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SUMMARY

Translocation renal cell carcinoma (tRCC) presents a significant clinical challenge due to its 

aggressiveness and limited treatment options. It is primarily driven by fusion oncoproteins (FOs), 

yet their role in oncogenesis is not fully understood. Here, we investigate TFE3 fusions in tRCC, 

focusing on NONO::TFE3 and SFPQ::TFE3. We demonstrate that TFE3 FOs form liquid-like 

condensates with increased transcriptional activity, localizing to TFE3 target genes and promoting 

cell proliferation and migration. The coiled-coil domains (CCDs) of NONO and SFPQ are 

essential for condensate formation, prolonging TFE3 FOs’ chromatin binding time and enhancing 

transcription. Compared with wild-type TFE3, TFE3 FOs bind to new chromatin regions, alter 

chromatin accessibility, and form new enhancers and super-enhancers at pro-growth gene loci. 

Disruption of condensate formation via CCD modification abolishes these genome-wide changes. 

Altogether, our integrated analyses underscore the critical functions of TFE3 FO condensates in 

driving tumor cell growth, providing key insights for future therapeutic strategies.

Graphical Abstract

In brief

So et al. investigate TFE3 fusion oncoproteins (FOs) in translocation renal cell carcinoma (tRCC) 

and find that TFE3 FOs form transcriptional condensates and drive tRCC progression. The 
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structured coiled-coil domain of TFE3 FOs is essential for condensate formation, prolonging 

TFE3 FOs’ chromatin binding time and enhancing oncogenic transcription.

INTRODUCTION

Translocation renal cell carcinoma (tRCC) is an aggressive form of renal cell carcinoma 

(RCC) that has the predisposition to spread when the primary tumor is small and, currently, 

there is no specific treatment option available.1 Although rare, it is responsible for over 

40% of renal carcinomas (RCCs) in children and young adults.2 tRCCs are driven by 

chromosomal rearrangements involving the microphthalmia-associated transcriptional factor 

(TF) family with TF binding to IGHM enhancer 3 (TFE3) being the most common.1 

These TFs use helix-loop-helix leucine zipper domains to dimerize and bind to E-box 

sequences and regulate the expression of genes important in lysosome biogenesis and 

metabolism.1 In TFE3 fusions, the C-terminal DNA-binding domain of TFE3 is retained, 

while the N-terminal region is replaced with distinct fusion partners known thus far 

with PRCC (papillary RCC), NONO (non-POU domain containing, octamer binding) and 

SFPQ (splicing factor proline/glutamine-rich) being the most frequent.1,3 Since the initial 

discovery of PRCC::TFE3 fusion nearly three decades ago,4,5 our understanding of how 

TFE3 fusion oncoproteins (FOs) drive tRCC remains limited.6 While there have been recent 

genomics and transcriptomics studies of TFE3 FOs,7-9 the molecular mechanisms of how 

TFE3 FOs drive oncogenesis are largely unknown, hindering therapy development.

Biomolecular condensates are membrane-less compartments inside cells formed by weak, 

multivalent interactions among macromolecules.10 Without the need for extra energy, 

biomolecular condensates concentrate specific molecules to accelerate reactions, buffer 

molecules outside the condensates, or inactivate reactions by excluding molecules from 

reaction centers.11 It has been reported that FOs are prone to forming biomolecular 

condensates.12-15 While the intrinsically disordered regions within FOs are known to 

drive condensate formation, the contributions of many structured domains in this process 

are unclear. Recently a study suggested that a specific TFE3 FO, NONO::TFE3 can 

form biomolecular condensates.16 While condensate formation is presumed to promote 

NONO::TFE3 stability,16 its role in transcription and chromatin regulation is unknown, and 

whether condensate formation is a feature of other TFE3 FOs is unclear.

In this work, we focus on two common TFE3 FOs, NONO::TFE3 and SFPQ::TFE3, which 

constitute 30%–40% of all TFE3 FOs.1,3 In these fusions, exons 1–5 of TFE3 are replaced 

with the N-terminal domains of either NONO or SFPQ (Figure 1A), both are RNA-binding 

proteins belonging to the Drosophila Biology Human Splicing (DBHS) family.17 We found 

that NONO::TFE3 and SFPQ::TFE3 FOs form biomolecular condensates in patient-derived 

cell lines, patient tumor tissue, and xenograft models. Notably, TFE3 FOs condensate 

formation is mediated by the helical coiled-coil domain (CCD) within NONO and SFPQ. By 

forming condensates, TFE3 FOs can associate with RNA polymerase II (Pol II) and active 

chromatin marks, and alter canonical TFE3 genome binding, which drives a remodeling of 

the chromatin landscape ultimately promoting TFE3 tRCC proliferation and migration. This 
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study reveals a key mechanism for TFE3 FOs to drive cancer, providing the foundation for 

the development of targeted therapies against TFE3 fusion condensates.

RESULTS

TFE3 FOs form biomolecular condensates in patient cell lines and tissue

To test if TFE3 FOs form biomolecular condensates, we expressed wild-type TFE3, 

NONO::TFE3, and SFPQ::TFE3 each attached to enhanced GFP (eGFP) in the U-2 OS 

cell line. We found that, compared with TFE3, which is diffuse in both the cytoplasm 

and the nucleus, TFE3 FOs predominantly localize to the nucleus and form distinct, 

round foci resembling liquid-like condensates (Figures 1B and 1C). Using cell mean 

intensity as a proxy for protein expression level, we found that NONO::TFE3::eGFP and 

SFPQ::TFE3::eGFP form foci at lower concentrations than TFE3 and in a concentration-

dependent manner (Figure 1D). These findings indicate that TFE3 FOs gained abilities to 

phase separate and form foci. To understand if endogenous TFE3 FOs form condensates 

in the patient-derived cell lines, we examined NONO::TFE3 organization in UOK109 and 

SFPQ::TFE3 organization in UOK145, both patient-derived tRCC cell lines harboring these 

respective TFE3 FOs.18,19 Consistent with the U-2 OS data, we found that endogenous 

TFE3 FOs organized into distinct nuclear foci in UOK109 and UOK145 cells (Figure 1E, 

right). On the contrary, wild-type TFE3 in HK2 (normal renal tubular cells), ACHN (human 

renal adenocarcinoma cells), and U-2 OS cells was diffuse and formed few foci (Figures 1E, 

left, and S1A, left). Three-dimensional (3D) tissue can differ from cultured cells in tissue 

mechanics and secreted factors in the extracellular matrix.20 To confirm that TFE3 FOs 

also form foci in tissue, we performed immunofluorescence (IF) on SFPQ::TFE3 patient 

samples and found that while the normal patient tissue expressing wild-type TFE3 showed 

low, cytoplasmic, and nuclear expression of TFE3, the tumor tissue showed predominantly 

nuclear expression of SFPQ::TFE3 organized into distinct puncta/condensates (Figures 

1F, top, and S1B). Since NONO::TFE3 patient tumor is unavailable, we made a mouse 

xenograft tumor of UOK109 to examine NONO::TFE3 organization in tissue. Similar to 

SFPQ::TFE3, NONO::TFE3 in the mouse xenograft tumor also organized into prominent 

nuclear puncta/condensates (Figure 1G). Foci formation appears to be a general property 

of TFE3 FOs, since two other common TFE3 FOs, ASPSCR1::TFE3 and PRCC::TFE3 

both form foci in patient-derived cell lines (Figure S1A, right) and in patient tumors 

(Figure 1F, bottom). These results show that, distinct from wild-type TFE3, TFE3 FOs 

form condensates in cells and tumors.

To investigate if TFE3 FO condensates are liquid-like, we used fluorescence recovery after 

photobleaching (FRAP) to examine the dynamics of NONO::TFE3::eGFP in a UOK109 

CRISPR knockin (KI) cell line, in which the endogenous NONO::TFE3 was labeled with 

eGFP (Figures S1C-S1E). NONO::TFE3::eGFP forms clear nuclear foci in the UOK109 KI 

similar to endogenous ones (Figure S1E), and recovered fluorescence rapidly after FRAP 

(Figure 1H; Video S1) with a half-time of fluorescence recovery t1/2 of 8.9 s. Similarly, the 

condensates formed by both NONO::TFE3::eGFP and SFPQ::TFE3::eGFP were dynamic 

when expressed in the HEK293T cell line (Figure S1F; Videos S2 and S3) and recovered 

after FRAP with a t1/2 of 11.9 and 13.3 s, respectively. Consistent with the FRAP results, 
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we found that NONO::TFE3::eGFP in the UOK109 KI cells can be rapidly dissolved by 

1,6-hexanediol (an aliphatic alcohol that disrupts transient bonds within a condensate21) 

(Figure 1I; Videos S4 and S5). Additionally, condensate fusion and fission events were also 

observed (Figures 1J and 1K; Videos S6 and S7), although most condensates are stationary 

possibly due to anchorage to the chromatin. These results indicate that the condensates 

formed by NONO::TFE3 and SFPQ::TFE3 are dynamic and liquid-like.

TFE3 FO condensates are associated with active transcription

To test if TFE3 FO condensates are associated with active transcription, we probed their 

colocalization with active transcription markers in the patient-derived cell lines UOK109 

and UOK145. Specifically, RNA polymerase II (Pol II) is the transcription machinery for 

most messenger RNAs,22 bromodomain-containing protein 4 (BRD4) is a co-activator that 

localizes to active genes,23 and histone H3 lysine 27 acetylation (H3K27ac) is a histone 

modification of enhancers.24 We found that NONO::TFE3 and SFPQ::TFE3 have higher 

colocalization with RNA Pol II, BRD4, and H3K27ac in the patient-derived cells compared 

with TFE3 in HK2 cells (Figures 2A and 2B), indicating that TFE3 FO condensates 

can more extensively associate with transcription-related factors than TFE3. Interestingly, 

NONO::TFE3 and SFPQ::TFE3 condensates colocalize more to the RNA Pol IIs that are 

initiating (RNA Pol II pSer5) than those that are elongating (RNA Pol II pSer2)25 (Figures 

S2A and S2B), indicating that TFE3 FO condensates mainly mediate transcription initiation. 

On the other hand, TFE3 FO condensates do not colocalize with a heterochromatin marker 

histone 3 lysine 9 trimethylation (H3K9me3) (Figures 2A and 2B). These results indicate 

that condensates formed by NONO::TFE3 and SFPQ::TFE3 are associated with active 

transcription.

To test if NONO::TFE3 and SFPQ::TFE3 condensates are transcribing their target genes, 

we investigated their relations with two well-known target genes GPNMB (glycoprotein 

nonmetastatic melanoma B) and NMRK2 (nicotinamide ribokinase 2),6,26-30 and a new 

target gene RTN4RL2 (reticulon 4 receptor-like 2, identified in our integrated RNA-seq and 

CUT&RUN data). NONO::TFE3 and SFPQ::TFE3 were more capable of transcribing these 

target genes compared with TFE3 (Figure 2C). Importantly, the high transcription activity 

of TFE3 FOs was mediated through the condensates they formed, as TFE3 FO condensates 

concentrated at GPNMB transcription sites (Figures 2D and 2E). On the contrary, we did 

not see TFE3 concentrating at GPNMB in HK2 cells as HK2 had low GPNMB expression 

(Figure 2C) and did not have visible GPNMB transcription sites (Figure 2D). As negative 

controls, both TFE3 FOs and wild-type TFE3 were excluded from sites of the housekeeping 

gene ACTB that encodes β-actin (Figures 2D and 2E). These results show that TFE3 FO 

condensates can regulate TFE3-dependent transcription.

The CCD is important for condensate formation and transcriptional functions

Next, we investigated the molecular basis of NONO::TFE3 and SFPQ::TFE3 condensate 

formation. NONO and SFPQ share similar domain organizations17 (Figure 1A) and we 

postulated that the domains in NONO and SFPQ promote TFE3 FO condensate formation. 

