďŝůůĂ͕��͘�>͕͘�,ƵŵƉŚƌĞǇ͕ �W͘ ��͕͘�ZĞƵƚĞƌ͕ �s͘ ��͘�Θ�hůďƌŝŐŚƚ͕�d͘ �D͘�dŚĞ�ϮϬϭϲ�t,K�

�ůĂƐƐŝĮĐĂƟŽŶ�ŽĨ�dƵŵŽƵƌƐ�ŽĨ�ƚŚĞ�hƌŝŶĂƌǇ�^ǇƐƚĞŵ�ĂŶĚ�DĂůĞ�'ĞŶŝƚĂů�KƌŐĂŶƐ—WĂƌƚ��͗�ZĞŶĂů͕�

WĞŶŝůĞ͕�ĂŶĚ�dĞƐƟĐƵůĂƌ�dƵŵŽƵƌƐ͘�European Urology 70͕�ϵϯ–ϭϬϱ�;ϮϬϭϲͿ͘ 

ϯ͘ �ĂŬŽƵŶǇ͕ ��͘�et al. /ŶƚĞŐƌĂƟǀĞ�ĐůŝŶŝĐĂů�ĂŶĚ�ŵŽůĞĐƵůĂƌ�ĐŚĂƌĂĐƚĞƌŝǌĂƟŽŶ�ŽĨ�ƚƌĂŶƐůŽĐĂƟŽŶ�ƌĞŶĂů�

ĐĞůů�ĐĂƌĐŝŶŽŵĂ͘�Cell Reports 38͕�ϭϭϬϭϵϬ�;ϮϬϮϮͿ͘ 

ϰ͘ �ƌŐĂŶŝ͕�W͘ �et al. yƉϭϭ�ƚƌĂŶƐůŽĐĂƟŽŶ�ƌĞŶĂů�ĐĞůů�ĐĂƌĐŝŶŽŵĂ�ŝŶ�ĂĚƵůƚƐ͗�ĞǆƉĂŶĚĞĚ�ĐůŝŶŝĐĂů͕�

ƉĂƚŚŽůŽŐŝĐ͕�ĂŶĚ�ŐĞŶĞƟĐ�ƐƉĞĐƚƌƵŵ͘�Am J Surg Pathol 31͕�ϭϭϰϵ–ϭϭϲϬ�;ϮϬϬϳͿ͘ 

ϱ͘ yƵ͕�>͘�et al. yƉϭϭ͘Ϯ�ƚƌĂŶƐůŽĐĂƟŽŶ�ƌĞŶĂů�ĐĞůů�ĐĂƌĐŝŶŽŵĂƐ�ŝŶ�ǇŽƵŶŐ�ĂĚƵůƚƐ͘�BMC Urol 15͕�ϱϳ�

;ϮϬϭϱͿ͘ 

ϲ͘ �Ăůŝž͕��͕͘�^ĞŐĂůĂ͕��͕͘�DƵŶĂƌŝ͕��͕͘��ƌƵŶĞůůŝ͕�D͘�Θ�DĂƌƟŐŶŽŶŝ͕�'͘�Dŝd�&ĂŵŝůǇ�dƌĂŶƐůŽĐĂƟŽŶ�

ZĞŶĂů��Ğůů��ĂƌĐŝŶŽŵĂ͗�ĨƌŽŵ�ƚŚĞ��ĂƌůǇ��ĞƐĐƌŝƉƟŽŶƐ�ƚŽ�ƚŚĞ��ƵƌƌĞŶƚ�<ŶŽǁůĞĚŐĞ͘�Cancers 

(Basel) 11͕�;ϮϬϭϵͿ͘ 

ϳ͘ zĂŶ͕�y͘�et al. ^ǇƐƚĞŵŝĐ�dŚĞƌĂƉǇ�ŝŶ�WĂƟĞŶƚƐ�tŝƚŚ�DĞƚĂƐƚĂƟĐ�yƉϭϭ͘Ϯ�dƌĂŶƐůŽĐĂƟŽŶ�ZĞŶĂů��Ğůů�

�ĂƌĐŝŶŽŵĂ͘�Clinical Genitourinary Cancer 20͕�ϯϱϰ–ϯϲϮ�;ϮϬϮϮͿ͘ 

8. �ůŚĂůĂďŝ͕�K͘�et al. /ŵŵƵŶŽ-ŽŶĐŽůŽŐǇ�;/KͿ�ĐŽŵďŝŶĂƟŽŶƐ�нͬ- s�'&�ƚĂƌŐĞƚĞĚ�ƚŚĞƌĂƉǇ�;s�'&�

ddͿ�ŝŶ�ƉĂƟĞŶƚƐ�;ƉƚƐͿ�ǁŝƚŚ�ĂĚǀĂŶĐĞĚ�ŵŝƚ�ĨĂŵŝůǇ�ƚƌĂŶƐůŽĐĂƟŽŶ�ƌĞŶĂů�ĐĞůů�ĐĂƌĐŝŶŽŵĂƐ�;ƚZ��Ϳ͗�

ZĞƐƵůƚƐ�ĨƌŽŵ�ĂŶ�ŝŶƚĞƌŶĂƟŽŶĂů�ŵƵůƟĐĞŶƚĞƌ�ƐƚƵĚǇ͘�JCO 40͕�ϯϰϯ–ϯϰϯ�;ϮϬϮϮͿ͘ 
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ϵ͘ �ŚŽƵĞŝƌŝ͕�d͘ �<͘�et al. sĂƐĐƵůĂƌ�ĞŶĚŽƚŚĞůŝĂů�ŐƌŽǁƚŚ�ĨĂĐƚŽƌͲƚĂƌŐĞƚĞĚ�ƚŚĞƌĂƉǇ�ĨŽƌ�ƚŚĞ�ƚƌĞĂƚŵĞŶƚ�

ŽĨ�ĂĚƵůƚ�ŵĞƚĂƐƚĂƟĐ�yƉϭϭ͘Ϯ�ƚƌĂŶƐůŽĐĂƟŽŶ�ƌĞŶĂů�ĐĞůů�ĐĂƌĐŝŶŽŵĂ͘�Cancer 116͕�ϱϮϭϵ–ϱϮϮϱ�

;ϮϬϭϬͿ͘ 

ϭϬ͘ dŚŽƵǀĞŶŝŶ͕�:͘�et al. �ĸĐĂĐǇ�ŽĨ��ĂďŽǌĂŶƟŶŝď�ŝŶ�DĞƚĂƐƚĂƟĐ�Dŝd�&ĂŵŝůǇ�dƌĂŶƐůŽĐĂƟŽŶ�ZĞŶĂů�

�Ğůů��ĂƌĐŝŶŽŵĂƐ͘�Oncologist ŽǇĂĐϭϱϴ�;ϮϬϮϮͿ�ĚŽŝ͗ϭϬ͘ϭϬϵϯͬŽŶĐŽůŽͬŽǇĂĐϭϱϴ͘ 

11. DĂƌĐŽŶ͕�:͘�et al. �ŽŵƉƌĞŚĞŶƐŝǀĞ�'ĞŶŽŵŝĐ��ŶĂůǇƐŝƐ�ŽĨ�dƌĂŶƐůŽĐĂƟŽŶ�ZĞŶĂů��Ğůů��ĂƌĐŝŶŽŵĂ�

ZĞǀĞĂůƐ��ŽƉǇ-EƵŵďĞƌ�sĂƌŝĂƟŽŶƐ�ĂƐ��ƌŝǀĞƌƐ�ŽĨ��ŝƐĞĂƐĞ�WƌŽŐƌĞƐƐŝŽŶ͘�Clin. Cancer Res. ;ϮϬϮϬͿ�

ĚŽŝ͗ϭϬ͘ϭϭϱϴͬϭϬϳϴ-ϬϰϯϮ͘��Z-ϭϵ-ϯϮϴϯ͘ 

ϭϮ͘ ^ƵŶ͕�'͘�et al. /ŶƚĞŐƌĂƚĞĚ�ĞǆŽŵĞ�ĂŶĚ�ZE��ƐĞƋƵĞŶĐŝŶŐ�ŽĨ�d&�ϯ-ƚƌĂŶƐůŽĐĂƟŽŶ�ƌĞŶĂů�ĐĞůů�

ĐĂƌĐŝŶŽŵĂ͘�Nat Commun 12͕�ϱϮϲϮ�;ϮϬϮϭͿ͘ 

ϭϯ͘ YƵ͕�z͘ �et al. WƌŽƚĞŽŐĞŶŽŵŝĐ�ĐŚĂƌĂĐƚĞƌŝǌĂƟŽŶ�ŽĨ�Dŝd�ĨĂŵŝůǇ�ƚƌĂŶƐůŽĐĂƟŽŶ�ƌĞŶĂů�ĐĞůů�

ĐĂƌĐŝŶŽŵĂ͘�Nat Commun 13͕�ϳϰϵϰ�;ϮϬϮϮͿ͘ 

ϭϰ͘ DŽƚǌĞƌ͕ �Z͘�:͘�et al. DŽůĞĐƵůĂƌ�^ƵďƐĞƚƐ�ŝŶ�ZĞŶĂů��ĂŶĐĞƌ��ĞƚĞƌŵŝŶĞ�KƵƚĐŽŵĞ�ƚŽ��ŚĞĐŬƉŽŝŶƚ�

ĂŶĚ��ŶŐŝŽŐĞŶĞƐŝƐ��ůŽĐŬĂĚĞ͘�Cancer Cell 38͕�ϴϬϯ-ϴϭϳ͘Ğϰ�;ϮϬϮϬͿ͘ 

ϭϱ͘ >ŝŶĞŚĂŶ͕�t͘�D͘�Θ�ZŝĐŬĞƩƐ͕��͘�:͘�dŚĞ��ĂŶĐĞƌ�'ĞŶŽŵĞ��ƚůĂƐ�ŽĨ�ƌĞŶĂů�ĐĞůů�ĐĂƌĐŝŶŽŵĂ͗�ĮŶĚŝŶŐƐ�

ĂŶĚ�ĐůŝŶŝĐĂů�ŝŵƉůŝĐĂƟŽŶƐ͘�Nat Rev Urol 16͕�ϱϯϵ–ϱϱϮ�;ϮϬϭϵͿ͘ 

ϭϲ͘ &ƵŬĂŐĂǁĂ͕��͘�et al. 'ĞŶŽŵŝĐ�ĂŶĚ�ĞƉŝŐĞŶŽŵŝĐ�ŝŶƚĞŐƌĂƟǀĞ�ƐƵďƚǇƉĞƐ�ŽĨ�ƌĞŶĂů�ĐĞůů�ĐĂƌĐŝŶŽŵĂ�

ŝŶ�Ă�:ĂƉĂŶĞƐĞ�ĐŽŚŽƌƚ͘�Nat Commun 14͕�ϴϯϴϯ�;ϮϬϮϯͿ͘ 

ϭϳ͘ ZŝŐŐŝ͕�E͘�et al. �t^-&>/ϭ�hƟůŝǌĞƐ��ŝǀĞƌŐĞŶƚ��ŚƌŽŵĂƟŶ�ZĞŵŽĚĞůŝŶŐ�DĞĐŚĂŶŝƐŵƐ�ƚŽ��ŝƌĞĐƚůǇ�

