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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-1a 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 children'3. tRCC is clinically aggressive and lacks effective therapies, therefore representing a major unmet
need amongst kidney cancers*5. Genetically, tRCC is driven by an activating fusion involving a transcription factor in
the MiT/TFE gene family, most commonly TFE3"®. 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

nuclear®.

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 subtype’'°. Indeed, genomic studies have revealed few recurrent genetic alterations in tRCC apart from
the defining MiT/TFE fusion3''-'3, 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 datasets® 46,

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/metastasis'’-'°. 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 2728, |In fumarate hydratase deficient RCC (FH-RCC), glycolytic metabolism is due to an intrinsic
deficiency in the TCA cycle enzyme, fumarate hydratase (FH) 2°. 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 (PGC1a)
activation 26, Renal oncocytomas display inactivating mutations in mitochondrial complex | genes, leading to impaired
oxidative phosphorylation (OXPHOS) 3031, Alterations in succinate dehydrogenase (SDH), tuberous sclerosis (TSC)
and fructose-1,6-bisphosphatase 1 (FBP1) represent additional lesions that drive metabolic reprogramming in kidney

cancer3?,

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 %7, 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 3°. 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 NFE2L 2 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 4041,
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
tRCC*2. To further extend this finding, we first assessed an OXPHOS transcriptional signature in three different RCC
datasets (two of RCC tumors'#*3 and one of RCC patient-derived xenografts*4). 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)*® (Fig. 1a).

Multiple prior studies have indicated that differences in post-translational histone modifications can discriminate
between cancer subtypes of a given lineage*®*7. 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 (786-0); we also integrated published H3K27ac
ChlP-seq data for 4 additional ccRCC cell lines (A498, Caki-1, RXF393, TK10)*8. 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 drivers*%5°, 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/FADHZ2) 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)®'. 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. 19), indicating a relative preference for aerobic
respiration in tRCC*!-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 production35%% (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 activated®-%8. ccRCC cells are adapted to hypoxic growth due to loss of the VHL
tumor suppressor gene and resultant activation of the HIF-2a. pathway, which renders ccRCCs highly glycolytic;
however, VHL loss is not found in tRCC*%%°, 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 TFES3 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
(ChlP-Seq) using an antibody against the TFE3 fusion in three tRCC cell lines (FU-UR-1, ASPL-TFES3 fusion; s-TFE,
ASPL-TFES3 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 TFE380-62, Notably, however, TFE3 fusion targets were also enriched for genes in
OXPHOS metabolism (Fig. 2b). We examined enrichment of TFES 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 | protein NDUFB8 and complex Il protein SDHB) also decreased
upon fusion knockout (Extended Data Fig. 2d). Overall, these results indicate transcriptional regulation of OXPHOS-

related genes by the TFES 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)?3-%5
revealed a significant downregulation of metabolites in both pathways upon TFE3 fusion knockout (Fig. 2g and 2i).
Integration with our ChlP-Seq data revealed that several critical genes in the TCA cycle, urea cycle, and ETC are direct
transcriptional targets of the TFES3 fusion (Fig. 2h, orange boxes). We also noted that the expression of the urea cycle
enzyme arginosuccinate synthetase 1 (ASS7), which lays upstream of fumarate production and is typically suppressed
in ccRCC?®, is activated by TFE3 fusions and highly expressed in tRCC (Extended Data Fig. 2¢). 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 TFE3in a ccRCC cell line (786-0) 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 7,
and the mechanisms by which these high GSH levels are maintained differ between subtypes 306869 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. 39).

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 tRCC37°. 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 inhibition*'”!, tRCC cells are only
modestly sensitive to NFE2L2 knockdown (*2 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™°. 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)**2. 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 | of the ETC for NADH oxidation, and are therefore vulnerable to NADH reductive stress caused by NRF2

pathway activation*!.