To test this, we created constructs with deletions of the prion-like domain (PLD), RNA 

recognition domain 1 (RRM1), RNA recognition domain 2 (RRM2), both RRMs and 
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the CCD in NONO::TFE3 and SFPQ::TFE3, respectively (Figure 3A), fused them to 

eGFP, and expressed them in U-2 OS cells. We found that, while NONO::TFE3::eGFP 

forms condensates in a concentration-dependent manner (Figures 3B-3D), deleting its CCD 

dramatically decreased its ability to form condensates, similar to that of wild-type TFE3 

(Figures 3B-3D). Interestingly, deleting the PLD, a domain promoting condensate formation 

in other proteins such as FUS and EWSR131,32 did not affect NONO::TFE3::eGFP 

condensate formation, while deleting RRM1 and RRM2 had milder effects on condensate 

formation compared with deleting CCD (Figures 3B-3D). These results show that CCD 

is essential for NONO::TFE3 condensate formation. Similar to NONO::TFE3, deleting 

CCD in SFPQ::TFE3 most significantly decreased condensate formation, while deleting 

PLD mildly decreased SFPQ::TFE3 condensate formation, and deleting RRMs, specifically 

RRM2, had strong effects on condensate formation (Figures 3B-3D). These results indicate 

that, while CCDs are essential for condensate formation in both NONO::TFE3 and 

SFPQ::TFE3, other domains have varying effects on condensate formation in the two 

TFE3 FOs, likely due to the inherent molecular differences in the two TFE3 FOs.1,3 

To characterize the CCD interactions, we mutated the highly conserved hydrophobic a 

and d residues on the coiled-coil interaction surface to alanine (Figures 3A and 3E, 

NONOmut::TFE3 and SFPQmut::TFE3), which are known to disrupt the interaction of 

SFPQ with other DBHS family proteins.33 We found that NONOmut::TFE3 partitioned less 

to the condensates compared with NONO::TFE3 (Figures 3B and 3F), and SFPQmut::TFE3 

formed fewer condensates compared with SFPQ::TFE3 (Figures 3B and 3G), albeit not 

as drastic as their ΔCCD counterparts (Figures 3F and 3G). Therefore, specific CCD 

interactions are important for forming TFE3 FOs condensates.

After confirming the key role of CCDs, we examined their sufficiency in condensate 

formation, we conducted optogenetics experiments using optoDroplet, which uses Cry2WT 

to assess the ability of protein domains to form condensates in response to blue light34 

(Figure S3A). Consistent with previous studies,34 we observed that, after light activation, 

Cry2WT alone did not form optoDroplets. In contrast, fusing well-known condensate-

forming domains such as TDP-43274-414 and FUS1-214
35,36 to Cry2WT increased 

optoDroplet formation (Figure S3B). Confirming our findings that the CCD is important 

for TFE3 FO condensate formation, we found that CCD of NONO effectively promoted 

optoDroplet formation with light activation (Figures S3C and S3D). While the CCD of 

SFPQ alone was insufficient for optoDroplet formation, further including the disordered 

region after CCD (CCD-IDR) promoted optoDroplet formation (Figures S3C and S3E), 

again demonstrating slight differences between the two homologous fusion partners of TFE3 

FOs. Fusing PLD and RRM1 of NONO and SFPQ to Cry2WT did not promote optoDroplet 

formation with photoactivation but fusing RRM2 did (Figures S3C-S3E), which largely 

agrees with our studies in expressing various domain deletion TFE3 FOs in U-2 OS cells. 

Overall, we found that the CCDs of NONO and SFPQ are necessary and important for TFE3 

FO condensate formation.

To investigate if condensate formation is necessary for the transcriptional functions 

of NONO::TFE3 and SFPQ::TFE3, we compared the GPNMB mRNA levels in U-2 

OS cells expressing wild-type TFE3, TFE3 FOs, and various domain deletion and 

CCD mutants of TFE3 FOs. Consistent with the notion that condensate formation 
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is necessary for the transcriptional activities of TFE3 FOs, we found that deleting 

CCD in both NONO::TFE3 and SFPQ::TFE3, which abolished TFE3 FO condensates 

formation, significantly decreased TFE3 target gene GPNMB expression (Figure 3H). 

Further confirming the link between condensate formation and transcriptional activity, 

NONOΔPLD::TFE3, which forms as many condensates as NONO::TFE3 (Figures 

3B-3D), expresses a similar level of GPNMB to NONO::TFE3 (Figure 3H). In contrast, 

SFPQΔPLD::TFE3, which forms fewer condensates than SFPQ::TFE3 (Figures 3B-3D), 

expresses lower GPNMB than SFPQ::TFE3. While not statistically significant, both 

NONOmut::TFE3 and SFPQmut::TFE3 showed lower GPNMB expression than the TFE3 

FOs, similar to the ΔCCD mutants (Figure 3H). The higher GPNMB expression in CCDmut 

(compared with ΔCCD) could be attributed to the higher foci count, demonstrating the 

link between condensate formation and transcriptional activity. On the other hand, RRM 

deletions have varying effects on GPNMB expression, possibly due to the compensatory 

effects after RRM deletions. Nevertheless, there is an overall strong positive correlation 

between foci number and GPNMB expression in various cells expressing full-length and 

mutant constructs (except RRM deletions in SFPQ::TFE3) (Figure 3I), demonstrating that 

the ability of TFE3 FOs to form condensates is linked to their transcriptional activities.

Lastly, we investigated whether condensate formation is sufficient for the transcriptional 

functions of TFE3 FOs. To this end, we replaced the CCD or the entire N-terminal 

fusion partner of TFE3 with other domains known to promote condensate formation 

and created three synthetic TFE3 fusions: a construct with CCD directly fused to 

TFE3 ((NONO)CCD::TFE3), a NONO::TFE3 with CCD replaced with TDP-43274-424 

(NONO::TDP-43::TFE3), and a construct with FUS1-267 fused to TFE3 (FUS::TFE3) 

(Figure S3F). Among these constructs, (NONO)CCD::TFE3 and FUS::TFE3 formed 

condensates, while NONO::TDP-43::TFE3 did not (Figures S3G-S3I). While TDP-43 

failed to recapitulate CCD-mediated protein interactions and GPNMB expression in 

NONO::TFE3, (NONO)CCD::TFE3 and FUS::TFE3 significantly elevated GPNMB 
expression (Figure S3J), consistent with the importance of condensate formation in driving 

TFE3 FO target gene expression. Together, these results indicate that condensate formation 

is sufficient for the transcription activities of TFE3 FOs.

TFE3 FO condensates mediate TFE3 tRCC proliferation and migration

TFE3 tRCC is an aggressive cancer with metastasis common at diagnosis and no effective 

treatments.1 To understand how condensate formation affects tRCC cell proliferation and 

migration, we used CRISPR-Cas9 to knock out NONO::TFE3 in the UOK109 cells 

(UOK109 KO) (Figures 4A and S4A), and made stable cell lines rescued with TFE3 

(TFE3R), NONO::TFE3 (NONO::TFE3R), NONOΔCCD::TFE3 (NONOΔCCD::TFE3R) or 

NONOmut::TFE3 (NONOmut::TFE3R) (Figures 4A and S4B). We also made stable rescue 

cell lines of SFPQ::TFE3 (SFPQ::TFE3R) and SFPQΔCCD::TFE3 (SFPQΔCCD::TFE3R) in 

UOK109 KO, as we could not KO SFPQ::TFE3 in UOK145 cells (Figures 4A and S4B). 

These proteins were fused to the HaloTag and 3xFLAG Tag to facilitate live-cell imaging 

and genomics experiments. We first confirmed that the reintroduced proteins in these cell 

lines had similar expression levels, and were close to that of the endogenous NONO::TFE3 

in UOK109 cells without significant protein degradation (Figure S4B). Consistent with 
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those in U-2 OS cells, NONO::TFE3 and SFPQ::TFE3 were nuclear and punctate in the 

rescue cells, the ΔCCD and CCDmut were nuclear but diffused, and wild-type TFE3 

mainly localized to the cytoplasm (Figures 4B and 4C), indicating that CCDs mediate 

NONO::TFE3 and SFPQ::TFE3 condensate formation in patient-derived cell lines and 

possibly through increased valency via homo-/hetero-dimerization with SFPQ and PSPC1 

(paraspeckle component 1, another member of the DBHS protein family33) (Figure S4C). 

CCDs are also important for NONO::TFE3 and SFPQ::TFE3 transcription activities in 

patient-derived cell lines, as NONO::TFE3R and SFPQ::TFE3R increased the expression 

of target genes compared with UOK109 KO cell lines, while NONOΔCCD::TFE3R and 

SFPQΔCCD::TFE3R blunted these increases (Figures 4D and S4D).

Using these rescue cell lines, we examined whether TFE3 FO condensates drive cell 

growth. We first noticed that different rescue cell lines have distinct cellular morphology, 

hinting at their different transcription programs (Figures 4E and 4F). We then assessed cell 

proliferation by detecting DNA synthesis through 5-ethynyl 2′-deoxyuridine incorporation. 

We found that cells expressing full-length TFE3 FOs proliferated faster compared with KO 

cells, cells expressing their ΔCCD counterparts, and cells expressing TFE3 (Figures 4G and 

4H), indicating that TFE3 FO condensates promote cell proliferation. Next, we assessed 

cell migration through a scratch wound assay and found that cells expressing full-length 

TFE3 FOs migrated faster than KO, wildtype TFE3, and their ΔCCD counterparts (Figures 

4I-4K). Specifically, wound closure occurred at ~15 h for cells expressing full-length TFE3 

FOs, while KO, wild-type TFE3, and ΔCCD rescue cells required 24 h or longer (Figure 

4J). To verify that the effect of TFE3 FO condensates on cancer is not limited to specific 

cell lines, we made orthogonal T-REx 293 doxycycline-inducible cell lines to compare the 

effects of TFE3, SFPQ::TFE3, and SFPQΔCCD::TFE3 on cell proliferation (Figure S4E). 

These T-Rex cells expressed a single copy of the inserted transgene at a defined locus, which 

can be precisely induced to similar expression levels. Consistent with the data in UOK109 

KO-rescue cell lines, under similar levels of transgene expression, SFPQ::TFE3 T-REx cells 

showed clear nuclear foci and high GPNMB expression, while SFPQΔCCD::TFE3 T-REx 

cells had fewer condensates and low GPNMB expression (Figures S4F-S4H). In accordance 

with the role of SFPQ::TFE3 condensates in promoting cancer, SFPQΔCCD::TFE3 T-REx 

cells that lack condensates proliferated slower (Figures S4I and S4J). Together, we found 

that the ability of TFE3 FO to form condensates contributed to cell proliferation and 

migration.

TFE3 FOs regulate CCD-dependent oncogenic transcriptional programs in tRCC

To elucidate the mechanisms by which TFE3 fusion-mediated condensate formation 

promotes cell proliferation, we investigated the impact of full-length TFE3 FOs and 

their ΔCCD counterparts on the transcriptome of tRCC cells. We performed RNA-seq 

in KO cells, and cell lines rescued with wild-type TFE3 (TFE3R) or full-length TFE3 

FOs (NONO::TFE3R, SFPQ::TFE3R) and their respective altered CCD mutants. Principal-

component analysis (PCA) demonstrates that two TFE3 FOs form a distinct cluster separate 

from wild-type TFE3 (Figure 5A), depicting the unique transcriptomic changes induced by 

FOs. Interestingly, alterations in the CCD of TFE3 fusions also form a distinct cluster away 

from full-length FOs, highlighting their disruptive effect on global transcription (Figure 
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5A). Unsupervised hierarchical k-means clustering of all transcriptomes confirmed these 

observations (Figure S5A).