�ĐƟǀĂƚĞ�Žƌ�ZĞƉƌĞƐƐ��ŶŚĂŶĐĞƌ��ůĞŵĞŶƚƐ�ŝŶ��ǁŝŶŐ�^ĂƌĐŽŵĂ͘�Cancer Cell 26͕�ϲϲϴ–ϲϴϭ�;ϮϬϭϰͿ͘ 

18. ^ƵďďŝĂŚ͕�s͘ �Θ��ŽƚĞ͕�'͘�:͘��ĚǀĂŶĐĞƐ�ŝŶ�dĂƌŐĞƟŶŐ�Z�d-�ĞƉĞŶĚĞŶƚ��ĂŶĐĞƌƐ͘�Cancer Discovery 

10͕�ϰϵϴ–ϱϬϱ�;ϮϬϮϬͿ͘ 
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ϭϵ͘ >ĂƐŬŝŶ͕�:͘�et al. EZ'ϭ�ĨƵƐŝŽŶ-ĚƌŝǀĞŶ�ƚƵŵŽƌƐ͗�ďŝŽůŽŐǇ͕ �ĚĞƚĞĐƟŽŶ͕�ĂŶĚ�ƚŚĞ�ƚŚĞƌĂƉĞƵƟĐ�ƌŽůĞ�ŽĨ�

ĂĨĂƟŶŝď�ĂŶĚ�ŽƚŚĞƌ��ƌď�-ƚĂƌŐĞƟŶŐ�ĂŐĞŶƚƐ͘�Annals of Oncology 31͕�ϭϲϵϯ–ϭϳϬϯ�;ϮϬϮϬͿ͘ 

ϮϬ͘ �ĂŵĂǇĂŶƟ͕�E͘�W͘ �et al. dŚĞƌĂƉĞƵƟĐ�dĂƌŐĞƟŶŐ�ŽĨ�d&�ϯͬ/Z^-ϭͬW/ϯ<ͬŵdKZ��ǆŝƐ�ŝŶ�

dƌĂŶƐůŽĐĂƟŽŶ�ZĞŶĂů��Ğůů��ĂƌĐŝŶŽŵĂ͘�Clin Cancer Res 24͕�ϱϵϳϳ–ϱϵϴϵ�;ϮϬϭϴͿ͘ 

Ϯϭ͘ <ĂƵīŵĂŶ͕��͘��͘�et al. WƌĞĐůŝŶŝĐĂů�ĞĸĐĂĐǇ�ŽĨ�ĚƵĂů�ŵdKZ�ϭͬϮ�ŝŶŚŝďŝƚŽƌ����ϴϬϱϱ�ŝŶ�ƌĞŶĂů�ĐĞůů�

ĐĂƌĐŝŶŽŵĂ�ŚĂƌďŽƌŝŶŐ�Ă�d&�ϯ�ŐĞŶĞ�ĨƵƐŝŽŶ͘�BMC Cancer 19͕�ϵϭϳ�;ϮϬϭϵͿ͘ 

ϮϮ͘ dƐƵĚĂ͕�D͘�et al. d&�ϯ�&ƵƐŝŽŶƐ��ĐƟǀĂƚĞ�D�d�^ŝŐŶĂůŝŶŐ�ďǇ�dƌĂŶƐĐƌŝƉƟŽŶĂů�hƉ-ƌĞŐƵůĂƟŽŶ͕�

�ĞĮŶŝŶŐ��ŶŽƚŚĞƌ��ůĂƐƐ�ŽĨ�dƵŵŽƌƐ�ĂƐ��ĂŶĚŝĚĂƚĞƐ�ĨŽƌ�dŚĞƌĂƉĞƵƟĐ�D�d�/ŶŚŝďŝƟŽŶ͘�Cancer 

Research 67͕�ϵϭϵ–ϵϮϵ�;ϮϬϬϳͿ͘ 

Ϯϯ͘ �ĂůĐĂŐŶŞ͕��͘�et al. DŽĚĞůůŝŶŐ�d&��ƌĞŶĂů�ĐĞůů�ĐĂƌĐŝŶŽŵĂ�ŝŶ�ŵŝĐĞ�ƌĞǀĞĂůƐ�Ă�ĐƌŝƟĐĂů�ƌŽůĞ�ŽĨ�tEd�

ƐŝŐŶĂůŝŶŐ͘�Elife 5͕�ĞϭϳϬϰϳ�;ϮϬϭϲͿ͘ 

Ϯϰ͘ �ĂďĂ͕�D͘�et al. d&�ϯ�yƉϭϭ͘Ϯ�dƌĂŶƐůŽĐĂƟŽŶ�ZĞŶĂů��Ğůů��ĂƌĐŝŶŽŵĂ�DŽƵƐĞ�DŽĚĞů�ZĞǀĞĂůƐ�

EŽǀĞů�dŚĞƌĂƉĞƵƟĐ�dĂƌŐĞƚƐ�ĂŶĚ�/ĚĞŶƟĮĞƐ�'WED��ĂƐ�Ă��ŝĂŐŶŽƐƟĐ�DĂƌŬĞƌ�ĨŽƌ�,ƵŵĂŶ�

�ŝƐĞĂƐĞ͘�Mol Cancer Res 17͕�ϭϲϭϯ–ϭϲϮϲ�;ϮϬϭϵͿ͘ 

Ϯϱ͘ <ŽďŽƐ͕�Z͘�et al. �ŽŵďŝŶŝŶŐ�ŝŶƚĞŐƌĂƚĞĚ�ŐĞŶŽŵŝĐƐ�ĂŶĚ�ĨƵŶĐƟŽŶĂů�ŐĞŶŽŵŝĐƐ�ƚŽ�ĚŝƐƐĞĐƚ�ƚŚĞ�

ďŝŽůŽŐǇ�ŽĨ�Ă�ĐĂŶĐĞƌ-ĂƐƐŽĐŝĂƚĞĚ͕�ĂďĞƌƌĂŶƚ�ƚƌĂŶƐĐƌŝƉƟŽŶ�ĨĂĐƚŽƌ͕ �ƚŚĞ��^W^�Zϭ-d&�ϯ�ĨƵƐŝŽŶ�

ŽŶĐŽƉƌŽƚĞŝŶ͘�J Pathol 229͕�ϳϰϯ–ϳϱϰ�;ϮϬϭϯͿ͘ 

Ϯϲ͘ >ŝŶĞŚĂŶ͕�t͘�D͘�et al. dŚĞ�DĞƚĂďŽůŝĐ��ĂƐŝƐ�ŽĨ�<ŝĚŶĞǇ��ĂŶĐĞƌ͘ �Cancer Discov 9͕�ϭϬϬϲ–ϭϬϮϭ�

;ϮϬϭϵͿ͘ 

Ϯϳ͘ �ŚĂƉƉĞůů͕�:͘��͕͘�WĂǇŶĞ͕�>͘��͘�Θ�ZĂƚŚŵĞůů͕�t͘�<͘�,ǇƉŽǆŝĂ͕�ĂŶŐŝŽŐĞŶĞƐŝƐ͕�ĂŶĚ�ŵĞƚĂďŽůŝƐŵ�ŝŶ�ƚŚĞ�

ŚĞƌĞĚŝƚĂƌǇ�ŬŝĚŶĞǇ�ĐĂŶĐĞƌƐ͘�:ŽƵƌŶĂů�ŽĨ��ůŝŶŝĐĂů�/ŶǀĞƐƟŐĂƟŽŶ 129͕�ϰϰϮ–ϰϱϭ�;ϮϬϭϵͿ͘ 
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Ϯϴ͘ <ŽŶĚŽ͕�<͕͘�<ůĐŽ͕�:͕͘�EĂŬĂŵƵƌĂ͕��͕͘�>ĞĐŚƉĂŵŵĞƌ͕ �D͘�Θ�<ĂĞůŝŶ͕�t͘�'͘�/ŶŚŝďŝƟŽŶ�ŽĨ�,/&�ŝƐ�

ŶĞĐĞƐƐĂƌǇ�ĨŽƌ�ƚƵŵŽƌ�ƐƵƉƉƌĞƐƐŝŽŶ�ďǇ�ƚŚĞ�ǀŽŶ�,ŝƉƉĞů->ŝŶĚĂƵ�ƉƌŽƚĞŝŶ͘�Cancer Cell 1͕�Ϯϯϳ–Ϯϰϲ�

;ϮϬϬϮͿ͘ 

Ϯϵ͘ tŝůĚĞ͕��͘�Z͘�et al. &,�sĂƌŝĂŶƚ�WĂƚŚŽŐĞŶŝĐŝƚǇ�WƌŽŵŽƚĞƐ�WƵƌŝŶĞ�^ĂůǀĂŐĞ�WĂƚŚǁĂǇ��ĞƉĞŶĚĞŶĐĞ�

ŝŶ�<ŝĚŶĞǇ��ĂŶĐĞƌ͘ �Cancer Discovery 13͕�ϮϬϳϮ–ϮϬϴϵ�;ϮϬϮϯͿ͘ 

ϯϬ͘ 'ŽƉĂů͕�Z͘�<͘�et al. �ĂƌůǇ�ůŽƐƐ�ŽĨ�ŵŝƚŽĐŚŽŶĚƌŝĂů�ĐŽŵƉůĞǆ�/�ĂŶĚ�ƌĞǁŝƌŝŶŐ�ŽĨ�ŐůƵƚĂƚŚŝŽŶĞ�

ŵĞƚĂďŽůŝƐŵ�ŝŶ�ƌĞŶĂů�ŽŶĐŽĐǇƚŽŵĂ͘�Proc. Natl. Acad. Sci. U.S.A. 115͕�;ϮϬϭϴͿ͘ 

ϯϭ͘ ^ŝŵŽŶŶĞƚ͕�,͘�DŝƚŽĐŚŽŶĚƌŝĂů�ĐŽŵƉůĞǆ�/�ŝƐ�ĚĞĮĐŝĞŶƚ�ŝŶ�ƌĞŶĂů�ŽŶĐŽĐǇƚŽŵĂƐ͘�Carcinogenesis 24͕�

ϭϰϲϭ–ϭϰϲϲ�;ϮϬϬϯͿ͘ 

ϯϮ͘ zŽŶŐ͕��͕͘�^ƚĞǁĂƌƚ͕�'͘��͘�Θ�&ƌĞǌǌĂ͕��͘�KŶĐŽŵĞƚĂďŽůŝƚĞƐ�ŝŶ�ƌĞŶĂů�ĐĂŶĐĞƌ͗�tĂƌďƵƌŐ Ɛ͛�ŚǇƉŽƚŚĞƐŝƐ�

re-ĞǆĂŵŝŶĞĚ͘�Nat Rev Nephrol 16͕�ϭϱϲ–ϭϳϮ�;ϮϬϮϬͿ͘ 

ϯϯ͘ ,ĂŶĂŚĂŶ͕��͘�Θ�tĞŝŶďĞƌŐ͕�Z͘��͘�dŚĞ�,ĂůůŵĂƌŬƐ�ŽĨ��ĂŶĐĞƌ͘ �Cell 100͕�ϱϳ–ϳϬ�;ϮϬϬϬͿ͘ 