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 sensitivity*!. In agreement with this
prior study*', we observed that NRF2 overexpression led to an increased NADH/NAD+ ratio (as measured by a
genetically-encoded NADH/NAD+ reporter, SoNar)”® in tRCC cells (FU-UR-1 and s-TFE) compared to ccRCC cells
(786-0) (Extended Data Fig. 4e-f). Overexpression of the NADH-oxidizing enzyme LbNOX"™ 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 described’® and compared

dependency scores by gene to five well-annotated ccRCC cell lines subjected to CRISPR screening in a published
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effort’®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 | inhibition has been tested in humans
and has a narrow therapeutic window with serious dose-limiting toxicities 3878, 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 genes”! and metabolic genes’®. 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 o subunit of the hypoxia-inducible factor (HIF-1a) and targeting it for degradation
by the VHL complex8%81,

We hypothesized that EGLN17 knockout would lead to HIF-1a 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 ccRCC*?#2, Indeed, we observed that, despite higher levels of HIFTA 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-1a functions a metabolic switch to reprogram
metabolism away from OXPHOS and toward glycolysis, we reasoned that EGLN1 knockout could stabilize HIF-1a 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-1a 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-1a, 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 stabilizer8586, and almost completely rescued by concurrent HIF1A deletion
(Fig. 3f-g and Extended Data Fig. 5i). Consistent with the role of HIF-1a 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-1a 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 sensitivity*'. 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 study*'. Notably,
however, this was not the case in ccRCC cell lines (Fig. 3i). Treatment of tRCC cell lines with the mitochondrial Complex
| 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 subtypes®11-13:87,

While the MIiT/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 dysregulation?®. 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 7810

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 metastasis®®. Metastatic rates for RCC vary by
subtype, with certain subtypes metastasizing from smaller primary tumors®®. We speculate that the proclivity of tRCCs
to aerobic respiration may be linked to their inherent aggressiveness and propensity to metastasize early®. Interestingly,
a recent study reported an OXPHOS transcriptional program in alveolar soft part sarcoma (ASPS), a distinct cancer
also driven by TFES3 fusions; this suggests that the TFE3 fusion may drive similar metabolic programs across cancer
types®!. 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 | 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 strategy®’.
Pharmacologically, this can be achieved through selective mitochondrial complex | inhibitors®3, or via the anti-diabetic
drug metformin, which has activity on complex 149, Unfortunately, despite promising preclinical studies, a recent
clinical trial suggested that IACS-010759, a potent and selective complex | inhibitor, had a narrow therapeutic window
with serious dose-limiting toxicities, warranting caution for targeting OXPHOS via this mechanism in cancer®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 cancers® and multiple EGLN inhibitors

have been clinically developed, approved, and are generally well-tolerated in humans83:86.97.98,

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 ferroptosis®:'%°, 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, NFE2L 2 activation, chr5q
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gain) are not found in tRCC, unlike other RCCs®'0™-193_ 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 stress*'-104,

Our work illuminates actionable metabolic features driven by the TFES3 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 ™), 293T (ATCC, CatLog: ATCC® CRL-11268™), RCC4 (Sigma: #3112702),
KRMC-1(JCRB, CatLog:JCRB1010), A498(ATCC, CatLog: ATCC® HTB-44™), Caki-1(ATCC, CatLog: ATCC® HTB-
46™), Caki-2 (ATCC, CatLog: ATCC® HTB-47™), 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™" penicillin, and 100 ug
mL~" 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
pLV706'%, 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 (786-0) 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 1Tmg/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 ClIx Infrared Imaging System (LI-COR Biosciences).

Chromatin immunoprecipitation (ChlP)

ChIP was performed as previously described'%. Briefly, 3 x 10° 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 yL 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 pL
sample was diluted ten-fold with ChlIP 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 4°C 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,
#E76458S).