Analysis of differentially expressed genes revealed wide-spread changes in transcription 

with hundreds of genes being upregulated or downregulated in each condition (Figures 

5B and S5B). We next applied k-means clustering to analyze differentially expressed 

genes between wild-type TFE3 and FOs, which revealed clear transcriptional differences 

between FOs and wild-type TFE3. Cluster 1 (C1) showed genes upregulated in the KO 

enrich for TNF signaling pathways using both gene ontology and gene set enrichment 

analyses (GSEA, Hallmark gene set) (Figures S5C and S5D). Cluster 2 (C2) exhibited 

genes that were downregulated in both fusions, while cluster 5 (C5) showed genes that 

were upregulated in both fusions and wild-type TFE3 (Figure 5C). Gene ontology for 

each cluster demonstrated that the most enriched gene pathways in FOs compared with 

TFE3 were related to the cell cycle (C2, C3, and C4) (Figure 5C), consistent with their 

effect on cell proliferation (Figures 4G, 4H, S4I, and 4J). Consistent with this, GSEA also 

showed that TFE3 FOs activate E2F, MYC targets, and the G2M checkpoint, which drive 

uncontrolled proliferation (Figures 5D and 5E). These results show that TFE3 FOs drive 

tRCC by activating a transcription program related to cell proliferation. Of note, all gained 

transcriptomic clusters in TFE3 FOs were enriched for canonical TFE3 target genes (Figure 

5C), suggesting that the FOs may hijack the TFE3 transcriptional program. Deletion of, 

and mutation in, the CCD have similar effects (Figures S5E and 5F), which reversed the 

transcriptional programs of FOs (Figure 5F), underscoring the importance of condensate 

formation for gene expression by the FOs.

To quantify the impact of CCD alterations on FO-specific gene expression, we identified 

upregulated and downregulated genes in FOs compared with wild-type TFE3 and 

assessed how CCD alterations affected these genes. CCD alterations affected 44.4% of 

upregulated genes, 45.5% of downregulated genes (Figure S5F), and 44.9% (1,914 genes) 

of NONO::TFE3-specific genes (Figure 5G). For SFPQ::TFE3, CCD alterations impacted 

46.2% of downregulated genes, 40.7% of upregulated genes (Figure S5E), and 43.4% 

(1,892 genes) overall (Figure 5G). These results (Figures 5G, S5F, and S5G) show 

that CCD alterations disrupt FO-dependent transcription. In CCD-altered samples, gene 

ontology revealed a loss of TFE3 targets and activation of TNF signaling and inflammation, 

suggesting that cells with CCD alterations reverted to transcriptional signatures similar 

to KO cells (Figure 5F). GSEA revealed that TFE3 FOs with defective CCD trigger a 

cytokine storm phenotype, similar to KO, with upregulation of TNF signaling, interferon 

response, and inflammatory pathways (Figure 5H),37 validated by additional molecular 

signatures (Figure S5H). Leading edge analysis identified chemokines CCL2, CXCL10, and 

CXCL11 as key genes driving TNF signaling (Figure 5I). Further analysis of the Cytokine 

Super-family38 atlas showed that CCD perturbations activate a broad range of cytokines, 

particularly IL1A and IL6, which are linked to the cytokine storm phenotype38 (Figure 5J). 

Altogether these findings highlight the CCD-dependent oncogenic gene expression driven by 

TFE3 FOs that fuel tRCC proliferation.
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The CCDs of TFE3 FOs are critical for genome-wide reprogramming of canonical TFE3 
cistrome

To understand if TFE3 FO condensates affect transcription directly through binding to new 

sites, we mapped the chromatin binding of TFE3 FOs using FLAG CUT&RUN. Consistent 

with RNA-seq, PCA of chromatin peaks revealed that TFE3 FOs exhibit a distinct profile 

compared with wild-type TFE3 (Figure 6A). CCD alterations in both FOs showed a similar 

chromatin binding pattern to each other but distinctly clustered away from their full-length 

FO counterparts (Figure 6A, inset). We then analyzed the overlapped chromatin binding 

peaks between different cell lines. NONO::TFE3 and SFPQ::TFE3 share most of their 

binding sites (Figure 6B), highlighting fusion partner-independent effects possibly due to 

condensate formation. Strikingly, around half of their binding sites are new compared with 

wild-type TFE3 binding sites (5,466 and 9,099 peaks for NONO::TFE3 and SFPQ::TFE3, 

respectively, Figure 6B), indicating that condensate formation may allow them to access new 

binding sites. To characterize these new binding sites, we performed k-means clustering of 

wild-type and TFE3 FOs and analyzed the TF motifs in each cluster by de novo HOMER 

motif analysis39 (Figure 6C). We found that, while the TFE3 motif (CATGTG)40 and AP-1 

motif are shared among all three clusters, unique motifs also emerge in each cluster. MYC 

motif is present in C1 where wild-type TFE3 predominantly binds, whereas RUNX1 motif 

appears in C2 and C3, where NONO::TFE3 and SFPQ::TFE3 bind, respectively. These 

indicate that TFE3 FOs may cooperate with RUNX1 to drive the oncogenic program of 

tRCC. Mapping the chromatin binding sites based on their distance from transcription start 

sites (TSSs) revealed that TFE3 FOs preferentially target TSS-distal regulatory regions 

indicative of enhancers, whereas wild-type TFE3 is more frequently found at promoters 

(32% versus 9% for full-length FOs) (Figure 6C). Altogether these data indicate that TFE3 

FOs, compared with the wild-type TFE3, bind to new sites on the genome.

We next examined differential binding sites associated with CCD alterations compared 

with full-length FOs. K-means clustering showed that CCD alterations caused significant 

changes in FO binding patterns, highlighting the role of condensate formation in TFE3 

fusion binding (Figure 6D). CCD alterations impacted 1,560 upregulated peaks (21.3%), 956 

downregulated peaks (12.4%) (Figure S6C), and 2,516 differential peaks in NONO::TFE3 

regions (Figure 6E). Similar trends were observed in SFPQ::TFE3 (Figures 6E and S6D). TF 

motif analysis revealed that CCD alterations enriched MYC motifs instead of AP-1/RUNX1 

motifs (Figure 6D), and decreased binding at TSS-distal regions (49% versus 97% for 

full-length FOs). These results suggest that CCD alterations revert TFE3 FO binding to 

wild-type TFE3.

Targeted treatments for tRCC are lacking since it is unknown what genes are specifically 

activated by TFE3 FOs compared with wild-type TFE3. Our RNA-seq and CUT&RUN data 

comparing wild-type TFE3, TFE3 FOs, and their respective CCD altered mutants in the 

same cell line background, provide a unique opportunity to identify these specific target 

genes. Integrating our RNA-seq and CUT&RUN data, we identified several known and 

novel TFE3 FO target genes, GPNMB6,26,27, NMRK2,28-30 RTN4RL, EMILIN2, ULK4, 

and INPP5A (Figures 6F and S6E) among others, where we also noted a significant 

reduction in binding in CCD alterations. A broad analysis integrating RNA-seq with FLAG 
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CUT&RUN revealed the top 50 NONO::TFE3- or SFPQ::TFE3-dependent upregulated 

and downregulated target genes, which also displayed the highest or lowest increase in 

chromatin binding profiles (Table S1).

Next, we sought to understand the mechanisms underpinning the altered binding of TFE3 

FOs to their target genes. One possibility is that condensate formation creates a specialized 

environment around the target genes of TFE3 FOs, increasing the binding of TFE3 FOs 

to cis-regulatory elements and promoting transcription. To test this, we employed single-

particle tracking (SPT) to measure the diffusion of TFE3, TFE3 FOs, and their CCD-altered 

forms. We used highly inclined and laminated optical microscopy to track individual 

molecules labeled with an organic dye, JFX554,41 which covalently binds to the HaloTag 

on these molecules. We found that, while TFE3 FOs diffused slowly inside the nucleus, 

both wild-type TFE3 and CCD-altered TFE3 FOs diffused much faster (Figures 6G and 6H; 

Videos S8, S9, S10, S11, S12, and S13). In addition, the bound fraction of both TFE3 FOs 

is higher than wild-type TFE3 and their CCD-altered versions (Figure 6I). Taken together, 

these results suggest that the CCD, through the ability to form condensates, reduces the 

diffusion of TFE3 FOs and increases binding to their target genes to increase transcription in 

concert with other cofactors such as AP-1 and RUNX1.

TFE3 FO condensates remodel the chromatin landscape and enhancer activity in tRCC 
cells

To elucidate how TFE3 FOs condensates influence transcription at its target sites, we next 

assessed changes in chromatin accessibility by ATAC-seq (Figure S7A). Consistent with the 

transcriptomic and chromatin binding findings, k-means clustering of differential chromatin-

accessible regions identified sites where accessibility is reduced by FOs compared with 

wild-type TFE3 in C2, as well as sites that have gained accessibility (C5), indicating 

the key role of FOs in altering the chromatin landscape of tRCC (Figure 7A). In both 

common accessible sites between the two FOs (C5), we observed TFE3 TF as the top 

motif, suggesting that the sites gaining accessibility in both FOs are TFE3-regulated 

loci. Consistent with the CUT&RUN data, the AP-1 motif was also enriched in these 

sites. In addition, we noted that, similar to our transcriptomic data (Figure 5), chromatin 

regions containing NF-κB-p65 were closed upon TFE3 FO rescue, leading to transcriptional 

repression of TNF signaling.

Our data also showed that most of these chromatin accessibility changes are at sites 

distal to TSSs (Figure 7A), indicative of enhancers, consistent with FLAG CUT&RUN 

data (Figure 6C) and IF data co-staining TFE3 FOs and H3K27ac (Figures 2A and 2B). 

To further validate this, we performed CUT&RUN of H3K27ac, which showed that sites 

gaining H3K27ac upon FO expression were enriched for AP-1 and TFE3 TFs (Figure S7B), 

aligning with the hypothesis that TFE3 FOs enhance chromatin accessibility at regulatory 

regions. Integration of ATAC-seq, FLAG CUT&RUN, and H3K27ac data revealed a strong 

correlation between TFE3 FO binding and enhancer formation, with C5 showing increased 

accessibility, enhanced TFE3 binding, and higher H3K27ac levels compared with wild-type 

and KO cells (Figure 7B). Together, these findings suggest that TFE3 FOs contribute to a 

unique chromatin landscape, promoting enhancer activation and transcriptional regulation.
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To investigate how condensate formation influences TFE3 FO function, we examined how 

CCD alterations affect chromatin accessibility and enhancer dynamics. Altering CCD of 

TFE3 FOs led to a substantial closure of chromatin accessibility sites, suggesting that 

condensate formation is crucial for TFE3 FO-mediated chromatin remodeling (Figures 

7C and S7C). Of note, the NONOmut::TFE3 fusion exhibited an intermediate phenotype, 

as reflected in PCA and cluster analysis (Figures 7C, S7A, and S7C). Overexpression 

of CCD-altered TFE3 fusions also led to increased accessibility at a significant number 

of sites (Figure 7C, n = 813, C4) that were enriched for AP-1 and NF-κB-p65 motifs, 

mimicking patterns observed in TFE3 KO cells (Figure 7A, C1). A separate analysis of 

H3K27ac binding peaks confirmed that CCD alterations also disrupted H3K27ac deposition, 

particularly at AP-1 and TFE3 sites, with regions showing increased acetylation enriched for 

the p65 motif (Figure S7D).

Integrating ATAC-seq, FLAG CUT&RUN, and H3K27ac data demonstrated that CCD 

alterations impaired TFE3 FO binding at target sites, resulting in decreased H3K27ac 

levels and reduced chromatin accessibility in C1, C2, and C3 (Figure 7D). In C4, where 

chromatin accessibility increased upon CCD alterations, H3K27ac levels were elevated, 

but TFE3 binding was only modestly increased, suggesting that derepression of TNF 

signaling in this cluster may involve TFE3 cooperation with other transcription factors 

such as p65. Approximately 40% of TFE3 FO binding sites overlapped with H3K27ac 

peaks, indicating potential cooperation with other TFs such as AP-1 to orchestrate their 

oncogenic program in tRCC cells (Figure S7E). Examples of gene tracks displaying 

integrated ATAC-seq, CUT&RUN FLAG, H3K27ac, and RNA-seq for target genes such 

as GPNMB and ATG16L1 are shown in Figure 7E. In addition, the top 50 NONO::TFE3- 

or SFPQ::TFE3-dependent target genes—upregulated and downregulated genes—that also 

displayed the highest or lowest chromatin accessibility profile are shown in Table S2. 