ϯϰ͘ tĂƌĚ͕�W͘ �^͘�Θ�dŚŽŵƉƐŽŶ͕��͘��͘�DĞƚĂďŽůŝĐ�ZĞƉƌŽŐƌĂŵŵŝŶŐ͗����ĂŶĐĞƌ�,ĂůůŵĂƌŬ��ǀĞŶ�

tĂƌďƵƌŐ��ŝĚ�EŽƚ��ŶƟĐŝƉĂƚĞ͘�Cancer Cell 21͕�Ϯϵϳ–ϯϬϴ�;ϮϬϭϮͿ͘ 

ϯϱ͘ ,ĂŶĂŚĂŶ͕��͘�Θ�tĞŝŶďĞƌŐ͕�Z͘��͘�,ĂůůŵĂƌŬƐ�ŽĨ��ĂŶĐĞƌ͗�dŚĞ�EĞǆƚ�'ĞŶĞƌĂƟŽŶ͘�Cell 144͕�ϲϰϲ–

ϲϳϰ�;ϮϬϭϭͿ͘ 

ϯϲ͘ ,ĂŶĂŚĂŶ͕��͘�,ĂůůŵĂƌŬƐ�ŽĨ��ĂŶĐĞƌ͗�EĞǁ��ŝŵĞŶƐŝŽŶƐ͘�Cancer Discovery 12͕�ϯϭ–ϰϲ�;ϮϬϮϮͿ͘ 

ϯϳ͘ �ƐŚƚŽŶ͕�d͘ �D͕͘�DĐ<ĞŶŶĂ͕�t͘�'͕͘�<ƵŶǌ-^ĐŚƵŐŚĂƌƚ͕�>͘��͘�Θ�,ŝŐŐŝŶƐ͕�'͘�^͘�KǆŝĚĂƟǀĞ�

WŚŽƐƉŚŽƌǇůĂƟŽŶ�ĂƐ�ĂŶ��ŵĞƌŐŝŶŐ�dĂƌŐĞƚ�ŝŶ��ĂŶĐĞƌ�dŚĞƌĂƉǇ͘�Clinical Cancer Research 24͕�

ϮϰϴϮ–ϮϰϵϬ�;ϮϬϭϴͿ͘ 

ϯϴ͘ zĂƉ͕�d͘ ��͘�et al. �ŽŵƉůĞǆ�/�ŝŶŚŝďŝƚŽƌ�ŽĨ�ŽǆŝĚĂƟǀĞ�ƉŚŽƐƉŚŽƌǇůĂƟŽŶ�ŝŶ�ĂĚǀĂŶĐĞĚ�ƐŽůŝĚ�ƚƵŵŽƌƐ�

ĂŶĚ�ĂĐƵƚĞ�ŵǇĞůŽŝĚ�ůĞƵŬĞŵŝĂ͗�ƉŚĂƐĞ�/�ƚƌŝĂůƐ͘�Nat Med 29͕�ϭϭϱ–ϭϮϲ�;ϮϬϮϯͿ͘ 
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ϯϵ͘ sĂƐĂŶ͕�<͕͘�tĞƌŶĞƌ͕ �D͘�Θ��ŚĂŶĚĞů͕�E͘�^͘�DŝƚŽĐŚŽŶĚƌŝĂů�DĞƚĂďŽůŝƐŵ�ĂƐ�Ă�dĂƌŐĞƚ�ĨŽƌ��ĂŶĐĞƌ�

dŚĞƌĂƉǇ͘�Cell Metab 32͕�ϯϰϭ–ϯϱϮ�;ϮϬϮϬͿ͘ 

ϰϬ͘ D͕�'͕͘�d͕ �W͘ �Θ�>͕�� -͘W͘ �ZĞĚƵĐƟǀĞ�ƐƚƌĞƐƐ�ŝŶ�ĐĂŶĐĞƌ͗�ĐŽŵŝŶŐ�ŽƵƚ�ŽĨ�ƚŚĞ�ƐŚĂĚŽǁƐ͘�Trends in 

cancer 10͕�;ϮϬϮϰͿ͘ 

ϰϭ͘ tĞŝƐƐ-^ĂĚĂŶ͕�d͘ �et al. EZ&Ϯ�ĂĐƟǀĂƟŽŶ�ŝŶĚƵĐĞƐ�E��,-ƌĞĚƵĐƟǀĞ�ƐƚƌĞƐƐ͕�ƉƌŽǀŝĚŝŶŐ�Ă�

ŵĞƚĂďŽůŝĐ�ǀƵůŶĞƌĂďŝůŝƚǇ�ŝŶ�ůƵŶŐ�ĐĂŶĐĞƌ͘ �Cell Metab 35͕�ϰϴϳ-ϱϬϯ͘Ğϳ�;ϮϬϮϯͿ͘ 

ϰϮ͘ �ĂŬŽƵŶǇ͕ ��͘�et al. /ŶƚĞŐƌĂƟǀĞ�ĐůŝŶŝĐĂů�ĂŶĚ�ŵŽůĞĐƵůĂƌ�ĐŚĂƌĂĐƚĞƌŝǌĂƟŽŶ�ŽĨ�ƚƌĂŶƐůŽĐĂƟŽŶ�ƌĞŶĂů�

ĐĞůů�ĐĂƌĐŝŶŽŵĂ͘�Cell Rep 38͕�ϭϭϬϭϵϬ�;ϮϬϮϮͿ͘ 

ϰϯ͘ ZŝĐŬĞƩƐ͕��͘�:͘�et al. dŚĞ��ĂŶĐĞƌ�'ĞŶŽŵĞ��ƚůĂƐ��ŽŵƉƌĞŚĞŶƐŝǀĞ�DŽůĞĐƵůĂƌ��ŚĂƌĂĐƚĞƌŝǌĂƟŽŶ�

ŽĨ�ZĞŶĂů��Ğůů��ĂƌĐŝŶŽŵĂ͘�Cell Reports 23͕�ϯϭϯ-ϯϮϲ͘Ğϱ�;ϮϬϭϴͿ͘ 

ϰϰ͘ �ůŝĂƐ͕�Z͘�et al. ��ƌĞŶĂů�ĐĞůů�ĐĂƌĐŝŶŽŵĂ�ƚƵŵŽƌŐƌĂŌ�ƉůĂƞŽƌŵ�ƚŽ�ĂĚǀĂŶĐĞ�ƉƌĞĐŝƐŝŽŶ�ŵĞĚŝĐŝŶĞ͘�

Cell Rep 37͕�ϭϭϬϬϱϱ�;ϮϬϮϭͿ͘ 

ϰϱ͘ ^ŚƵĐŚ͕��͕͘�>ŝŶĞŚĂŶ͕�t͘�D͘�Θ�^ƌŝŶŝǀĂƐĂŶ͕�Z͘��ĞƌŽďŝĐ�ŐůǇĐŽůǇƐŝƐ͗�Ă�ŶŽǀĞů�ƚĂƌŐĞƚ�ŝŶ�ŬŝĚŶĞǇ�

ĐĂŶĐĞƌ͘ ��ǆƉĞƌƚ�ZĞǀŝĞǁ�ŽĨ��ŶƟĐĂŶĐĞƌ�dŚĞƌĂƉǇ 13͕�ϳϭϭ–ϳϭϵ�;ϮϬϭϯͿ͘ 

ϰϲ͘ �ĞũĂƐ͕�W͘ �et al. ^ƵďƚǇƉĞ�ŚĞƚĞƌŽŐĞŶĞŝƚǇ�ĂŶĚ�ĞƉŝŐĞŶĞƟĐ�ĐŽŶǀĞƌŐĞŶĐĞ�ŝŶ�ŶĞƵƌŽĞŶĚŽĐƌŝŶĞ�

ƉƌŽƐƚĂƚĞ�ĐĂŶĐĞƌ͘ �Nat Commun 12͕�ϱϳϳϱ�;ϮϬϮϭͿ͘ 

ϰϳ͘ EĂƐƐĂƌ͕ ��͘�,͘�et al. �ƉŝŐĞŶŽŵŝĐ�ĐŚĂƌƟŶŐ�ĂŶĚ�ĨƵŶĐƟŽŶĂů�ĂŶŶŽƚĂƟŽŶ�ŽĨ�ƌŝƐŬ�ůŽĐŝ�ŝŶ�ƌĞŶĂů�ĐĞůů�

ĐĂƌĐŝŶŽŵĂ͘�Nat Commun 14͕�ϯϰϲ�;ϮϬϮϯͿ͘ 

ϰϴ͘ 'ŽƉŝ͕�>͘�<͘�Θ�<ŝĚĚĞƌ͕ ��͘�>͘�/ŶƚĞŐƌĂƟǀĞ�ƉĂŶ�ĐĂŶĐĞƌ�ĂŶĂůǇƐŝƐ�ƌĞǀĞĂůƐ�ĞƉŝŐĞŶŽŵŝĐ�ǀĂƌŝĂƟŽŶ�ŝŶ�

ĐĂŶĐĞƌ�ƚǇƉĞ�ĂŶĚ�ĐĞůů�ƐƉĞĐŝĮĐ�ĐŚƌŽŵĂƟŶ�ĚŽŵĂŝŶƐ͘�Nat Commun 12͕�ϭϰϭϵ�;ϮϬϮϭͿ͘ 

ϰϵ͘ tŚǇƚĞ͕�t͘��͘�et al. DĂƐƚĞƌ�dƌĂŶƐĐƌŝƉƟŽŶ�&ĂĐƚŽƌƐ�ĂŶĚ�DĞĚŝĂƚŽƌ��ƐƚĂďůŝƐŚ�^ƵƉĞƌ-�ŶŚĂŶĐĞƌƐ�Ăƚ�

<ĞǇ��Ğůů�/ĚĞŶƟƚǇ�'ĞŶĞƐ͘�Cell 153͕�ϯϬϳ–ϯϭϵ�;ϮϬϭϯͿ͘ 
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ϱϬ͘ ,ŶŝƐǌ͕��͘�et al. ^ƵƉĞƌ-�ŶŚĂŶĐĞƌƐ�ŝŶ�ƚŚĞ��ŽŶƚƌŽů�ŽĨ��Ğůů�/ĚĞŶƟƚǇ�ĂŶĚ��ŝƐĞĂƐĞ͘�Cell 155͕�ϵϯϰ–

ϵϰϳ�;ϮϬϭϯͿ͘ 

ϱϭ͘ WůŝƚǌŬŽ͕��͘�Θ�>ŽĞƐŐĞŶ͕�^͘�DĞĂƐƵƌĞŵĞŶƚ�ŽĨ�KǆǇŐĞŶ��ŽŶƐƵŵƉƟŽŶ�ZĂƚĞ�;K�ZͿ�ĂŶĚ�

�ǆƚƌĂĐĞůůƵůĂƌ��ĐŝĚŝĮĐĂƟŽŶ�ZĂƚĞ�;���ZͿ�ŝŶ��ƵůƚƵƌĞ��ĞůůƐ�ĨŽƌ��ƐƐĞƐƐŵĞŶƚ�ŽĨ�ƚŚĞ��ŶĞƌŐǇ�

DĞƚĂďŽůŝƐŵ͘�BIO-PROTOCOL 8͕�;ϮϬϭϴͿ͘ 

ϱϮ͘ �Ăƌ͕ �^͘�et al. �ŝŽĞŶĞƌŐĞƟĐ��ĚĂƉƚĂƟŽŶƐ�ŝŶ��ŚĞŵŽƌĞƐŝƐƚĂŶƚ�KǀĂƌŝĂŶ��ĂŶĐĞƌ��ĞůůƐ͘�Sci Rep 7͕�

ϴϳϲϬ�;ϮϬϭϳͿ͘ 

ϱϯ͘ �ŚĞŶ͕�z͘ �et al. hƉ-ƌĞŐƵůĂƟŽŶ�ŽĨ�EDZ<Ϯ�ŵĞĚŝĂƚĞĚ�ďǇ�d&�ϯ�ĨƵƐŝŽŶƐ�ŝƐ�ƚŚĞ�ŬĞǇ�ĨŽƌ�ĞŶĞƌŐǇ�

ŵĞƚĂďŽůŝƐŵ�ĂĚĂƉƟŽŶ�ŽĨ�yƉϭϭ͘Ϯ�ƚƌĂŶƐůŽĐĂƟŽŶ�ƌĞŶĂů�ĐĞůů�ĐĂƌĐŝŶŽŵĂ͘��ĂŶĐĞƌ�>ĞƩ 538͕�Ϯϭϱϲϴϵ�

;ϮϬϮϮͿ͘ 

ϱϰ͘ �ŚĂŶŐ͕�:͘�et al. DĞĂƐƵƌŝŶŐ�ĞŶĞƌŐǇ�ŵĞƚĂďŽůŝƐŵ�ŝŶ�ĐƵůƚƵƌĞĚ�ĐĞůůƐ͕�ŝŶĐůƵĚŝŶŐ�ŚƵŵĂŶ�

ƉůƵƌŝƉŽƚĞŶƚ�ƐƚĞŵ�ĐĞůůƐ�ĂŶĚ�ĚŝīĞƌĞŶƟĂƚĞĚ�ĐĞůůƐ͘�Nat Protoc 7͕�ϭϬϲϴ–ϭϬϴϱ�;ϮϬϭϮͿ͘ 

ϱϱ͘ �ƌƌŽǇŽ͕�:͘��͘�et al. ��'ĞŶŽŵĞ-ǁŝĚĞ��Z/^WZ��ĞĂƚŚ�^ĐƌĞĞŶ�/ĚĞŶƟĮĞƐ�'ĞŶĞƐ��ƐƐĞŶƟĂů�ĨŽƌ�

KǆŝĚĂƟǀĞ�WŚŽƐƉŚŽƌǇůĂƟŽŶ͘�Cell Metab 24͕�ϴϳϱ–ϴϴϱ�;ϮϬϭϲͿ͘ 

ϱϲ͘ DĂƌƌŽƋƵŝŶ͕�>͘��͕͘�,ǇŶĞƐ͕�:͕͘��ǇŬĞŶƐ͕�:͘��͕͘�:ĂŵŝĞƐŽŶ͕�:͘��͘�Θ�tŝůů͕�z͘ ��ŝƌĐƵŵǀĞŶƟŶŐ�ƚŚĞ�

�ƌĂďƚƌĞĞ��īĞĐƚ͗�ZĞƉůĂĐŝŶŐ�DĞĚŝĂ�'ůƵĐŽƐĞ�ǁŝƚŚ�'ĂůĂĐƚŽƐĞ�/ŶĐƌĞĂƐĞƐ�^ƵƐĐĞƉƟďŝůŝƚǇ�ŽĨ�,ĞƉ'Ϯ�

�ĞůůƐ�ƚŽ�DŝƚŽĐŚŽŶĚƌŝĂů�dŽǆŝĐĂŶƚƐ͘�Toxicological Sciences 97͕�ϱϯϵ–ϱϰϳ�;ϮϬϬϳͿ͘ 

ϱϳ͘ <ŝĞƌĂŶƐ͕�^͘�:͘�Θ�dĂǇůŽƌ͕ ��͘�d͘ �ZĞŐƵůĂƟŽŶ�ŽĨ�ŐůǇĐŽůǇƐŝƐ�ďǇ�ƚŚĞ�ŚǇƉŽǆŝĂͲŝŶĚƵĐŝďůĞ�ĨĂĐƚŽƌ�;,/&Ϳ͗�

ŝŵƉůŝĐĂƟŽŶƐ�ĨŽƌ�ĐĞůůƵůĂƌ�ƉŚǇƐŝŽůŽŐǇ͘�The Journal of Physiology 599͕�Ϯϯ–ϯϳ�;ϮϬϮϭͿ͘ 

ϱϴ͘ dĞŶŶĂŶƚ͕��͘��͕͘��ƵƌĂŶ͕�Z͘�s͘ ͕��ŽƵůĂŚďĞů͕�,͘�Θ�'ŽƩůŝĞď͕��͘�DĞƚĂďŽůŝĐ�ƚƌĂŶƐĨŽƌŵĂƟŽŶ�ŝŶ�

ĐĂŶĐĞƌ͘ �Carcinogenesis 30͕�ϭϮϲϵ–ϭϮϴϬ�;ϮϬϬϵͿ͘ 
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ϱϵ͘ ^ŚĞŶ͕��͘�Θ�<ĂĞůŝŶ͕�t͘�'͘�dŚĞ�s,>ͬ,/&��ǆŝƐ�ŝŶ��ůĞĂƌ��Ğůů�ZĞŶĂů��ĂƌĐŝŶŽŵĂ͘�Semin Cancer Biol 

23͕�ϭϴ–Ϯϱ�;ϮϬϭϯͿ͘ 

ϲϬ͘ �ƌĂĚǇ͕ �K͘��͕͘�DĂƌƟŶĂ͕�:͘��͘�Θ�WƵĞƌƚŽůůĂŶŽ͕�Z͘��ŵĞƌŐŝŶŐ�ƌŽůĞƐ�ĨŽƌ�d&���ŝŶ�ƚŚĞ�ŝŵŵƵŶĞ�

ƌĞƐƉŽŶƐĞ�ĂŶĚ�ŝŶŇĂŵŵĂƟŽŶ͘�Autophagy 14͕�ϭϴϭ–ϭϴϵ�;ϮϬϭϴͿ͘ 

ϲϭ͘ DĂƌƟŶĂ͕�:͘��͘�et al. dŚĞ�ŶƵƚƌŝĞŶƚ-ƌĞƐƉŽŶƐŝǀĞ�ƚƌĂŶƐĐƌŝƉƟŽŶ�ĨĂĐƚŽƌ�d&�ϯ�ƉƌŽŵŽƚĞƐ�ĂƵƚŽƉŚĂŐǇ͕ �

ůǇƐŽƐŽŵĂů�ďŝŽŐĞŶĞƐŝƐ͕�ĂŶĚ�ĐůĞĂƌĂŶĐĞ�ŽĨ�ĐĞůůƵůĂƌ�ĚĞďƌŝƐ͘�Sci Signal 7͕�ƌĂϵ�;ϮϬϭϰͿ͘ 

ϲϮ͘ WĞƌĞƌĂ͕�Z͘�D͕͘��ŝ�DĂůƚĂ͕��͘�Θ��ĂůůĂďŝŽ͕��͘�Dŝdͬd&��&ĂŵŝůǇ�ŽĨ�dƌĂŶƐĐƌŝƉƟŽŶ�&ĂĐƚŽƌƐ͕�

>ǇƐŽƐŽŵĞƐ͕�ĂŶĚ��ĂŶĐĞƌ͘ �Annu Rev Cancer Biol 3͕�ϮϬϯ–ϮϮϮ�;ϮϬϭϵͿ͘ 

ϲϯ͘ <ĞƐŚĞƚ͕�Z͕͘�^ǌůŽƐĂƌĞŬ͕�W͘ ͕��ĂƌƌĂĐĞĚŽ͕��͘�Θ��ƌĞǌ͕��͘�ZĞǁŝƌŝŶŐ�ƵƌĞĂ�ĐǇĐůĞ�ŵĞƚĂďŽůŝƐŵ�ŝŶ�ĐĂŶĐĞƌ�

ƚŽ�ƐƵƉƉŽƌƚ�ĂŶĂďŽůŝƐŵ͘�Nat Rev Cancer 18͕�ϲϯϰ–ϲϰϱ�;ϮϬϭϴͿ͘ 

ϲϰ͘ �ŚĂŬƌĂďŽƌƚǇ͕ �^͕͘��ĂůĂŶ͕�D͕͘�^ĂďĂƌǁĂů͕��͕͘��ŚŽƵĞŝƌŝ͕�d͘ �<͘�Θ�WĂů͕�^͘�DĞƚĂďŽůŝĐ�ƌĞƉƌŽŐƌĂŵŵŝŶŐ�

ŝŶ�ƌĞŶĂů�ĐĂŶĐĞƌ͗��ǀĞŶƚƐ�ŽĨ�Ă�ŵĞƚĂďŽůŝĐ�ĚŝƐĞĂƐĞ͘�Biochimica et Biophysica Acta (BBA) - 

Reviews on Cancer 1876͕�ϭϴϴϱϱϵ�;ϮϬϮϭͿ͘ 

ϲϱ͘ ,ĂũĂũ͕��͕͘�^ĐŝĂĐŽǀĞůůŝ͕�D͕͘�&ƌĞǌǌĂ͕��͘�Θ��ƌĞǌ͕��͘�dŚĞ�ĐŽŶƚĞǆƚ-ƐƉĞĐŝĮĐ�ƌŽůĞƐ�ŽĨ�ƵƌĞĂ�ĐǇĐůĞ�

ĞŶǌǇŵĞƐ�ŝŶ�ƚƵŵŽƌŝŐĞŶĞƐŝƐ͘�Molecular Cell 81͕�ϯϳϰϵ–ϯϳϱϵ�;ϮϬϮϭͿ͘ 

ϲϲ͘ <ŚĂƌĞ͕�^͘�et al. �^^ϭ�ĂŶĚ��^>�ƐƵƉƉƌĞƐƐ�ŐƌŽǁƚŚ�ŝŶ�ĐůĞĂƌ�ĐĞůů�ƌĞŶĂů�ĐĞůů�ĐĂƌĐŝŶŽŵĂ�ǀŝĂ�ĂůƚĞƌĞĚ�

ŶŝƚƌŽŐĞŶ�ŵĞƚĂďŽůŝƐŵ͘�Cancer & Metabolism 9͕�ϰϬ�;ϮϬϮϭͿ͘ 

ϲϳ͘ >ĂƐŚ͕�>͘�,͘�ZŽůĞ�ŽĨ�ŐůƵƚĂƚŚŝŽŶĞ�ƚƌĂŶƐƉŽƌƚ�ƉƌŽĐĞƐƐĞƐ�ŝŶ�ŬŝĚŶĞǇ�ĨƵŶĐƟŽŶ͘�Toxicology and 

Applied Pharmacology 204͕�ϯϮϵ–ϯϰϮ�;ϮϬϬϱͿ͘ 

ϲϴ͘ WƌŝŽůŽ͕��͘�et al. /ŵƉĂŝƌŵĞŶƚ�ŽĨ�ŐĂŵŵĂ-ŐůƵƚĂŵǇů�ƚƌĂŶƐĨĞƌĂƐĞ�ϭ�ĂĐƟǀŝƚǇ�ŝŶ�ƚŚĞ�ŵĞƚĂďŽůŝĐ�

ƉĂƚŚŽŐĞŶĞƐŝƐ�ŽĨ�ĐŚƌŽŵŽƉŚŽďĞ�ƌĞŶĂů�ĐĞůů�ĐĂƌĐŝŶŽŵĂ͘�Proc. Natl. Acad. Sci. U.S.A. 115͕�

;ϮϬϭϴͿ͘ 
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ϲϵ͘ yŝĂŽ�Θ�DĞŝĞƌŚŽĨĞƌ͘ �'ůƵƚĂƚŚŝŽŶĞ�DĞƚĂďŽůŝƐŵ�ŝŶ�ZĞŶĂů��Ğůů��ĂƌĐŝŶŽŵĂ�WƌŽŐƌĞƐƐŝŽŶ�ĂŶĚ�

/ŵƉůŝĐĂƟŽŶƐ�ĨŽƌ�dŚĞƌĂƉŝĞƐ͘�IJMS 20͕�ϯϲϳϮ�;ϮϬϭϵͿ͘ 

ϳϬ͘ WŝůůĂŝ͕�Z͕͘�,ĂǇĂƐŚŝ͕�D͕͘��ĂǀŝƚƐĂŶŽƵ͕�� -͘D͘�Θ�WĂƉĂŐŝĂŶŶĂŬŽƉŽƵůŽƐ͕�d͘ �EZ&Ϯ͗�<��WŝŶŐ�dƵŵŽƌƐ�

WƌŽƚĞĐƚĞĚ͘�Cancer Discovery 12͕�ϲϮϱ–ϲϰϯ�;ϮϬϮϮͿ͘ 

ϳϭ͘ ZŽŵĞƌŽ͕�Z͘�et al. <ĞĂƉϭ�ŵƵƚĂƟŽŶ�ƌĞŶĚĞƌƐ�ůƵŶŐ�ĂĚĞŶŽĐĂƌĐŝŶŽŵĂƐ�ĚĞƉĞŶĚĞŶƚ�ŽŶ�^ůĐϯϯĂϭ͘�

Nat Cancer 1͕�ϱϴϵ–ϲϬϮ�;ϮϬϮϬͿ͘ 

ϳϮ͘ yŝĂŽ͕�t͘�Θ�>ŽƐĐĂůǌŽ͕�:͘�DĞƚĂďŽůŝĐ�ZĞƐƉŽŶƐĞƐ�ƚŽ�ZĞĚƵĐƟǀĞ�^ƚƌĞƐƐ͘��ŶƟŽǆŝĚĂŶƚƐ�Θ�ZĞĚŽǆ�

Signaling 32͕�ϭϯϯϬ–ϭϯϰϳ�;ϮϬϮϬͿ͘ 

ϳϯ͘ �ŚĂŽ͕�z͘ �et al. ^ŽEĂƌ͕ �Ă�,ŝŐŚůǇ�ZĞƐƉŽŶƐŝǀĞ�E��нͬE��,�^ĞŶƐŽƌ͕ ��ůůŽǁƐ�,ŝŐŚ-dŚƌŽƵŐŚƉƵƚ�

DĞƚĂďŽůŝĐ�^ĐƌĞĞŶŝŶŐ�ŽĨ��ŶƟ-ƚƵŵŽƌ��ŐĞŶƚƐ͘�Cell Metabolism 21͕�ϳϳϳ–ϳϴϵ�;ϮϬϭϱͿ͘ 

ϳϰ͘ dŝƚŽǀ͕ ��͘�s͘ �et al. �ŽŵƉůĞŵĞŶƚĂƟŽŶ�ŽĨ�ŵŝƚŽĐŚŽŶĚƌŝĂů�ĞůĞĐƚƌŽŶ�ƚƌĂŶƐƉŽƌƚ�ĐŚĂŝŶ�ďǇ�

ŵĂŶŝƉƵůĂƟŽŶ�ŽĨ�ƚŚĞ�E���н ͬE��,�ƌĂƟŽ͘�Science 352͕�Ϯϯϭ–Ϯϯϱ�;ϮϬϭϲͿ͘ 

ϳϱ͘ �ĞŵƉƐƚĞƌ͕ �:͘�D͘�et al. �ŚƌŽŶŽƐ͗�Ă�ĐĞůů�ƉŽƉƵůĂƟŽŶ�ĚǇŶĂŵŝĐƐ�ŵŽĚĞů�ŽĨ��Z/^WZ�ĞǆƉĞƌŝŵĞŶƚƐ�

ƚŚĂƚ�ŝŵƉƌŽǀĞƐ�ŝŶĨĞƌĞŶĐĞ�ŽĨ�ŐĞŶĞ�ĮƚŶĞƐƐ�ĞīĞĐƚƐ͘�Genome Biol 22͕�ϯϰϯ�;ϮϬϮϭͿ͘ 

ϳϲ͘ �ĞŵƉƐƚĞƌ͕ �:͘�D͘�et al. �ŐƌĞĞŵĞŶƚ�ďĞƚǁĞĞŶ�ƚǁŽ�ůĂƌŐĞ�ƉĂŶ-ĐĂŶĐĞƌ��Z/^WZ-�ĂƐϵ�ŐĞŶĞ�

ĚĞƉĞŶĚĞŶĐǇ�ĚĂƚĂ�ƐĞƚƐ͘�Nat Commun 10͕�ϱϴϭϳ�;ϮϬϭϵͿ͘ 

ϳϳ͘ tŽůĨ͕ �D͘�D͕͘�ZĂƚŚŵĞůů͕�t͘�<͘�Θ��ĞĐŬĞƌŵĂŶŶ͕�<͘��͘�DŽĚĞůŝŶŐ��ůĞĂƌ��Ğůů�ZĞŶĂů��Ğůů��ĂƌĐŝŶŽŵĂ�

ĂŶĚ�dŚĞƌĂƉĞƵƟĐ�/ŵƉůŝĐĂƟŽŶƐ͘�Oncogene 39͕�ϯϰϭϯ–ϯϰϮϲ�;ϮϬϮϬͿ͘ 

ϳϴ͘ DŽůŝŶĂ͕�:͘�Z͘�et al. �Ŷ�ŝŶŚŝďŝƚŽƌ�ŽĨ�ŽǆŝĚĂƟǀĞ�ƉŚŽƐƉŚŽƌǇůĂƟŽŶ�ĞǆƉůŽŝƚƐ�ĐĂŶĐĞƌ�ǀƵůŶĞƌĂďŝůŝƚǇ͘�

Nat Med 24͕�ϭϬϯϲ–ϭϬϰϲ�;ϮϬϭϴͿ͘ 

ϳϵ͘ �ŝƌƐŽǇ͕ �<͘�et al. �Ŷ��ƐƐĞŶƟĂů�ZŽůĞ�ŽĨ�ƚŚĞ�DŝƚŽĐŚŽŶĚƌŝĂů��ůĞĐƚƌŽŶ�dƌĂŶƐƉŽƌƚ��ŚĂŝŶ�ŝŶ��Ğůů�

WƌŽůŝĨĞƌĂƟŽŶ�/Ɛ�ƚŽ��ŶĂďůĞ��ƐƉĂƌƚĂƚĞ�^ǇŶƚŚĞƐŝƐ͘�Cell 162͕�ϱϰϬ–ϱϱϭ�;ϮϬϭϱͿ͘ 
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ϴϬ͘ /ǀĂŶ͕�D͘�Θ�<ĂĞůŝŶ͕�t͘�'͘�dŚĞ��'>E-,/&�K�Ϯ�-^ĞŶƐŝŶŐ�^ǇƐƚĞŵ͗�DƵůƟƉůĞ�/ŶƉƵƚƐ�ĂŶĚ�&ĞĞĚďĂĐŬƐ͘�

Molecular Cell 66͕�ϳϳϮ–ϳϳϵ�;ϮϬϭϳͿ͘ 

81. /ǀĂŶ͕�D͘�et al. ,/&ĂůƉŚĂ�ƚĂƌŐĞƚĞĚ�ĨŽƌ�s,>-ŵĞĚŝĂƚĞĚ�ĚĞƐƚƌƵĐƟŽŶ�ďǇ�ƉƌŽůŝŶĞ�ŚǇĚƌŽǆǇůĂƟŽŶ͗�

ŝŵƉůŝĐĂƟŽŶƐ�ĨŽƌ�KϮ�ƐĞŶƐŝŶŐ͘�Science 292͕�ϰϲϰ–ϰϲϴ�;ϮϬϬϭͿ͘ 

ϴϮ͘ ^ŚĞŶ͕��͘�et al. 'ĞŶĞƟĐ�ĂŶĚ�ĨƵŶĐƟŽŶĂů�ƐƚƵĚŝĞƐ�ŝŵƉůŝĐĂƚĞ�,/&ϭɲ�ĂƐ�Ă�ϭϰƋ�ŬŝĚŶĞǇ�ĐĂŶĐĞƌ�

ƐƵƉƉƌĞƐƐŽƌ�ŐĞŶĞ͘�Cancer Discov 1͕�ϮϮϮ–Ϯϯϱ�;ϮϬϭϭͿ͘ 

ϴϯ͘ <ŝŵ͕�:͕͘�dĐŚĞƌŶǇƐŚǇŽǀ͕ �/͕͘�^ĞŵĞŶǌĂ͕�'͘�>͘�Θ��ĂŶŐ͕��͘�s͘ �,/&-1-ŵĞĚŝĂƚĞĚ�ĞǆƉƌĞƐƐŝŽŶ�ŽĨ�

ƉǇƌƵǀĂƚĞ�ĚĞŚǇĚƌŽŐĞŶĂƐĞ�ŬŝŶĂƐĞ͗���ŵĞƚĂďŽůŝĐ�ƐǁŝƚĐŚ�ƌĞƋƵŝƌĞĚ�ĨŽƌ�ĐĞůůƵůĂƌ�ĂĚĂƉƚĂƟŽŶ�ƚŽ�

ŚǇƉŽǆŝĂ͘�Cell Metabolism 3͕�ϭϳϳ–ϭϴϱ�;ϮϬϬϲͿ͘ 

ϴϰ͘ DŝƐŬĂ͕�:͘�et al. ,/&-1ɲ�/Ɛ�Ă�DĞƚĂďŽůŝĐ�^ǁŝƚĐŚ�ďĞƚǁĞĞŶ�'ůǇĐŽůǇƟĐ-�ƌŝǀĞŶ�DŝŐƌĂƟŽŶ�ĂŶĚ�

KǆŝĚĂƟǀĞ�WŚŽƐƉŚŽƌǇůĂƟŽŶ-�ƌŝǀĞŶ�/ŵŵƵŶŽƐƵƉƉƌĞƐƐŝŽŶ�ŽĨ�dƌĞŐƐ�ŝŶ�'ůŝŽďůĂƐƚŽŵĂ͘�Cell 

Reports 27͕�ϮϮϲ-Ϯϯϳ͘Ğϰ�;ϮϬϭϵͿ͘ 

ϴϱ͘ �ŚĞŶ͕�E͘�et al. ZŽǆĂĚƵƐƚĂƚ�ĨŽƌ��ŶĞŵŝĂ�ŝŶ�WĂƟĞŶƚƐ�ǁŝƚŚ�<ŝĚŶĞǇ��ŝƐĞĂƐĞ�EŽƚ�ZĞĐĞŝǀŝŶŐ�

�ŝĂůǇƐŝƐ͘�N Engl J Med 381͕�ϭϬϬϭ–ϭϬϭϬ�;ϮϬϭϵͿ͘ 

ϴϲ͘ DŝƩĞůŵĂŶ͕�D͘�et al. �ĸĐĂĐǇ�ĂŶĚ�^ĂĨĞƚǇ�ŽĨ�ZŽǆĂĚƵƐƚĂƚ�ĨŽƌ�dƌĞĂƚŵĞŶƚ�ŽĨ��ŶĞŵŝĂ�ŝŶ�WĂƟĞŶƚƐ�

ǁŝƚŚ�>ŽǁĞƌ-ZŝƐŬ�DǇĞůŽĚǇƐƉůĂƐƟĐ�^ǇŶĚƌŽŵĞ�;>Z-D�^Ϳ�ǁŝƚŚ�>Žǁ�ZĞĚ��ůŽŽĚ��Ğůů�;Z��Ϳ�

dƌĂŶƐĨƵƐŝŽŶ��ƵƌĚĞŶ͗�ZĞƐƵůƚƐ�ŽĨ�WŚĂƐĞ�///�DĂƩĞƌŚŽƌŶ�^ƚƵĚǇ͘�Blood 142͕�ϭϵϱ–ϭϵϱ�;ϮϬϮϯͿ͘ 

ϴϳ͘ DĂůŽƵĨ͕ �'͘�'͘�et al. EĞǆƚ-'ĞŶĞƌĂƟŽŶ�^ĞƋƵĞŶĐŝŶŐ�ŽĨ�dƌĂŶƐůŽĐĂƟŽŶ�ZĞŶĂů��Ğůů��ĂƌĐŝŶŽŵĂ�

ZĞǀĞĂůƐ�EŽǀĞů�ZE��^ƉůŝĐŝŶŐ�WĂƌƚŶĞƌƐ�ĂŶĚ�&ƌĞƋƵĞŶƚ�DƵƚĂƟŽŶƐ�ŽĨ��ŚƌŽŵĂƟŶ-ZĞŵŽĚĞůŝŶŐ�

'ĞŶĞƐ͘�Clin Cancer Res 20͕�ϰϭϮϵ–ϰϭϰϬ�;ϮϬϭϰͿ͘ 

88. �ĞǌǁĂĚĂ͕��͘�et al. DŝƚŽĐŚŽŶĚƌŝĂů�ŵĞƚĂďŽůŝƐŵ�ŝŶ�ƉƌŝŵĂƌǇ�ĂŶĚ�ŵĞƚĂƐƚĂƟĐ�ŚƵŵĂŶ�ŬŝĚŶĞǇ�

ĐĂŶĐĞƌƐ͘�bioRxiv ϮϬϮϯ͘ϬϮ͘Ϭϲ͘ϱϮϳϮϴϱ�;ϮϬϮϯͿ�ĚŽŝ͗ϭϬ͘ϭϭϬϭͬϮϬϮϯ͘ϬϮ͘Ϭϲ͘ϱϮϳϮϴϱ͘ 
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ϴϵ͘ DŽŶĚĂ͕�^͘�D͘�et al. dŚĞ�DĞƚĂƐƚĂƟĐ�ZŝƐŬ�ŽĨ�ZĞŶĂů��Ğůů��ĂƌĐŝŶŽŵĂ�ďǇ�WƌŝŵĂƌǇ�dƵŵŽƌ�^ŝǌĞ�ĂŶĚ�

^ƵďƚǇƉĞ͘�European Urology Open Science 52͕�ϭϯϳ–ϭϰϰ�;ϮϬϮϯͿ͘ 

ϵϬ͘ Dŝƌ͕ �D͘��͘�et al. �ůƚĞƌĞĚ�ƚƌĂŶƐĐƌŝƉƟŽŶ�ĨĂĐƚŽƌ��ϯ�ĞǆƉƌĞƐƐŝŽŶ�ŝŶ�ƵŶĐůĂƐƐŝĮĞĚ�ĂĚƵůƚ�ƌĞŶĂů�ĐĞůů�

ĐĂƌĐŝŶŽŵĂ�ŝŶĚŝĐĂƚĞƐ�ĂĚǀĞƌƐĞ�ƉĂƚŚŽůŽŐŝĐĂů�ĨĞĂƚƵƌĞƐ�ĂŶĚ�ƉŽŽƌ�ŽƵƚĐŽŵĞ͘��:h�/ŶƚĞƌŶĂƟŽŶĂů 

108͕�;ϮϬϭϭͿ͘ 

ϵϭ͘ ^ŝĐŝŶƐŬĂ͕��͘�et al. �^W^�Zϭ͗͗d&�ϯ��ƌŝǀĞƐ��ůǀĞŽůĂƌ�^ŽŌ�WĂƌƚ�^ĂƌĐŽŵĂ�ďǇ�/ŶĚƵĐŝŶŐ�dĂƌŐĞƚĂďůĞ�

dƌĂŶƐĐƌŝƉƟŽŶĂů�WƌŽŐƌĂŵƐ͘�Cancer Research ;ϮϬϮϰͿ�ĚŽŝ͗ϭϬ͘ϭϭϱϴͬϬϬϬϴ-ϱϰϳϮ͘��E-Ϯϯ-Ϯϭϭϱ͘ 

ϵϮ͘ WĂƐƚŽƌĞ͕�E͘�et al. d&�ϯ�ƌĞŐƵůĂƚĞƐ�ǁŚŽůĞͲďŽĚǇ�ĞŶĞƌŐǇ�ŵĞƚĂďŽůŝƐŵ�ŝŶ�ĐŽŽƉĞƌĂƟŽŶ�ǁŝƚŚ�d&��͘�

EMBO Mol Med 9͕�ϲϬϱ–ϲϮϭ�;ϮϬϭϳͿ͘ 

ϵϯ͘ �ŚŽƵ͕�z͘ �et al. ZĞĐĞŶƚ�ĂĚǀĂŶĐĞƐ�ŽĨ�ŵŝƚŽĐŚŽŶĚƌŝĂů�ĐŽŵƉůĞǆ�/�ŝŶŚŝďŝƚŽƌƐ�ĨŽƌ�ĐĂŶĐĞƌ�ƚŚĞƌĂƉǇ͗�

�ƵƌƌĞŶƚ�ƐƚĂƚƵƐ�ĂŶĚ�ĨƵƚƵƌĞ�ƉĞƌƐƉĞĐƟǀĞƐ͘�European Journal of Medicinal Chemistry 251͕�

ϭϭϱϮϭϵ�;ϮϬϮϯͿ͘ 

ϵϰ͘ �ŚĂŶĚĞů͕�E͘�DĞƞŽƌŵŝŶ�/ŶŚŝďŝƚƐ�DŝƚŽĐŚŽŶĚƌŝĂů��ŽŵƉůĞǆ�/�dŽ�WƌŽŵŽƚĞ�,ĞĂůƚŚ͘�/ŶŶŽǀĂƟŽŶ�ŝŶ�

Aging 5͕�ϰϱϰ�;ϮϬϮϭͿ͘ 

ϵϱ͘ tŚĞĂƚŽŶ͕�t͘�t͘�et al. DĞƞŽƌŵŝŶ�ŝŶŚŝďŝƚƐ�ŵŝƚŽĐŚŽŶĚƌŝĂů�ĐŽŵƉůĞǆ�/�ŽĨ�ĐĂŶĐĞƌ�ĐĞůůƐ�ƚŽ�ƌĞĚƵĐĞ�

ƚƵŵŽƌŝŐĞŶĞƐŝƐ͘�eLife 3͕�ĞϬϮϮϰϮ�;ϮϬϭϰͿ͘ 

ϵϲ͘ WƌŝĐĞ͕��͘�et al. 'ĞŶŽŵĞ-tŝĚĞ�/ŶƚĞƌƌŽŐĂƟŽŶ�ŽĨ�,ƵŵĂŶ��ĂŶĐĞƌƐ�/ĚĞŶƟĮĞƐ��'>Eϭ�

�ĞƉĞŶĚĞŶĐǇ�ŝŶ��ůĞĂƌ��Ğůů�KǀĂƌŝĂŶ��ĂŶĐĞƌƐ͘�Cancer Res 79͕�Ϯϱϲϰ–Ϯϱϳϵ�;ϮϬϭϵͿ͘ 

ϵϳ͘ ^ŝŶŐŚ͕��͘�<͘�et al. �ĂƉƌŽĚƵƐƚĂƚ�ĨŽƌ�ƚŚĞ�dƌĞĂƚŵĞŶƚ�ŽĨ��ŶĞŵŝĂ�ŝŶ�WĂƟĞŶƚƐ�EŽƚ�hŶĚĞƌŐŽŝŶŐ�

�ŝĂůǇƐŝƐ͘�N Engl J Med 385͕�Ϯϯϭϯ–ϮϯϮϰ�;ϮϬϮϭͿ͘ 

ϵϴ͘ �ŚĞƌƚŽǁ͕�'͘�D͘�et al. sĂĚĂĚƵƐƚĂƚ�ŝŶ�WĂƟĞŶƚƐ�ǁŝƚŚ��ŶĞŵŝĂ�ĂŶĚ�EŽŶ–�ŝĂůǇƐŝƐ-�ĞƉĞŶĚĞŶƚ�

�<�͘�N Engl J Med 384͕�ϭϱϴϵ–ϭϲϬϬ�;ϮϬϮϭͿ͘ 
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ϵϵ͘ :ĂŶŐ͕�^͘�et al. �ůƵĐŝĚĂƟŶŐ�ƚŚĞ�ĐŽŶƚƌŝďƵƟŽŶ�ŽĨ�ŵŝƚŽĐŚŽŶĚƌŝĂů�ŐůƵƚĂƚŚŝŽŶĞ�ƚŽ�ĨĞƌƌŽƉƚŽƐŝƐ�ŝŶ�

ĐĂƌĚŝŽŵǇŽĐǇƚĞƐ͘�Redox Biology 45͕�ϭϬϮϬϮϭ�;ϮϬϮϭͿ͘ 

ϭϬϬ͘ dĂŬĂŚĂƐŚŝ͕�E͘�et al. ϯ���ƵůƚƵƌĞ�DŽĚĞůƐ�ǁŝƚŚ��Z/^WZ�^ĐƌĞĞŶƐ�ZĞǀĞĂů�,ǇƉĞƌĂĐƟǀĞ�EZ&Ϯ�ĂƐ�Ă�

WƌĞƌĞƋƵŝƐŝƚĞ�ĨŽƌ�^ƉŚĞƌŽŝĚ�&ŽƌŵĂƟŽŶ�ǀŝĂ�ZĞŐƵůĂƟŽŶ�ŽĨ�WƌŽůŝĨĞƌĂƟŽŶ�ĂŶĚ�&ĞƌƌŽƉƚŽƐŝƐ͘�Mol 

Cell 80͕�ϴϮϴ-ϴϰϰ͘Ğϲ�;ϮϬϮϬͿ͘ 

ϭϬϭ͘ �ůĞƌŝĐŝ͕�^͘�Θ��ŽůĞƩĂ͕��͘�ZŽůĞ�ŽĨ�ƚŚĞ�<��Wϭ-EZ&Ϯ��ǆŝƐ�ŝŶ�ZĞŶĂů��Ğůů��ĂƌĐŝŶŽŵĂ͘�Cancers 12͕�

ϯϰϱϴ�;ϮϬϮϬͿ͘ 

ϭϬϮ͘ �ĂŶĐĞƌ�'ĞŶŽŵĞ��ƚůĂƐ�ZĞƐĞĂƌĐŚ�EĞƚǁŽƌŬ�et al. �ŽŵƉƌĞŚĞŶƐŝǀĞ�DŽůĞĐƵůĂƌ��ŚĂƌĂĐƚĞƌŝǌĂƟŽŶ�

ŽĨ�WĂƉŝůůĂƌǇ�ZĞŶĂů-�Ğůů��ĂƌĐŝŶŽŵĂ͘�N Engl J Med 374͕�ϭϯϱ–ϭϰϱ�;ϮϬϭϲͿ͘ 

ϭϬϯ͘ >ŝ͕�>͘�et al. ^Y^dDϭ�/Ɛ�Ă�WĂƚŚŽŐĞŶŝĐ�dĂƌŐĞƚ�ŽĨ�ϱƋ��ŽƉǇ�EƵŵďĞƌ�'ĂŝŶƐ�ŝŶ�<ŝĚŶĞǇ��ĂŶĐĞƌ͘ �

Cancer Cell 24͕�ϳϯϴ–ϳϱϬ�;ϮϬϭϯͿ͘ 

ϭϬϰ͘ ^ĂǇŝŶ͕�s͘ �/͘�et al. �ĐƟǀĂƟŽŶ�ŽĨ�ƚŚĞ�EZ&Ϯ�ĂŶƟŽǆŝĚĂŶƚ�ƉƌŽŐƌĂŵ�ŐĞŶĞƌĂƚĞƐ�ĂŶ�ŝŵďĂůĂŶĐĞ�ŝŶ�

ĐĞŶƚƌĂů�ĐĂƌďŽŶ�ŵĞƚĂďŽůŝƐŵ�ŝŶ�ĐĂŶĐĞƌ͘ �eLife 6͕�ĞϮϴϬϴϯ�;ϮϬϭϳͿ͘ 

ϭϬϱ͘ sŝƐǁĂŶĂƚŚĂŶ͕�^͘�Z͘�et al. 'ĞŶŽŵĞ-ƐĐĂůĞ�ĂŶĂůǇƐŝƐ�ŝĚĞŶƟĮĞƐ�ƉĂƌĂůŽŐ�ůĞƚŚĂůŝƚǇ�ĂƐ�Ă�

ǀƵůŶĞƌĂďŝůŝƚǇ�ŽĨ�ĐŚƌŽŵŽƐŽŵĞ�ϭƉ�ůŽƐƐ�ŝŶ�ĐĂŶĐĞƌ͘ �Nat Genet 50͕�ϵϯϳ–ϵϰϯ�;ϮϬϭϴͿ͘ 

ϭϬϲ͘ >ŝ͕�:͘�et al. �Ŷ�ĂůƚĞƌŶĂƟǀĞ��d�&�ŝƐŽĨŽƌŵ�ĂŶƚĂŐŽŶŝǌĞƐ�ĐĂŶŽŶŝĐĂů��d�&�ŽĐĐƵƉĂŶĐǇ�ĂŶĚ�ĐŚĂŶŐĞƐ�

ĐŚƌŽŵĂƟŶ�ĂƌĐŚŝƚĞĐƚƵƌĞ�ƚŽ�ƉƌŽŵŽƚĞ�ĂƉŽƉƚŽƐŝƐ͘�Nat Commun 10͕�ϭϱϯϱ�;ϮϬϭϵͿ͘ 

ϭϬϳ͘ ^ƚƌŝŶŐĞƌ͕ ��͕͘�tĂŶŐ͕�d͘ ͕�DŝĐŚĂĞůŽƐ͕�D͘�Θ�WĂĐŚŝƚĂƌŝƵ͕�D͘��ĞůůƉŽƐĞ͗�Ă�ŐĞŶĞƌĂůŝƐƚ�ĂůŐŽƌŝƚŚŵ�ĨŽƌ�

ĐĞůůƵůĂƌ�ƐĞŐŵĞŶƚĂƟŽŶ͘�Nat Methods 18͕�ϭϬϬ–ϭϬϲ�;ϮϬϮϭͿ͘ 

ϭϬϴ͘ ^ƟƌůŝŶŐ͕��͘�Z͘�et al. �ĞůůWƌŽĮůĞƌ�ϰ͗�ŝŵƉƌŽǀĞŵĞŶƚƐ�ŝŶ�ƐƉĞĞĚ͕�ƵƟůŝƚǇ�ĂŶĚ�ƵƐĂďŝůŝƚǇ͘�BMC 

�ŝŽŝŶĨŽƌŵĂƟĐƐ 22͕�ϰϯϯ�;ϮϬϮϭͿ͘ 
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ϭϬϵ͘ &ƵŚƌĞƌ͕ �d͘ ͕�,ĞĞƌ͕ ��͕͘��ĞŐĞŵĂŶŶ͕��͘�Θ��ĂŵďŽŶŝ͕�E͘�,ŝŐŚ-ƚŚƌŽƵŐŚƉƵƚ͕�ĂĐĐƵƌĂƚĞ�ŵĂƐƐ�

ŵĞƚĂďŽůŽŵĞ�ƉƌŽĮůŝŶŐ�ŽĨ�ĐĞůůƵůĂƌ�ĞǆƚƌĂĐƚƐ�ďǇ�ŇŽǁ�ŝŶũĞĐƟŽŶ-ƟŵĞ-ŽĨ-ŇŝŐŚƚ�ŵĂƐƐ�

ƐƉĞĐƚƌŽŵĞƚƌǇ͘�Anal Chem 83͕�ϳϬϳϰ–ϳϬϴϬ�;ϮϬϭϭͿ͘ 

ϭϭϬ͘ >ĂŶŐŵĞĂĚ͕��͘�Θ�^ĂůǌďĞƌŐ͕�^͘�>͘�&ĂƐƚ�ŐĂƉƉĞĚ-ƌĞĂĚ�ĂůŝŐŶŵĞŶƚ�ǁŝƚŚ��ŽǁƟĞ�Ϯ͘�Nat Methods 9͕�

ϯϱϳ–ϯϱϵ�;ϮϬϭϮͿ͘ 

111. �ŽďŝŶ͕��͘�et al. ^d�Z͗�ƵůƚƌĂĨĂƐƚ�ƵŶŝǀĞƌƐĂů�ZE�-ƐĞƋ�ĂůŝŐŶĞƌ͘ ��ŝŽŝŶĨŽƌŵĂƟĐƐ 29͕�ϭϱ–Ϯϭ�;ϮϬϭϯͿ͘ 

ϭϭϮ͘ >ŝ͕��͘�Θ��ĞǁĞǇ͕ ��͘�E͘�Z^�D͗�ĂĐĐƵƌĂƚĞ�ƚƌĂŶƐĐƌŝƉƚ�ƋƵĂŶƟĮĐĂƟŽŶ�ĨƌŽŵ�ZE�-^ĞƋ�ĚĂƚĂ�ǁŝƚŚ�Žƌ�

ǁŝƚŚŽƵƚ�Ă�ƌĞĨĞƌĞŶĐĞ�ŐĞŶŽŵĞ͘��D���ŝŽŝŶĨŽƌŵĂƟĐƐ 12͕�ϯϮϯ�;ϮϬϭϭͿ͘ 

ϭϭϯ͘ >ŽǀĞ͕�D͘�/͕͘�,ƵďĞƌ͕ �t͘�Θ��ŶĚĞƌƐ͕�^͘�DŽĚĞƌĂƚĞĚ�ĞƐƟŵĂƟŽŶ�ŽĨ�ĨŽůĚ�ĐŚĂŶŐĞ�ĂŶĚ�ĚŝƐƉĞƌƐŝŽŶ�ĨŽƌ�

ZE�-ƐĞƋ�ĚĂƚĂ�ǁŝƚŚ���^ĞƋϮ͘�Genome Biol 15͕�ϱϱϬ�;ϮϬϭϰͿ͘ 

ϭϭϰ͘ >ŝďĞƌǌŽŶ͕��͘�et al. dŚĞ�DŽůĞĐƵůĂƌ�^ŝŐŶĂƚƵƌĞƐ��ĂƚĂďĂƐĞ�;D^ŝŐ��Ϳ�ŚĂůůŵĂƌŬ�ŐĞŶĞ�ƐĞƚ�

ĐŽůůĞĐƟŽŶ͘�Cell Syst 1͕�ϰϭϳ–ϰϮϱ�;ϮϬϭϱͿ͘ 

ϭϭϱ͘ >ŝ͕�,͘�et al. dŚĞ�^ĞƋƵĞŶĐĞ��ůŝŐŶŵĞŶƚͬDĂƉ�ĨŽƌŵĂƚ�ĂŶĚ�^�DƚŽŽůƐ͘��ŝŽŝŶĨŽƌŵĂƟĐƐ 25͕�ϮϬϳϴ–

ϮϬϳϵ�;ϮϬϬϵͿ͘ 

ϭϭϲ͘ �ŚĂŶŐ͕�z͘ �et al. DŽĚĞů-ďĂƐĞĚ�ĂŶĂůǇƐŝƐ�ŽĨ��Ś/W-^ĞƋ�;D��^Ϳ͘�Genome Biol 9͕�Zϭϯϳ�;ϮϬϬϴͿ͘ 

ϭϭϳ͘ ZŽďŝŶƐŽŶ͕�:͘�d͘ �et al. /ŶƚĞŐƌĂƟǀĞ�ŐĞŶŽŵŝĐƐ�ǀŝĞǁĞƌ͘ �Nat Biotechnol 29͕�Ϯϰ–Ϯϲ�;ϮϬϭϭͿ͘ 

118. ,ĞŝŶǌ͕�^͘�et al. ^ŝŵƉůĞ�ĐŽŵďŝŶĂƟŽŶƐ�ŽĨ�ůŝŶĞĂŐĞ-ĚĞƚĞƌŵŝŶŝŶŐ�ƚƌĂŶƐĐƌŝƉƟŽŶ�ĨĂĐƚŽƌƐ�ƉƌŝŵĞ�ĐŝƐ-

ƌĞŐƵůĂƚŽƌǇ�ĞůĞŵĞŶƚƐ�ƌĞƋƵŝƌĞĚ�ĨŽƌ�ŵĂĐƌŽƉŚĂŐĞ�ĂŶĚ���ĐĞůů�ŝĚĞŶƟƟĞƐ͘�Mol Cell 38͕�ϱϳϲ–ϱϴϵ�

;ϮϬϭϬͿ͘ 

ϭϭϵ͘ �ŚĞŶ͕��͘�z͘ �et al. �ŶƌŝĐŚƌ͗�ŝŶƚĞƌĂĐƟǀĞ�ĂŶĚ�ĐŽůůĂďŽƌĂƟǀĞ�,dD>ϱ�ŐĞŶĞ�ůŝƐƚ�ĞŶƌŝĐŚŵĞŶƚ�ĂŶĂůǇƐŝƐ�

ƚŽŽů͘��D���ŝŽŝŶĨŽƌŵĂƟĐƐ 14͕�ϭϮϴ�;ϮϬϭϯͿ͘ 
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ϭϮϬ͘ ZĂŵşƌĞǌ͕�&͘ �et al. ĚĞĞƉdŽŽůƐϮ͗�Ă�ŶĞǆƚ�ŐĞŶĞƌĂƟŽŶ�ǁĞď�ƐĞƌǀĞƌ�ĨŽƌ�ĚĞĞƉ-ƐĞƋƵĞŶĐŝŶŐ�ĚĂƚĂ�

ĂŶĂůǇƐŝƐ͘�Nucleic Acids Res 44͕�tϭϲϬ-ϭϲϱ�;ϮϬϭϲͿ͘ 

ϭϮϭ͘ YƵŝŶůĂŶ͕��͘�Z͘�Θ�,Ăůů͕�/͘�D͘����dŽŽůƐ͗�Ă�ŇĞǆŝďůĞ�ƐƵŝƚĞ�ŽĨ�ƵƟůŝƟĞƐ�ĨŽƌ�ĐŽŵƉĂƌŝŶŐ�ŐĞŶŽŵŝĐ�

ĨĞĂƚƵƌĞƐ͘��ŝŽŝŶĨŽƌŵĂƟĐƐ 26͕�ϴϰϭ–ϴϰϮ�;ϮϬϭϬͿ͘ 

ϭϮϮ͘ >ŽǀĠŶ͕�:͘�et al. ^ĞůĞĐƟǀĞ�ŝŶŚŝďŝƟŽŶ�ŽĨ�ƚƵŵŽƌ�ŽŶĐŽŐĞŶĞƐ�ďǇ�ĚŝƐƌƵƉƟŽŶ�ŽĨ�ƐƵƉĞƌ-ĞŶŚĂŶĐĞƌƐ͘�

Cell 153͕�ϯϮϬ–ϯϯϰ�;ϮϬϭϯͿ͘ 

ϭϮϯ͘ �ůŝĂƐ͕�Z͘�et al. ��ƌĞŶĂů�ĐĞůů�ĐĂƌĐŝŶŽŵĂ�ƚƵŵŽƌŐƌĂŌ�ƉůĂƞŽƌŵ�ƚŽ�ĂĚǀĂŶĐĞ�ƉƌĞĐŝƐŝŽŶ�ŵĞĚŝĐŝŶĞ͘�

Cell Rep 37͕�ϭϭϬϬϱϱ�;ϮϬϮϭͿ͘ 

ϭϮϰ͘ 'ŽƉŝ͕�>͘�<͘�Θ�<ŝĚĚĞƌ͕ ��͘�>͘�/ŶƚĞŐƌĂƟǀĞ�ƉĂŶ�ĐĂŶĐĞƌ�ĂŶĂůǇƐŝƐ�ƌĞǀĞĂůƐ�ĞƉŝŐĞŶŽŵŝĐ�ǀĂƌŝĂƟŽŶ�ŝŶ�

ĐĂŶĐĞƌ�ƚǇƉĞ�ĂŶĚ�ĐĞůů�ƐƉĞĐŝĮĐ�ĐŚƌŽŵĂƟŶ�ĚŽŵĂŝŶƐ͘�Nat Commun 12͕�ϭϰϭϵ�;ϮϬϮϭͿ͘ 

ϭϮϱ͘ >ŝ͕�>͘�et al. ^Y^dDϭ�/Ɛ�Ă�WĂƚŚŽŐĞŶŝĐ�dĂƌŐĞƚ�ŽĨ�ϱƋ��ŽƉǇ�EƵŵďĞƌ�'ĂŝŶƐ�ŝŶ�<ŝĚŶĞǇ��ĂŶĐĞƌ͘ �

Cancer Cell 24͕�ϳϯϴ–ϳϱϬ�;ϮϬϭϯͿ͘ 
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Main Figures 

Fig. 1: tRCCs bioenergetically favor OXPHOS. 

 
(a) OXPHOS and glycolysis gene signature scores in ccRCC or tRCC tumors from three 

independent studies (TCGA, Motzer et al., Elias et al. (PDX))14,43,44. 

(b) Principal component analysis (PCA) of H3K27ac ChIP-Seq data across 8 RCC cell lines 

(3 tRCC; 5 ccRCC; 4 ccRCC lines were profiled in a previously published study, see 

Extended Data Fig. S1124).  

(c) Boxplot of averaged H3K27ac signal at typical or super enhancers at OXPHOS genes in 

3 tRCC cell lines (UOK109, FU-UR-1, s-TFE) vs. 5 ccRCC cell lines (786-O, Caki-1, 

RXF393, TK10, A498).  
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(d) Heatmap showing H3K27ac signal (quantified by ROSE2) at ETC and TCA cycle genes 

in tRCC vs. ccRCC cell lines.  

(e) GSEA showing enrichment of OXPHOS gene signature in tRCC cell lines (n=3, UOK109, 

FU-UR-1, s-TFE) versus ccRCC cell lines from CCLE (n=7, A498, A704, 786-O, 769-P, 

Caki-1, Caki-2, OS-RC-2). 

(f) Oxygen consumption rate (OCR) as measured by a Seahorse Bioflux analyzer after the 

addition of oligomycin, FCCP, or antimycin A/rotenone in a ccRCC cell line (786-O) and a 

tRCC cell line (s-TFE). Data are shown as mean ± s.d, n=5 biological replicates for 786-O 

cell line, n=6 biological replicates for s-TFE cell line.  

(g) Ratio of (OCR) to extracellular acidification rate (ECAR) as detected by a Seahorse Bioflux 

analyzer in ccRCC (n=6, 786-O, Caki-1, Caki-2, KRMC-1, A498, RCC4) and tRCC (n=3, 

UOK109, FU-UR-1, s-TFE) cell lines. OCR/ECAR ratio represents the basal 

respiration:glycolytic balance in each cell line. Data are shown as mean ± s.d, n=5-7 

biological replicates per cell line.  

(h) Viability of ccRCC (n=6, 786-O, Caki-1, Caki-2, KRMC-1, A498, RCC4) and tRCC (n=3, 

UOK109, FU-UR-1, s-TFE) cell lines cultured in glucose or galactose-containing media 

for 6 days. Data are shown as mean ± s.d. n=3 biological replicates per cell line. 

(i) Viability of ccRCC (n=6, 786-O, Caki-1, Caki-2, KRMC-1, A498, RCC4) and tRCC (n=3, 

UOK109, FU-UR-1, s-TFE) cell lines cultured under hypoxic (2.5% O2) or normoxic (20% 

O2) conditions for 10 days. Data are shown as mean ± s.d. n=3-4 biological replicates per 

cell line. 

For panels (a), (c) and (g-i), statistical significance was determined by Mann-Whitney U test. 

*p < 0.05, **p < 0.01, ***p < 0.001, **** p < 0.0001, n.s. not significant. 
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Fig. 2: OXPHOS metabolism in tRCC is driven by the TFE3 fusion. 
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(a) Venn diagram showing overlap of TFE3 fusion peaks detected by ChIP-Seq across three 

tRCC cell lines (FU-UR-1, s-TFE, UOK109). 

(b) KEGG pathway analysis showing pathways significantly enriched amongst genes 

proximal to TFE3 fusion peaks (from shared peaks in panel (a)). 

(c) Profile plot showing TFE3 fusion ChIP-Seq signal at OXPHOS genes. 

(d) Bar plot showing the top gene sets depleted upon ASPSCR1-TFE3 knockout in s-TFE 

cells. 

(e) GSEA plot showing depletion of OXPHOS gene signature in s-TFE cells upon ASPSCR1-

TFE3 knockout. 

(f) KEGG analysis on untargeted metabolomic profiling data displaying metabolic pathways 

downregulated following ASPSCR1-TFE3 knockout in s-TFE cells.  

(g) Change in levels of TCA cycle-related metabolites following ASPSCR1-TFE3 knockout in 

s-TFE cells. For each metabolite, fold change was normalized to control sgRNA condition. 

Data are shown as mean ± s.d, n=5 biological replicates per cell line. 

(h) Schematic of urea cycle, TCA cycle, and the mitochondrial electron transport chain (ETC), 

annotated with genes that are ASPL-TFE3 targets as determined by ChIP-Seq in s-TFE 

cells (orange box). In the schematic, enzymes are in black text, metabolites are in gray 

text. 

(i) Change in levels of arginine biosynthesis-related metabolites following ASPSCR1-TFE3 

knockout in s-TFE cells. For each metabolite, fold change was normalized to control 

sgRNA condition. Data are shown as mean ± s.d, n=5 biological replicates per cell line.  

(j) Oxygen consumption rate (OCR) level after knockout of NONO-TFE3 in UOK109 tRCC 

cell line. Data are shown as mean ± s.d, n=5-6 biological replicates. 

(k) Oxygen consumption rate (OCR) level after knockout of ASPSCR1-TFE3 in s-TFE tRCC 

cell line. Data are shown as mean ± s.d, n=8-11 biological replicates. 

For panels (g) and (i), statistical significance was determined by Mann-Whitney U test. *p < 0.05, 

**p < 0.01, ***p < 0.001, **** p < 0.0001, n.s. not significant. 
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Fig. 3: Selective EGLN1 dependency in tRCC. 
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(a) Comparison of dependency scores for OXPHOS genes in ccRCC cell lines (averaged 

across 5 cell lines for each gene) vs. s-TFE tRCC cells.  

(b) Gene dependencies identified via genome-scale CRISPR/Cas9 screening in s-TFE (tRCC) 

or ccRCC cells were overlapped with druggable and metabolic gene lists to nominate 

EGLN1 as a candidate selective dependency in tRCC cells. 

(c) HIF1A gene signature scores in ccRCC or tRCC tumors from three independent studies 

as in Figure 1A. 

(d) Western blot showing expression of EGLN1, VHL, and HIF1A after knockout of EGLN1 in 

a ccRCC cell line (786-O) or tRCC cell lines (UOK109 and s-TFE). 

(e) Cell proliferation of tRCC cell lines (UOK109 and s-TFE) and ccRCC (786-O) after 

knockout of EGLN1. Data are shown as mean ± s.d. n=3 biological replicates. 

(f) Relative cell viability (normalized to DMSO control) of tRCC cell lines or ccRCC lines after 

treatment with the EGLN inhibitor FG4592. Data are shown as mean ± s.d. n=3 biological 

replicates. 

(g) Relative viability of HIF1A knockout tRCC cell lines (n=2, UOK109 and s-TFE) after 

treatment with FG4592.  Data are shown as mean ± s.d. n=3 biological replicates. 

(h) OCR after knockout of EGLN1 in UOK109 and s-TFE cell lines. Data shown as mean ± s.d, 

n=8-16 biological replicates. 

(i) Genes whose knockout has been previously reported41 to confer sensitivity (422 genes) 

or resistance (79 genes) to NRF2 activation were compared for dependency in s-TFE cells 

vs. ccRCC cells (average of dependency score for 5 ccRCC cell lines, for each gene). 

(j) Quantification of NADH to NAD+ ratio via SoNar assay following rotenone treatment in 

tRCC cell lines (UOK109 and s-TFE).  

(k) Model: EGLN1 modulates OXPHOS and is a dependency in tRCC. 

For panel (a), (c), (e), and (i-j), statistical significance was determined by Mann-Whitney U test. 

*p < 0.05, **p < 0.01, ***p < 0.001, **** p < 0.0001, n.s. not significant. 
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