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 108 cells/well. ccRCC cell lines were seeded at 3.5 x 10° cells/well (786-O, Caki-1,
Caki-2, KRMC-1, A498) and 3 x10® cells/well (RCC4). Cells were incubated overnight at 37 °C 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 pL Seahorse medium at 37 °C in non-COz2 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 (786-0) and tRCC cell lines (UOK109, FU-UR-1, s-TFE) cells were cultured on glass coverslips at 37 °C
in 5% COz2 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 (786-0O) 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 10° 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 10°
cells/well for 1 day. Subsequently, all plates were aintained at 37 °C 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 Cellpose'%”
plugin in CellProfiler'®®. 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 yM CM-H2DCFDA (Thermo Fisher: #C6827) probe for 30 min. Subsequently
cells were cultured in complete growth medium at 37 °C incubator with 5% COz 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 °C incubator with 5% CO2 and 20% Oz for 10 days,
while the hypoxia plate was put into 37 °C incubator with 5% CO2 and 2.5% Oz 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 1pug/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 (786-0, 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 ug mL™" 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 -20°C for 5 minutes. The combined extracts were then centrifuged
for 10min at 14000 rpm at 4°C. For flow injection analysis-tandem mass spectrometry, cell extracts were diluted 1:100
in methanol. 5 yl of each sample was analyzed in two technical replicates by flow-injection coupled to an Agilent 6550
gTOF mass spectrometer (Agilent Technologies) in negative ionization mode on as previously described'®. The mobile
phase was 1 mM ammonium fluoride in isopropanol/water (60:40, v/v) and flow rate was 150 pl 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. lons 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)"'° indexed human genome (hg38 sourced from UCSC)
using STAR (2.7.1.a)""" 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)''2, 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)''3. 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)'"4. 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)"°, with parameters “--very-sensitive --end-to-end --mm -X 2000 --no-unal”. Proper paired and high-quality
mapped reads (MAPQ >30) were extracted by samtool''® (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)"'® 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 ChlP-seq signal at selected genomic loci
were visualized using IGV'"7. Peak annotation was performed using annotatePeaks function from homer (v4.11.1)"8,
Enrichment analysis was performed on annotated genes proximal to TFE3 peaks using Enrichr''®. Profile plot for TFE3
at annotated OXPHOS, glutathione metabolism and PPP genes were drawn with deeptools (v3.5.6)'%°. Bedtools
(v2.29.2)"?'was used to assess overlap of TFE3 peaks among FU-UR-1, s-TFE and UOK109 cells. ROSE2%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)'2° with default settings. PCA analysis was performed using plotPCA function from deeptools
(v3.5.6)"20 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 cohort?, IMmotion151 cohort® and RCC patient-derived xenograft cohorts'?? 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
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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 (ChlP 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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Fig. 1: tRCCs bioenergetically favor OXPHOS.
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independent studies (TCGA, Motzer et al., Elias et al. (PDX))™4344,

(b)

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

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. S1'%4).
Boxplot of averaged H3K27ac signal at typical or super enhancers at OXPHOS genes in

(c)

3 tRCC cell lines (UOK109, FU-UR-1, s-TFE) vs. 5 ccRCC cell lines (786-0O, 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, 786-0O, 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.

(9) Ratio of (OCR) to extracellular acidification rate (ECAR) as detected by a Seahorse Bioflux
analyzer in ccRCC (n=6, 786-0, 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 meants.d, n=5-7
biological replicates per cell line.

(h) Viability of ccRCC (n=6, 786-0O, 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, 786-0O, 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% O) 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), (¢) 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.


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

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.09.607311; this version posted August 10, 2024. The copyright holder for this preprint
(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
available under aCC-BY 4.0 International license.

Fig. 2: OXPHOS metabolism in tRCC is driven by the TFE3 fusion.
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(@) 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.

() 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 ChlP-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.

(i) 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 ASPSCR17-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.


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

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.09.607311; this version posted August 10, 2024. The copyright holder for this preprint
(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
available under aCC-BY 4.0 International license.

Fig. 3: Selective EGLN1 dependency in tRCC.
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(@) 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
EGLNT1 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 (786-0) or tRCC cell lines (UOK109 and s-TFE).

(e) Cell proliferation of tRCC cell lines (UOK109 and s-TFE) and ccRCC (786-0) 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 HIFTA 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 EGLN7 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 reported*' 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).

()  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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