Finally, quantification of differential chromatin accessibility and H3K27ac occupancy in 

NONO::TFE3 and SFPQ::TFE3 demonstrated that CCD alterations significantly reshape the 

chromatin landscape impacting 60%–90% of FO-specific chromatin accessibility (Figures 

S8A and S8B) and 14%–25% of H3K27ac deposition (Figures S8C and S8D). These results 

highlight that condensate formation is crucial for maintaining chromatin accessibility and 

enhancer regulation, likely by recruiting chromatin-modifying complexes.

Given that biomolecular condensates may drive super-enhancers (SEs),42-44 we employed 

ROSE pipeline45 to identify SEs from our H3K27ac CUT&RUN data (Figure S8E) and 

found 74 common SE-associated genes, including housekeeping genes such as LIF and 

SMAD3 across all conditions and condition-specific SE activities (Figure 7F). Notably, 

tRCC driven by TFE3 FOs showed a significant increase in non-housekeeping SEs (n = 

111), compared with wild-type TFE3 (n = 9) and other conditions (Figure 7F). These SEs 

included key survival and anti-apoptotic genes such as BCL2 and a cancer stemness marker 

such as CD44,46 with also increased TFE3 FO chromatin binding on these genes (Figure 

7G). In contrast, CCD alterations did not activate these SEs but induced SE-associated genes 

such as DDIT4 and SERPINE1 involved in stress response and senescence47,48 (Figure 

7F). These results suggest that condensates reshape the chromatin landscape and promote 

oncogenesis in tRCC by regulating transcription at SEs.
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DISCUSSION

Our results show that condensate formation is an essential feature of TFE3 FOs in tRCC. 

Using NONO::TFE3 and SFPQ::TFE3 as examples, we found that TFE3 FO condensates 

are associated with active transcription and increase cancer cell proliferation and migration. 

We have also undertaken a comprehensive genome-wide analysis of WT TFE3, TFE3 

FOs, and their condensate-deficient mutants, showing that TFE3 FO condensates drive 

pro-oncogenic phenotypes by altering genomic binding, chromatin accessibility, and gene 

expression. This study improves our understanding of TFE3 FO-driven tRCC mechanisms, 

revealing new pathways and binding partners of TFE3 FOs, and highlighting potential 

therapeutic targets.

FOs are often primary driver mutations in specific cancers, yet their precise role in 

oncogenesis is unclear. Studies suggest that FOs bind to new genomic sites, altering genome 

organization. For example, in Ewing sarcoma, the EWS-FLI FO recruits the SWI/SNF 

complex to bind to new genomic sites (GGAA repeats), activating previously inaccessible 

target genes via condensate formation.49-52 Similarly, NUP98 FOs form condensates that 

reorganize genome architecture for leukemia-specific gene expression,13,14 with mutations 

in the FG repeats disrupting condensate formation and restoring genome architecture.13 

In our work, we identified that NONO:: and SFPQ::TFE3 FOs uniquely remodel the 

chromatin landscape, a characteristic typically associated with pioneer TFs. Sites accessible 

and bound by TFE3 FOs also exhibited binding by other TFs such as the AP-1 complex, 

suggesting potential cooperation between TFE3 and AP-1 in chromatin remodeling. Future 

investigations should explore the biochemical interactions between AP-1, TFE3 FOs, and 

possibly other TF partners that mediate TFE3 FO-driven oncogenesis. Moreover, while 

TFE3 FOs can bind to genomic sites overlapping with that of TFE3, they can also bind to 

new sites previously inaccessible to TFE3. We surmise that, since TFE3 FO condensates can 

increase dwell time on the DNA as shown in our SPT experiments, they may recruit diverse 

chromatin remodelers such as SWI/SNF or p300 to finely tune H3K27ac dynamics and alter 

chromatin accessibility, thereby fueling oncogenic transcriptional output and tumorigenesis 

in tRCC. The disruption of condensate formation, stemming from CCD alterations in FOs 

likely disrupts these processes. Further investigations are warranted to rigorously test these 

hypotheses, which may be a general mechanism by which condensate-forming FOs drive 

cancer progression.

While intrinsically disordered regions are the domains mainly considered to drive 

condensate formation, NONO::TFE3 and SFPQ::TFE3 condensates are formed via highly 

structured CCDs. CCDs represent one of the smallest well-understood protein-protein 

interaction motifs.53 It is known that CCDs mediate homo- or hetero-dimerization 

and oligomerization among DBHS family proteins such as NONO and SFPQ.17 This 

“emergent multi-valency”54 likely drives the condensate formation of both NONO/SFPQ 

and NONO::TFE3/SFPQ::TFE3 fusions. Indeed, synthetic biology experiments have shown 

that the number of and specific residues of CCDs can be tuned to modulate condensate 

formation.53 We also showed that mutating the a and d residues on the heptad repeats 

(CCDmut), which disrupts hydrophobic CCD interactions similar to CCD deletions, 

decreases condensate formation, chromatin accessibility, genome-wide TFE3 FO binding, 
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and SE formations. This underscores the crucial role of CCDs and condensate formation 

in shaping the chromatin landscape. These results also indicate that modulating CCD 

interactions can be an effective way to disrupt TFE3 FOs and treat tRCCs. CCDs are also 

common among other FOs such as BCR-ABL,55 CBFβ-SMMHC,56 and PCM1-JAK2,57 

implicated in the functions of these FOs. It remains to be determined whether CCDs in these 

FOs can drive condensate formation, and if targeting CCD interactions can be a general 

applicable way to target FOs.

Limitations of the study

Although we showed that CCDs drive TFE3 FO condensate formation and transcription 

activities, and they may do so by mediating interactions with other DBHS family members, 

the precise mechanisms of how CCDs mediate condensate formation are unclear. We also 

did not focus on studying RRMs, which have confounding effects on condensate formation 

and transcription. We constructed the SFPQ::TFE3R and SFPQΔCCD::TFE3R in UOK109 

KO as we could not KO SFPQ::TFE3 in UOK145 cells. Further studies on SFPQ::TFE3 

may benefit from KO SFPQ::TFE3 in additional SFPQ::TFE3 patient-derived cell lines.

STAR★METHODS

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines and cell culture: All cell lines used were regularly tested for mycoplasma 

contamination (Mycoalert detection kit, LT07-318, Lonza) and were tested negative. 

Specific methods of authentication are detailed below.

HK-2, UOK109, and UOK145 cells: HK2 cells were from ATCC (CRL-2190). UOK109 

and UOK145 cells were previously generated and generously provided by the Linehan 

Lab.18,19 HK-2, UOK109, and UOK145 cells were grown in Dulbecco’s Modified Eagle’s 

Medium (DMEM, 15-013-CV, Corning) supplemented with 10% v/v fetal bovine serum 

(FBS, 26140079, Gibco), 1% v/v Penicillin-Streptomycin (10,000 U/mL) (15140122, 

Thermo Fisher), 1% v/v GlutaMAX Supplement (35050061, Thermo Fisher), and 1% v/v 

Mem Non Essential Amino Acids Solution (100X) (11140050, Thermo Fisher). Cells were 

grown at 37°C with 5% CO2 in a humidified incubator. HK-2 cells were authenticated by 

STR profiling. UOK109 and UOK145 were authenticated using immunoblotting, confirming 

their expression of NONO::TFE3 and SFPQ::TFE3, respectively.

HEK293T and U-2 OS cells: HEK293T (CRL-3216) and U-2 OS (HTB-96) cells were 

from ATCC and were grown in DMEM supplemented with 10% v/v FBS, 1% v/v Penicillin-

Streptomycin (10,000 U/mL), and 1% v/v GlutaMAX Supplement (35050061, Thermo 

Fisher) at 37°C with 5% CO2 in a humidified incubator. HEK293T and U-2 OS cells were 

authenticated by STR profiling.

ACHN cells: ACHN cells were from ATCC (CRL-1611) and were grown in EMEM with 

L-Glutamine (112-018-101, Quality Biological) supplemented with 10% v/v FBS, 1% v/v 

Mem Non Essential Amino Acids Solution (100X), and 1% v/v sodium pyruvate (100 mM) 
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(11360070, Thermo Fisher) at 37°C with 5% CO2 in a humidified incubator. ACHN cells 

were authenticated by STR profiling.

FU-UR-1 and FU-UR-2 cells: FU-UR-1 and FU-UR-2 cells were generously provided by 

Dr. Masako Ishiguro58,59 and were grown in DMEM/F12 50:50 Mix (15-090-CV, Corning) 

supplemented with 10% v/v FBS, 1% v/v GlutaMAX Supplement at 37°C with 5% CO2 in a 

humidified incubator. FU-UR-1 and FU-UR-2 cells were from Dr. Masako Ishiguro58,59 and 

were not further authenticated.

Flp-In T-REx 293 cells: Flp-In T-REx 293 cells expressing Tet repressor were 

generously gifted by Dr. Philipp Oberdoeffer60 and were grown in DMEM supplemented 

with 10% v/v FBS, Tet system approved, USDA-approved regions (A4736401, Gibco), 

1% v/v Penicillin-Streptomycin (10,000 U/mL), 1% v/v GlutaMAX Supplement at 

37°C with 5% CO2 in a humidified incubator. Each cell line inducibly expressing 

TFE3:eGFP, SFPQ::TFE3:eGFP, SFPQΔCCD::TFE3:eGFP, NONO::TFE3:eGFP, and 

NONOΔCCD::TFE3:eGFP were created by co-transfecting the Flp-In T-REx 293 cells 

with pOG44 plasmid containing the flp recombinase construct and appropriate expression 

plasmids containing FRT sequences flanking the constructs of interest using Lipofectamine 

3000 Transfection Reagent (L3000015, ThermoFisher). All expression constructs were 

made with the pcDNA5TM/FRT/TO-Flag vector (a gift from Dr. Michael Matunis) 

and the following primers for cloning our fusion:TFE3:eGFP constructs into the 

expression plasmids: NONO N terminus f: gactctagcgtttaaacttaatgcagagtaataaaacttttaacttgg; 

SFPQ N terminus f: gactctagcgtttaaacttaatgtctcgggatcggttc; TFE3 N 

terminus f: gactctagcgtttaaacttaatgtctcatgcggccgaac; eGFP C terminus r: 

tcagcgggtttaaacgggccggactcctcttccatgctg. Fusion TFE3 sequences were PCRed from custom 

Genscript plasmids also used in U-2 OS transfections. Plasmids were validated either 

by Sanger sequencing of the open reading frame or by whole-plasmid sequencing 

(Plasmidsaurus). For all experiments conducted with Flp-In T-REx 293 cells, the cells 

were plated in a 6-well plate, induced with 1 μg/mL doxycycline hyclate (D9891-1G, 

Sigma-Aldrich) in the medium the next day for 48 h, and then plated for each experiment. 

Flp-In T-REx 293 cells were not further authenticated.

UOK109 NONO::TFE3:eGFP KI cell line generation: C-terminally endogenously 

tagged UOK109 NONO::TFE3:eGFP KI cells were engineered using the CRISPR-Cas9 

system. pTFE3-donor (Addgene #112377) and pTFE3.1.0-gDNA (Addgene #112473) 

were gifts from Dr. Kevin White. UOK109 cells were transfected with ATCC TransfeX 

(ACS-4005, ATCC) following the manufacturer’s protocol. The cells were selected with 

800 μg/mL G418 sulfate (30-234-CR, Corning) for 6 weeks and sorted into single colonies 

by fluorescence-activated cell sorting (FACS) and expanded. We extracted the genomic 

DNA from the selected clone using GeneJET Genomic DNA Purification Kit (K0721, 

Thermo Scientific) and performed PCR using the forward primer tcagtgtcccctgctgtctccaag 

and the reverse primer tctcatgtccttctccagccttct with Q5 High-Fidelity 2X Master Mix 

(M0492, NEB). The PCR product was gel extracted using Monarch DNA Gel Extraction 

Kit (T1020S, NEB) and verified using Sanger sequencing. We further validated the clone 

using imaging and immunoblotting (Figures S1D and S1E).
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Frozen tRCC patient tissue samples: tRCC is a rare subtype of kidney cancer 

therefore, we were only able to obtain three de-identified frozen tRCC patient tissue 

samples from repositories, and we did not pre-determine the sample size. From the 

frozen tissue repositories, we selected patients diagnosed with tRCC. SFPQ::TFE3 patient 

1 and PRCC::TFE3 patient 1 were seen at the Urologic Oncology Branch of the 

National Cancer Institute (NCI), National Institutes of Health (NIH) for clinical assessment 

(protocol NCI-89-C-0086 or NCI-97-C-0147). Known patient characteristics were as 

previously described.6 SFPQ::TFE3 patient 2 was obtained from the Johns Hopkins Hospital 

Repository (IRB number: MOD00005088). The patient was diagnosed with SFPQ::TFE3 

tRCC, other patient characteristics were not disclosed to the authors.

Mouse xenograft tumor of UOK109: Mouse xenograft tumors of UOK109 were 

created using 6–8 week-old NOD scid gamma (NSG mice) (Animal Research Service, Johns 

Hopkins University) in an Association for the Assessment and Accreditation of Laboratory 

Animal Care-accredited facility (protocol number MO20H243). UOK109 (5 x 106) cells 

were resuspended in Roswell Park Memorial Institute (RPMI) 1640 (Corning, 10-040-CM): 

Matrigel (354234, Corning) (1:1) and injected subcutaneously into the NSG mice. Mice 

were culled at 6–8 weeks post-injection and the tumors were harvested.

METHOD DETAILS

Immunoblot: Unless specified, cells were lysed using protein lysis buffer containing 50 

mM Tris pH 8 (T60050–1000.0, Research Products International), 100 mM NaCl (S23025–

3000.0, Research Products International), 1% Igepal CA-630 (56741-50ML-F, Sigma 

Aldrich), 0.5% Sodium deoxycholate (30970-25G, Sigma Aldrich), and cOmplete Mini 

Protease Inhibitor Cocktail (11836170001, Sigma Aldrich). UOK109 NONO::TFE3:eGFP 

KI and Flp-In T-REx 293 cells were lysed in 1x loading buffer containing 10% v/v glycerol 

(G5516, Sigma-Aldrich), 2% w/v sodium dodecyl sulfate (SDS, L3771, Sigma-Aldrich), 

50 mM Tris pH 6.4, 1% 2-mercaptoethanol (M3148-25ML, Sigma-Aldrich) and 0.06% 

w/v bromophenol blue (1610404, Bio-Rad). Gel electrophoresis was performed using 4–

12% Surepage Bis-Tris gel (M00654, GenScript) and transferred to Odyssey Nitrocellulose 

Membrane, 0.22 μm (926–31090, LI-COR Biosciences) at 100V for 60 min. The membrane 

was blocked for 1 h in 5% w/v skim milk powder in 1x TBS (351–086-101CS, Quality 

Biological) before treating with primary antibodies overnight at 4°C. Membrane was then 

treated with secondary antibodies for 1 h at room temperature before being imaged using 

Odyssey M (LI-COR Biosciences). Primary and secondary antibodies were diluted in 

1x TBS containing 0.2% v/v Tween 20 (P7949-500ML, Sigma Aldrich). The antibodies 

used were anti-TFE3 antibody (HPA023881, lot number 18061, Millipore Sigma or 

AB93808, lot number GR3351483-14, Abcam; dilution 1:5000), anti-FLAG M2 antibodies 

(F3165-.2MG, Millipore Sigma, dilution 1:10 000), anti-GFP (MA5-15256, Invitrogen, 

dilution 1:5000), anti-β-actin antibodies (A9718, lot number 026M4757V, Millipore Sigma, 

dilution 1:10 000), IRdye 800CW goat-anti-rabbit (926–32211, lot number D10512-05, 

LI-COR Biosciences, dilution 1:20 000), IRdye 800CW donkey-anti-mouse (926–32212, 

lot number D10414-15, LI-COR Biosciences, dilution 1:20 000), and IRdye 680RD goat 

anti-mouse (926–68070, lot number D10512-15, LI-COR Biosciences, dilution 1:20 000).
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Confocal microscopy: Unless indicated, confocal microscopy was performed on Zeiss 

LSM 900 with Airyscan 2 detector, Definite Focus 2, and temperature-controlled sample 

chamber with a CO2 pump (for live cell imaging) with Plan-Apochromat 63x/1.40 Oil DIC 

f/ELYRA. The hardware was controlled with the Zeiss Zen software.

Immunofluorescence: Cells were seeded on circular cover glasses (72231-01, Electron 

Microscopy Sciences) in 24-well plates. After 24 h, cells were fixed with 4% w/v 

formaldehyde (12606S, Cell Signaling Technology) in 1x PBS for 10 min, permeabilized 

with 0.1% v/v Triton X-100 (T8787, Millipore Sigma) in 1x PBS for 15 min, and blocked 

in 3% w/v bovine serum albumin (BSA, A3294, Millipore Sigma) in 1x PBS for 30 min. 

Between every step, the cells were rinsed with 1x PBS. After blocking, the cells were 

incubated with primary antibodies diluted in 1% w/v BSA in 1x PBS overnight at 4°C. 

The following primary antibodies were used: anti-TFE3 antibody (1:1000; Thermo fisher, 

HPA023881), anti-RNA Pol II Ser5 antibody (1:1000; Abcam, ab5408), anti-RNA Pol II 

Ser2P (1:1000, Active Motif, 61083), anti-BRD4 antibody (1:2000; Cell Signaling, E4X7E), 

anti-H3K27ac antibody (1:1000; Active Motif, 39685), anti-H3K9me3 antibody (1:1000; 

Active Motif, 39285). After 3 washes with 1x PBS (10 min each), the cells were then 

incubated with secondary antibodies diluted in 1% w/v BSA in 1x PBS for 1 h in the dark 

at room temperature. The following secondary antibodies were used: Goat anti-Mouse IgG 

(H + L) Cross-Adsorbed Secondary Antibody, Alexa Fluor 568 (1:1000; Thermo fisher, 

A11031); Goat anti-Mouse IgG (H + L) Cross-Adsorbed Secondary Antibody, Alexa Fluor 

647 (1:1000; Thermo fisher, A21235); Goat anti-Rabbit IgG (H + L) Cross-Adsorbed 

Secondary Antibody, Alexa Fluor 488 (1:1000; Thermo fisher, A11034); Goat anti-Rat 

IgG (H + L) Cross-Adsorbed Secondary Antibody, Alexa Fluor 647 (1:1000; Thermo 

fisher, A21247). After three washes (10 min each), the cell nuclei were stained with 0.1 

μM Hoechst 33342 (62249, Thermo Scientific), washed once with 1x PBS (10 min), and 

mounted onto glass slides with Vectashield antifade mounting medium (H-1000-10, Vector 

Laboratories).

Tissue IF: Frozen patient samples (Figure 1F) were collected as described.6 Deidentified 

frozen tRCC patient tissue (Figure S1B) was obtained from the Johns Hopkins Hospital 

Repository (IRB number: MOD00005088). Frozen patient samples and freshly harvested 

mouse xenograft tumors were fixed in 10% neutral buffered formalin (PFNBF-60, Azer 

Scientific) overnight, washed once with 1x PBS (30 min), incubated in 20% w/v sucrose 

(S5016-500G, Millipore Sigma) in 1x PBS for 24 h and then in 30% w/v sucrose in 

1x PBS for 24 h. Tissues were then embedded in O.C.T. (4583, Sakura Finetek USA) 

at −80°C and cryosectioned at 10 μm onto a charged microscope slide (1255015, Fisher 

Scientific). Slides with mounted frozen tissue sections were dried for 1 h at 37°C and 

washed three times with 1x TBS containing 0.2% v/v Tween 20. We use a cryogenic marker 

(SM-1, SCIENCE-Marker) or a barrier seal (FNK-R-CSC096-01, DiagnoCINE) to create a 

hydrophobic barrier around the tissue, before continuing with standard immunofluorescence 

protocol at the permeabilization step. Images were Airyscan processed with the Zeiss Zen 

software (AF488 3.5 and DAPI 7.5, 3D processing).
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1,6-Hexanediol treatment and imaging: UOK109 NONO::TFE3:eGFP KI cells were 

plated on Lab-Tek chambered coverglass (155409, Thermo Fisher) to be 70% confluent the 

next day. Cell nuclei were stained with 0.2 μM Hoechst 33342 (62249, Thermo Scientific) 

for 30 min and washed with medium twice before the experiment. Fluorescent images of 

the cells were taken using the Zeiss LSM 900 microscope with a 20× objective. 4 positions 

were selected from each well from each condition for imaging before treatment. Then, 

images were taken before and after the addition of medium with either 1% DMSO or 1% 

1,6-hexanediol (88571, Sigma-Aldrich) every 5 min for 1 h.

Fluorescence recovery after photo bleaching (FRAP): UOK109 NONO::TFE3:eGFP 

KI cells were generated as described above. To generate stable cell lines expressing 

wildtype or TFE3 fusion oncoproteins in HEK293T cells, the cells were transfected 

with ATCC TransfeX following the manufacturer’s protocol with plasmids containing 

NONO::TFE3:eGFP and SFPQ::TFE3:eGFP (pcDNA3.1(+)-C-eGFP vector, Genscript). 

Transfected cells were sorted by FACS 2 weeks after transfection. Since GFP positive cell 

population decreased, after every 6 weeks of culture, cells were again sorted by FACS.

Cells were plated in Lab-Tek chambered coverglass and imaged using Zeiss LSM 900. 

A region of interest was first selected in a rectangular box of approximately 1 μm × 1 

μm in size. Five iterations of bleaching were done with a 488 nm laser at 100% power. 

Five and forty rounds of imaging were performed before and after bleaching, respectively, 

until the fluorescence signal plateau, at an interval of 5 s. The data was collected using 

the FRAP module of the Zen software. To quantify the half-time of fluorescence recovery 

(t1/2), GraphPad (Prism) was used to fit a nonlinear regression curve with an exponential 

one-phase association to the normalized dataset after photobleaching.

RNA fluorescence in situ hybridization (FISH): To prevent RNA degradation, all reagents 

used were RNAse-free. Cells were seeded on circular cover glasses in 24-well plates. After 

24 h, cells were fixed with 3.7% w/v formaldehyde in 1x PBS, rinsed once with 1x PBS, and 

then incubated in cold 100% ethanol (DP2818, Fisher Scientific) at 4°C overnight. We then 

followed the protocol for simultaneous IF + FISH in Adherent Cells from Stellaris RNA 

FISH Biosearch Technologies. The following RNA FISH Probes were used: Human NEAT1 

with Quasar 570 Dye (ISMF-2037-1, Biosearch Technologies), Human ACTB intron for 

iceFISH with Quasar 570 Dye (ISMF-2002-5m Biosearch Technologies), Custom Human 

GPNMB intron with Quasar 670 Dye (custom against intron 1, Biosearch Technologies).

Transfection of U-2 OS cells: Unless otherwise indicated, full-length and domain 

deletion mutants of NONO::TFE3 and SFPQ::TFE3 were from Genscript, on a 

pcDNA3.1(+)-C-eGFP vector. pEGFP-N1-TFE3 was a gift from Shawn Ferguson (Addgene 

#38120). Unless otherwise indicated, we used Q5 to perform PCR and HiFi DNA 

Assembly (E2621X, NEB) to assemble the other custom constructs, according to 

the manufacturer’s instructions. Plasmids were validated either by Sanger sequencing 

of the open reading frame or by whole-plasmid sequencing (Plasmidsaurus). To 

obtain (NONO)CCD::TFE3:eGFP, we PCR-ed using a plasmid containing NONO::TFE3 

with primers f: tatagggagacccaagctggctagccatgTTTCCTCGTCCTGTGACTG, r: 

agtggatccgagctcggtaccGGACTCCTCTTCCATGCTG. To obtain NONO::TDP-43:TFE3, 
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we PCR-ed TDP-43274-414 from cDNA created from UOK109 RNA 

lysate with primers f: tggaaggcactcattGGAAGATTTGGTGGTAATCCAG, r: 

cacaggcagcgcatcCATTCCCCAGCCAGAAGAC. To obtain FUS::TFE3:eGFP, we PCR-ed 

FUS1-267 using plasmids containing FUS.88

U-2 OS cells were seeded in 6-well plates with or without circular cover glasses and 

transfected the next day at ~70% confluency using Lipofectamine 3000 Transfection 

Reagent (L3000015, ThermoFisher). All transfections were performed at scaled-down (24-

well plate) concentrations following the manufacturer’s guidelines. After 48 h, the cells 

were either collected for RNA isolation or processed for imaging. For imaging, the cell 

coverslips were collected, fixed with 4% w/v PFA, rinsed with 1x PBS, and then incubated 

with Hoescht 33342 at RT for 10 min. After washing with 1x PBS for 10 min, 2 times, the 

coverslips were mounted on slides with Vectashield and sealed with nail polish.

Live cell imaging: Cells were plated on 8-chambered cover glass (C8-1-N, Cellvis) and 

changed to imaging media before imaging. The imaging media was FluoroBrite DMEM 

(A1896701, Gibco) supplemented with 10% v/v FBS, 1% v/v Penicillin-Streptomycin 

(10,000 U/mL), 1% v/v GlutaMAX Supplement, and 1% v/v Mem Non Essential Amino 

Acids Solution (100X). To image KO-rescue cells with HaloTag, cells were stained for 30 

min with JF549-HaloTag ligand or JFX554-HaloTag ligand (100 nM, Janelia Materials).41 

Images were Airyscan processed with the Zeiss Zen software (AF568 3.5 and AF405 3.5, 

2D processing).

Image analysis: Colocalization analysis - For 2D Pearson’s correlation colocalization 

analysis of different channels, the “Coloc2” plugin in FIJI 67 was downloaded from https://

github.com/fiji/Colocalisation_Analysis and utilized. Briefly, 2D images of cells at their 

center where the nuclear width is widest was taken using a 63x objective. The region of 

interest (ROI) of each cell nucleus was selected by thresholding the 405 nm Hoechst stain 

channel. The 2D ROI (nucleus) was used for colocalization analysis between two channels 

using the “Coloc2” plugin.

RNA fluorescence in situ hybridization (FISH) enrichment analysis - To evaluate the 

enrichment of immunofluorescence signal of TFE3 or fusion TFE3 at intron RNA FISH 

foci, we used a square region of interest (ROI) box centered around over 100 individual 

intron RNA FISH foci (GPNMB or ACTB) in 2D images using Fiji and duplicated both 

channels of interest. The duplicated ROI were combined into stacks for each channel and 

averaged using the “Z-project -> Average” function in Fiji. Then, we plotted the signal 

profile of a line drawn through the middle of each averaged image to determine enrichment.

Foci count analysis - For 2D analysis of foci count and analysis of relative fraction of 

fluorescence intensity in transfected U-2 OS cells, a custom-written FIJI script was used. 

Briefly, 2D images of cells at their center where the nuclear width is widest was taken 

using a 63x objective. A 2D region of interest (ROI) of each cell nucleus was selected 

by thresholding the 405 nm Hoechst channel. The mean intensity of the 488 nm channel 

(transfected construct) of each 2D ROI was measured. In each ROI, the number of foci 

was quantified by using the FIJI “find maxima” function with a prominence indicated in 
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the figure legends. To measure the fraction of fluorescence inside the foci in each ROI, the 

foci were selected by thresholding (1000, 65535) and the intensity and area of the foci were 

measured. Then, the area and mean intensity of the foci for each cell were multiplied and 

divided by the area multiplied by the mean intensity for the cell nucleus ROI to calculate the 

fraction of fluorescence inside the foci.

2D analysis of the foci count of UOK109 KO and rescue cells was performed with the 

custom-written FIJI script described above using a prominence value of 500. 2D images 

taken with a 63x object at live cell conditions were used for quantification.

Optogenetics: The template pHR-mCh-Cry2WT was a gift from Dr. Clifford Brangwynne 

(Addgene plasmid #101221). We modified the template between the MluI and NotI sites. 

Unless otherwise indicated, we used Q5 to perform PCR and HiFi DNA Assembly 

to assemble the other custom constructs, according to the manufacturer’s instructions. 

Plasmids were validated either by Sanger sequencing of the open reading frame or by whole-

plasmid sequencing (Plasmidsaurus). We modified pHR-mCh-Cry2WT slightly. We PCRed 

mCherry::Cry2WT using f: ggagctctcgagaattctcagccaccATGGTGTCTAAAGGCGAG, r: 

atgttgcaggtgggagttgcctacagcggccgctaTGCTGCTCCGATCATGATC. This allowed us to add 

a Kozak sequence gccacc before the mCherry sequence and remove the redundant 29 amino 

acids ARDPPVATGSGSGSGSGSAAATPTCNMRD at the C terminus of the open reading 

frame of the template.

To obtain other constructs with protein domains, we created 

another modified version of pHR-mCh-Cry2WT. We PCRed 

mCherry::Cry2WT using f: ggagctctcgagaattctcagcggccgcATGGTGTCTAAAGGCGAG, 

r: atgttgcaggtgggagttgctcatcaTGCTGCTCCGATCATGATC. This allowed us to add a 

NotI site before the mCherry sequence and remove the redundant 29 amino acids 

ARDPPVATGSGSGSGSGSAAATPTCNMRD at the C terminus of the open reading frame 

of the template. PCR products for different protein domains were inserted between the NotI 

site. We added a Kozak sequence gccacc and when required a start codon ATG before each 

protein domain.

HEK293T cells seeded in 8-chambered cover glass were transfected with 500 ng of 

plasmid in each well using Lipofectamine 3000 Transfection Reagent. After 48 h, the 

spent media was replaced with the FluoroBrite imaging media. We used the automated 

photo-manipulation module of the Zen software. First, we located multiple transfected cells 

and saved their locations. We selected cells that are far apart to minimize photoactivating 

nearby cells. After two initial images, each saved location was photoactivated using a 488 

nm laser (10%). We imaged at 15 s intervals for 10 min.

To analyze the data, we used a custom-written FIJI script. ROIs were selected by 

thresholding the AF568 (mCherry) channel. In each ROI, the number of foci was quantified 

by using the FIJI “find maxima” function with a prominence of 700. As we found that 

the mCherry tag clustered into optoDroplet in photoactivated cells and we could no 

longer see clear cell boundaries, we could not reliably segment every single cell after 
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photomanipulation. Therefore, we measured all the mCherry positive ROIs in each image 

and normalized foci count by pixels.

EdU cell proliferation assay: Cells were plated in 8-chambered cover glass (C8-1-N, 

Cellvis) to be 70% confluent the next day. Then the Click-iT EdU Proliferation assay kit 

(C11008, Thermo Fisher Scientific) was used following the manufacturer’s protocol. Cells 

were treated with EdU for 1 h. To quantify the number of proliferating cells, an in-house 

pipeline was used in CellProfiler65 to obtain nuclei count and intensity of EdU signal in 

each nucleus for each image. Then, an intensity cutoff was set for each dataset and used to 

determine the number of nuclei with and without EdU signal.

Coimmunoprecipitation assay: Cells were collected and lysed using protein lysis 

buffer. For each sample, 50 μL of pierce Anti-DYKDDDDK Magnetic Agarose (A36797, 

Thermo Scientific) was used. Magnetic racks were used for all collection and washing steps. 

Beads were washed once in protein lysis buffer and twice in PBS with 0.02% v/v Tween 

(PBST). 200 μg of protein was added and brought up to a volume of 600 μL with PBST. 

Samples were incubated overnight at 4°C on a rocking platform. Supernatant was collected 

and the beads were washed 3 times in PBST and moved to new vials for collection. Proteins 

were eluted from the beads using 0.1M glycine pH 2.8 and shaking at 14,000 rpm at room 

temperature for 5 min. The eluants were neutralized with 1M Tris pH 9 (J62085.K2, Thermo 

Scientific) using 15% of the eluants volume.

Single-particle tracking: Single-particle imaging was performed on a Nikon Ti2-E 

Motorized TIRF System equipped with an x100/NA 1.49 oil-immersion Apo TIRF 

objective, a Back-Thinned CMOS camera system (Hamamatsu ORCA Fusion BT), a perfect 

focus system to account for axial drift, and an incubation chamber maintaining a humidified 

37 °C atm with 5% CO2 (Tokai Hit). The hardware was controlled with the Nikon NIS-

Elements software. Images were obtained at 16-bit (no binning), 10 ms exposure, 20% 561 

nm laser (LUN-F XL), 512x512 pixels. The pixel size of the recorded images was 0.065 

μm. Cells were stained for 30 min with a low concentration of JFX554-HaloTag ligand (2 

nM, Janelia Materials) to achieve sparse labeling. Cells were then washed twice, 5 min 

between each wash. The imaging media was FluoroBrite DMEM supplemented with 10% 

v/v fetal bovine serum, 1% v/v Penicillin-Streptomycin (10,000 U/mL), 1% v/v GlutaMAX 

Supplement, and 1% v/v Mem Non Essential Amino Acids Solution (100X). Samples were 

equilibrated in the incubation chamber for at least 10 min and a 5% laser was used to locate 

single cells. We took an initial image that will be used for nuclear segmentation later. To 

collect the images for single-particle tracking, we used 20% laser, 10 ms exposure with 

fast scan mode. We waited until ~10–12 well-separated single particles were seen (~2–3 

min) and collected 5000 frames of consecutive imaging (no wait time), 4 movies each cell 

(to limit each file size) with a 16-bit format, region of interest (ROI) 512x512 pixels. We 

performed three independent repeats (imaging) for each rescue cell and eight cells for each 

repeat.

As we were interested in the protein of interest in the nucleus, we segmented the nuclear 

region using FIJI using a semi-automated custom-written FIJI script. Briefly, we used the 

Trainable Weka Segmentation plugin to create a mask using the initial image. The mask was 
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manually inspected and adjusted if necessary. As the total imaging time was less than 5 min 

in total, we assumed minimal image drift during image collection. We used the same mask 

to segment out the nuclear region of the 4 movies and converted the segmented images into 

TIFF format.

To localize and track single particles, we used a MATLAB implementation (Slimfast.m) 

of the MTT algorithm61 with the following settings: Localization error: 10−6.25; deflation 

loops: 0; Blinking (frames): 1; max D (μm2/s): 10. Then, we used a MATLAB code 

(https://gitlab.com/tjian-darzacq-lab/write_4dn_spt_format_matlab) to read in and merge the 

localized and tracked results. We further processed the data using a custom-written R code. 

As we previously merged data from four movies, the “trajectory”, “time”, and “frame” 

parameters were not indexed uniquely (e.g., every movie has trajectory 1, time 0 s, and 

frame 1). Therefore, we re-indexed the “trajectory”, “time”, and “frame” such that these 

parameters were sequential and unique. To minimize tracking errors, we then filtered out 

frames with more than ten detections. During nuclear segmentation, sometimes, the edges 

were not smooth and were wrongly identified as a spot/detection. Since these artificial 

detections did not move, they appeared as artificial “trajectories” that were exceedingly long 

(i.e., they persisted across frames). We defined detections that persisted for more than 10% 

of imaging time (500 frames) as artifacts and we filtered these trajectories out. Finally, we 

saved the cleaned data as a CSV file.

We used saSPT (https://github.com/alecheckert/saspt)62,89 to analyze the single-particle 

trajectories with the following settings: diff_coefs: np.logspace(−4.0, 1.5, 200), loc_errors: 

np.linspace(0.00, 0.07, 20), likelihood_type: RBME, pixel_size_um: 0.065, frame_interval: 

0.01 s, and focal_depth: 0.7. We calculated the mean diffusion coefficients using the 

posterior occupation at each diffusion coefficient for each cell. We calculated the fraction of 

trajectories with diffusion coefficients <0.15 μm2 by summing the posterior occupation with 

diffusion coefficients less than 0.15 μm2.

Scratch wound healing assay: Widefield microscopy of scratch wound healing assay 

was performed on the Ti2-E epifluorescence module with a CFI60 Plan Apochromat 

Lambda D x10/NA 0.45 DIC objective, a Back-Thinned CMOS camera system (Hamamatsu 

ORCA Fusion BT), a perfect focus system to account for axial drift, and an incubation 

chamber maintaining a humidified 37 °C atm with 5% CO2 (Tokai Hit). The hardware 

was controlled with the Nikon NIS-Elements software. Images were obtained at 16-bit 

(no binning) and 9 ms frame rate. 1x105 Cells were seeded in 12-well plastic plates to 

be confluent on the day of the experiment. After 24 h, cells were treated with 0.625 μM 

aphidicolin to eliminate the confounding effects from cell proliferation. After 24 h (48 h 

after seeding), a 20 μL pipette tip was used to create one horizontal and one vertical line 

across the center of each well. The cells were washed twice with medium and replaced with 

fresh medium containing 0.625 μM aphidicolin. After the scratch was created, brightfield 

images were taken every 1 h for 24 h for 8 fields of view for each cell line. A total of 3 

biological replicates were conducted. To quantify the area fraction of wound closed every 

hour, the FIJI plugin from https://github.com/AlejandraArnedo/Wound-healing-size-tool was 

downloaded and used. The area fraction of the wound was normalized to the starting area 

fraction of the wound.
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Cell morphology: To image the morphology of cells in different rescue cell lines, 

cells were plated sparsely in 6×-well plates and brightfield images were taken using a 

light microscope with INFINITY camera and 10× objective. Then, CellPose64 was used 

to create masks for each cell in the image. The masks were used in CellProfiler in an 

in-house pipeline to quantify cell morphology. The “eccentricity” measurement was used 

as a parameter for morphology. A cell with a value of 1 is in the shape of a line while a 

cell with a value of 0 is perfectly circular. The eccentricity of all the cells in an image was 

averaged to give a mean eccentricity value for each image.

RNA-seq: Cells were detached using accutase (A6964, Sigma-Aldrich), diluted in 

complete media and counted. One million cells were pelleted and the supernatant was 

aspirated. Cell pellets were snap frozen and stored in −80°C freezer until RNA isolation. 

Total RNA was extracted using RNeasy Mini Kit (74104, Qiagen) and RNase-Free 

DNase Set (79254, Qiagen) according to the manufacturer’s instructions. Human mRNA 

sequencing (polyA enriched) was performed at Novogene with NovaSeq PE150 (6 G 

raw data per sample). The RNA-seq data underwent initial processing with fastp67,68 for 

quality trimming of fastq files. Subsequently, transcript quantification was performed using 

Salmon.69 Differential gene expression analysis was performed using DESeq270 and the 

peaks were categorized into up-regulated (log2FC ≥ 0.5, padj <0.05) and down-regulated 

(log2FC ≤ −0.5, padj <0.05). The differential peaks between two groups of conditions 

were included and clustered using the k-means function in R after normalizing to Z 
score. Heatmaps were then generated using ComplexHeatmaps,71,72 with the number of 

k-means clusters manually adjusted for biological relevance. Gene Set Enrichment Analysis 

(GSEA)73,74 and Gene Set Variation Analysis (GSVA)75 were conducted« against MSigDB 

pathways76,77 using DESeq2-normalized data. Alignment to the hg38 reference genome 

was performed using STAR v2.7.8a,78 and track plots were generated using bwtool and 

trackplot.79,80

ATAC-seq: ATAC-seq samples were prepared as previously described90 using the Illumina 

Tagment DNA Enzyme and Buffer Kit (20034197, Illumina). We used 50,000 cells for 

each reaction. Upon transposition, we cleaned up the reaction using a Zymo DNA Clean 

and Concentrator-5 Kit (D4014, Zymo) according to the manufacturer’s protocol. We 

amplified the eluted DNA using 2x NEBNext Q5 Hotstart HiFi PCR Master Mix (M0543L, 

NEB) for 11 cycles. We purified the amplified libraries using the Zymo DNA Clean and 

Concentrator-5 Kit.

CUT&RUN-seq: We lightly fixed the cells with 0.4% w/v PFA for 1 min and quenched 

using 0.125 M glycine for 5 min. Cells were pelleted and washed once with PBS. Cell 

pellets were snap-frozen and stored in −80°C freezer until being processed. CUT&RUN 

were performed with Epicypher’s CUTANA CUT&RUN kit v3 and library preparation 

kit v1.1 following the manufacturer’s instructions using an FLAG antibody (CST 14793, 

Cell Signaling) and H3K27Ac antibody (39034, Active Motif). No E. coli spike-in was 

used. Library quality and concentrations were assessed using the D1000 TapeStation system 

(Agilent). Libraries were sequenced for 25 cycles in 75-bp paired-end mode on Illumina 

Novaseq 6000 and data were analyzed as described.
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ATAC-seq and CUT&RUN-seq analyses: For both CUT&RUN and ATAC-seq 

analyses, initial steps involved trimming raw fastq files using fastp. Subsequently, reads 

were aligned to the hg38 genome assembly using bowtie2 v2.5.2.81 Duplicate reads 

in ATAC-seq data were removed using PICARD’s MarkDuplicates.82 Peak calling was 

performed using MACS2,83 followed by merging peaks into a comprehensive peak atlas. 

Peak intensities per sample were quantified from bam files, generating a peak-by-sample 

matrix. Differential analysis, heatmaps, and track plots were generated similarly to the RNA-

seq workflow. Motif discovery and peak annotations per cluster in heatmaps were conducted 

using HOMER findMotifsGenome.pl and annotatePeaks.pl,39 respectively. Overlapping 

peaks were identified using ChIPpeakAnno84 to create Venn diagrams. Profile plots were 

generated using deepTools v.3.5.1.85

Super-enhancer analysis: Superenhancer-associated genes are generated based on the 

ROSE pipeline using H3K27ac CUT&RUN datasets with the default parameters.45,86 For 

each condition, super-enhancers present in all three replicates are identified and filtered to 

keep super-enhancers that are found in at least two replicates. Overlap analysis is made 

using DeepVenn.87

qRT-PCR: Samples were collected and lysed using RNeasy Lysis Buffer (79216, Qiagen). 

RNA was isolated using the Direct-zol RNA MiniPrep Kits (R2052, Zymogen) according 

to the manufacturer’s instructions. cDNA was generated using the High-Capacity RNA-to-

cDNA Kit (4388950, Applied Biosystems) according to the manufacturer’s protocol without 

RNase inhibitors. qPCR reactions were conducted using standard amplification cycle and 

melt curve analysis settings on the QuantStudio3 Real-Time PCR System using PowerUp 

SYBR Green Master Mix for qPCR (A25742, Applied Biosystems) according to the user 

guide. All target gene expressions were normalized to the expression of GAPDH in each cell 

line. The values were then normalized to the control for each experiment.

Vectors, lentivirus production, and infection to create the UOK109 KO-
rescue model: CRISPR/Cas9 plasmids were constructed from pSpCas9(BB)-2A-GFP 

(PX458) (a gift from Dr. Feng Zhang Addgene plasmid #48138). Short guide 

sequence AGTTCGTTGGACACATACTG was cloned between the BbsI site as previously 

described.91 UOK109 cells were transfected using Lipofectamine 3000 Transfection 

Reagent. Transfected cells were sorted for GFP-positive cells using FACS and expanded. We 

used limiting dilution to obtain clonal cells to select for KO cells. KO cells were validated as 

described in the validation of the UOK109 NONO::TFE3:eGFP KI cell line. The primers for 

PCR were, f: ccaggatgatctcgatctcctg and r: ctccaactcctgacctcagg.

Unless otherwise indicated, all lentiviral constructs were made with the pHIV-

EGFP lentiviral vector (a gift from Drs. Bryan Welm and Zena Werb, Addgene 

plasmid #21373). We first made 3xFLAG::HaloTag:NONO::TFE3 using HiFi 

DNA Assembly between the NotI sites. 3xFLAG was PCR-ed from a gBlock 

(IDT) with primers (f: ttttcttccatttcaggtgtcgtgagctagccaccATGGACTACAAAGACCATG, 

r:catggaacctccCTTGTCATCGTCATCCTTG). Before 3xFLAG, we added an NheI 

site and a Kozak sequence. After 3xFLAG, we added a short linker 

GGS. HaloTag was PCR-ed from a plasmid containing HaloTag92,93 with 
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primers (f: TGACGATGACAGGaGAGGtTCCATGGCAGAAATCGGTACTGGC, r: 

CACCAGCTGCAGATCCGGCGGAGCCAGGAGCGCCGCCGGAAATCTCGAGCGTC). 

After HaloTag, we added the linker sequence GAPGSAGSAAGGSG, to 

prevent HaloTag from interfering with the protein interactions and function.94,95 

NONO::TFE3 was PCR-ed from plasmid containing NONO::TFE3 (GeneScript) 

with primers (f: CCGGATCTGCAGCTGGTGGaTCcGGAatgcagagtaataaaacttttaacttggag, 

r: cgatcgaggtcgacggtatcgatgcggccgctTCAGGACTCCTCTTCCATG). We then used the 

resulting 3xFLAG::HaloTag:NONO::TFE3 to create the other rescue constructs, 

between the BamHI and EcoRI sites. PCR products used to create 

3xFLAG::HaloTag:NONOΔCCD::TFE3 and 3xFLAG::HaloTag:NONOmut:TFE3 used 

the primers f: CCGGATCTGCAGCTGGTGGaTCcGGAatgcagagtaataaaacttttaacttggag, 

r: ctgcagttctagttcctgaattc with plasmids containing the gene-

of-interest (GeneScript). PCR products used to create 

3xFLAG::HaloTag:SFPQ::TFE3 and 3xFLAG::HaloTag:SFPQΔCCD::TFE3 used 

the primers f: CCGGATCTGCAGCTGGTGGaTCcGGAATGTCTCGGGATCGGTTC, 

r: ctgcagttctagttcctgaattc with plasmids containing the 

gene-of-interest (GeneScript). 3xFLAG::HaloTag:TFE3 used the 

primers f: cgccggatctgcagctggtggatccggaATGTCTCATGCGGCCGAACCAG, r: 

ctgcagttctagttcctgaattc with the plasmid containing the gene-of-interest (Addgene #38120).

Lentiviral particles were produced by transfection using Lipofectamine 2000 (Invitrogen) on 

HEK293T cells with third-generation packaging plasmids, pMDLg/pRRE, pRSV-Rev, and 

pMD2.G (gifts from Dr. Didier Trono Addgene plasmids #12251, #12253, and #12259). 

We changed the media 24 h after transfection and the medium containing viral particles 

was collected twice (48 and 72 h after transfection). Viral media was frozen at −70°C until 

transduction. KO cells were transduced with the viral media in the presence of polybrene (8 

μg/mL), expanded, and sorted using FACS at least 48 h after viral infection. We stained cells 

with JF549-HaloTag ligand or JFX554-HaloTag ligand (100 nM) for 30 min and gated at 

similar intensities for various rescue cells to achieve comparable expression levels.

QUANTIFICATION AND STATISTICAL ANALYSIS

Unless indicated, GraphPad Prism Software was used for statistical analysis. GraphPad 

notation for p values was used on our reports: (ns = non-significant p > 0.05, *p ≤ 0.05, **p 
≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001). No randomization was performed. Unless indicated, 

no data was excluded from the analysis. All of the statistical details of experiments can be 

found in the figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• TFE3 FOs form transcriptionally active biomolecular condensates

• The structured coiled-coil domains of TFE3 FOs are required for condensate 

formation

• TFE3 FOs condensates promote cell proliferation and migration

• TFE3 FOs condensates remodel chromatin landscape and oncogenic gene 

expression
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Figure 1. TFE3 FOs form biomolecular condensates
(A) Domain illustrations of TFE3, NONO::TFE3, and SFPQ::TFE3.

(B) Representative images of TFE3::eEFP, NONO::TFE3::eGFP, and SFPQ::TFE3::eGFP 

expression in U-2 OS cells. Scale bars, 5 μm.

(C) Quantification of eGFP foci count (prominence = 600) in each transfected U-2 OS cell 

shown in (B) that has a mean nuclear intensity below 600 a.u. Each data point indicates one 

cell (n = 115–255 cells).

(D) Plot showing the fraction of in-foci fluorescence intensity as a function of mean nuclear 

fluorescence intensity. Each data point indicates one cell (n = 136–274 cells).

(E) Representative immunofluorescence (IF) images against the C terminus of TFE3 in 

HK2, UOK109, and UOK145 cells. Scale bars, 5 μm.
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(F) Representative IF images against the C terminus of TFE3 (green) of matched normal 

kidney tissue and tRCC tumor sample from patients. Arrows indicating foci/condensates. 

Scale bars, 5 μm and 1 μm (zoomed-in image).

(G) Representative IF images against the C-terminal of TFE3 (green) of a xenograft 

of UOK109 cells (NONO::TFE3) in NOD scid gamma mouse. Arrows indicating foci/

condensates. Scale bars, 5 μm and 1 μm (zoomed-in image).

(H) Representative images of NONO::TFE3::eGFP knockin (KI) foci in UOK109 cells 

before and after photobleaching in FRAP experiment. Average relative intensity of each foci 

(n = 10 foci) plotted against time.

(I) Representative images of NONO::TFE3::eGFP in cell nucleus (dotted circle) of UOK109 

NONO::TFE3::eGFP KI cells before and after DMSO or 1,6-hexanediol treatment. Scale 

bars, 10 μm. Graph of average normalized number of foci/nuclear area in each field of view 

(n = 8 fields of view).

(J) Representative images of a fusion of two condensates in a U-2 OS cell expressing 

NONO::TFE3::eGFP. Scale bars, 1 μm.

(K) Representative images of fission of one condensate in a U-2 OS cell expressing 

SFPQ::TFE3::eGFP. Scale bars, 1 μm. For (C) and (D), mean ± SEM; for (H) and (I), 

mean ± SD. ns, p > 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001 (one-way ANOVA) (C), 

(unpaired t test) (I). See also Figure S1 and Videos S1-S7.
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Figure 2. TFE3 FO condensates are associated with active transcription
(A) Representative images of co-IF against the C terminus of TFE3 (green) and indicated 

proteins (magenta) in HK2, UOK109, and UOK145 cells. Scale bars, 5 μm. Zoomed-in 

images to the right.

(B) Quantification of Pearson’s colocalization coefficients per cell from co-IF in (A) (n = 

150 cells for each cell line in each condition).

(C) Relative mRNA expression of GPNMB, NMRK2, and RTN4RL2 (normalized to 

GAPDH) in HK2, UOK109, and UOK145 cell lines (n = 3 biological replicates).

(D) Representative images of simultaneous IF against the C terminus of TFE3 (green) and 

ice-FISH against GPNMB (magenta) or ACTB (red). Scale bars, 5 μm.

(E) Line plots of TFE3 (green line, left) and GPNMB (magenta line, right) or ACTB (red 

line, right) average intensities of all images centered at either GPNMB or ACTB point 
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signal. For (B) and (C), mean ± SEM, *p ≤ 0.05, ****p ≤ 0.0001, one-way ANOVA. See 

also Figure S2.
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Figure 3. CCDs of NONO and SFPQ are important for TFE3 FO condensate formation
(A) Illustration of NONO::TFE3 and SFPQ::TFE3 fusion and their respective domain 

deletion and mutation.

(B) Representative images of U-2 OS cells transfected with indicated constructs with an 

eGFP tag. Scale bars, 10 μm.

(C) Plots showing fraction of in-foci fluorescence intensity as a function of mean nuclear 

fluorescence intensity in U-2 OS cells transfected with indicated constructs. Each dot 

indicates one cell (n = 104–274 cells).

(D) Quantification of eGFP foci counts (prominence = 600) in each transfected U-2 OS cell 

shown in (B) that has a mean nuclear intensity below 600 a.u. Each data point indicates one 

cell (n = 80–204 cells).

(E) Illustration of NONOmut::TFE3 and SFPQmut::TFE3 mutants. The helical wheel 

represents the knobs and holes heptad for NONO and SFPQ antiparallel coiled-coil 
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interaction. Sequence alignment of the coiled-coil interaction motifs is shown. Coiled-coil 

interacting amino acids (starred) are mutated to alanine.

(F) Plots showing fraction of in-foci fluorescence intensity as a function of mean nuclear 

fluorescence intensity. Each data point indicates one cell (NONO set n range = 133–175 

cells; SFPQ set n range = 184–274).

(G) Quantification of foci count (prominence = 600) in each transfected U-2 OS cell shown 

in (F) that has a mean nuclear intensity below 600 a.u. Each data point indicates one cell 

(NONO set n range = 95–130 cells; SFPQ set n range = 170–255 cells).

(H) Relative mRNA expression of GPNMB (normalized to GAPDH) in U-2 OS cell 

transfections.

(I) Graphs of relative GPNMB expression against average foci count of indicated constructs. 

ΔRRMs, ΔRRM1, and ΔRRM2 of SFPQ were excluded from linear regression. For (B), (G), 

and (H), mean ± SEM. ns p > 0.05, *p ≤ 0.05, **p ≤ 0.01, ***p Δ 0.001, ****p ≤ 0.0001, 

one-way ANOVA. See also Figure S3.
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Figure 4. TFE3 FO condensates mediate cell proliferation and migration in tRCC cells
(A) Illustration of the generation of the knockout (KO)-rescue model.

(B) Representative live-cell images of KO-rescue cells expressing the indicated POI and 

stained with JFX554 HaloTag ligand. Scale bars, 10 μm.

(C) Quantification of foci count (prominence = 500) in each rescue cell shown in (B). Each 

data point indicates one cell (n = 197–448 cells).

(D) Relative mRNA expression of GPNMB (normalized to GAPDH) in rescue cells shown 

in (B) (n = 3 biological replicates).

(E) Representative bright-field images of UOK109 KO cells rescued with indicated 

constructs. Scale bars, 100 μm.

(F) Quantification of eccentricity (measurement of circularity) from images in (E). Each data 

point indicates the mean eccentricity of cells in one image (n = 29–35 fields of view).
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(G) Representative images of 5-ethynyl 2′-deoxyuridine (EdU) incorporation for 1 h in 

UOK109 KO-rescue cells. Scale bars, 10 μm.

(H) Quantification of percent EdU-positive cells per image in (G) (n = 43–68 fields of view).

(I) Representative bright-field images of scratches at 0 h and after 15 h made on confluent 

UOK109 KO-rescue cells pre-treated with aphidicolin to inhibit cell proliferation. Scale 

bars, 200 μm.

(J) Fraction area of wound of KO-rescue cell lines every 1 h from 0 to 24 h after scratch 

from 24 fields of view for each cell line.

(K) Fraction area of wound of KO-rescue cell lines 15 h after scratch (n = 3 biological 

replicates, 8 fields of view each). For (C), (D), (F), and (K), mean ± SEM. ns p > 0.05, *p ≤ 

0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001, one-way ANOVA. See also Figure S4.
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Figure 5. TFE3 FO condensates regulate oncogenic transcriptional programs in tRCC cells
(A) PCA of all transcriptomes from control KO and gene-overexpressing UOK109 cells (n = 

3 biological replicates). R, rescue.

(B) Volcano plots of transcriptomic changes in indicated differential analyses. DRG, 

downregulated gene; URG, upregulated gene.

(C) K-means (n = 5) clustering heatmap of differential gene expression using the indicated 

samples (n = 3 biological replicates) with associated top 4 gene ontologies per cluster 

using an aggregate of genesets (H, C2, C3, C5) from the Molecular Signatures Database 

(MSigDB, Broad Institute).

(D) Bar plots showing all significant (p < 0.05) transcriptomic signatures from the MSigDB 

Hallmarks and their normalized enrichment score (NES) when comparing full-length 

NONO:: or SFPQ::TFE3 (full-length fusions) versus wild-type TFE3.

So et al. Page 41

Cell Rep. Author manuscript; available in PMC 2025 May 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(E) Enrichment plot of indicated molecular signatures derived from gene set enrichment 

analysis (GSEA) of TFE3 fusion versus wild-type TFE3.

(F) K-means (n = 4) clustering heatmap of differential gene expression using the indicated 

samples (n = 3 biological replicates) with associated top 4 gene ontologies per cluster using 

an aggregate of genesets (H, C2, C3, C5) from the MSigDB.

(G) Venn diagrams depicting the percentages of differentially expressed genes in TFE3 FOs 

versus TFE3 that are perturbed and maintained by CCD alterations (p < 0.05, log2FC < 0.1).

(H) Bar plots showing all significant (p < 0.05) transcriptomic signatures from the 

MSigDB Hallmarks and their NES when comparing NONOΔCCD::, NONOmut::, or 

SFPQΔCCD::TFE3 (altered fusions) versus full-length TFE3 fusions.

(I) GSEA leading edge analysis of TNF-α signaling pathway in the indicated transcriptomic 

conditions.

(J) The RNA expression of top 50 significantly deregulated cytokine genes for the indicated 

conditions. See also Figure S5.
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Figure 6. The CCDs of TFE3 FOs are critical for genome-wide reprogramming of canonical 
TFE3 cistrome
(A) PCA of all genome binding sites (anti-FLAG CUT&RUN) from KO and rescue 

UOK109 cells (upper panel) and separate analysis highlighting binding profiles of full-

length and altered TFE3 fusions (lower panel). All datasets are n = 3 biological replicates.

(B) Venn diagrams showing peak overlap counts and associated absolute percentages in 

indicated CUT&RUN samples.

(C and D) K-means (n = 3) clustering of FLAG CUT&RUN binding sites of the indicated 

samples with associated relative distance to TSSs (pie charts) and top 3 MEME TF motif 

enrichment analysis with best matched TF per cluster.

(E) Venn diagrams depicting the percentages of differentially bound peaks in FLAG::TFE3 

FOs versus FLAG::TFE3 that are affected (perturbed) and unaffected (maintained) by CCD 

alterations (p < 0.05, log2FC < 0.1).
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(F) Examples of binding profiles from the indicated samples for canonical or novel TFE3 

fusion transcriptional targets.

(G) Heatmap representation of posterior occupations for a state array evaluated on 

NONO::TFE3, NONOΔCCD::TFE3, NONOmut::TFE3, SFPQ::TFE3, SFPQΔCCD::TFE3, 

TFE3 in cell nuclei. Each horizontal line represents a nucleus (n = 24 cells from 3 biological 

replicates).

(H) Quantification of the mean diffusion coefficients of the data in (F). *p < 0.05, ***p < 

0.001, ****p < 0.0001, Kruskal-Wallis test.

(I) Quantification of the fraction of trajectories of the data in (G) with diffusion coefficients 

less than 0.15 μm2/s. *p < 0.05, **p < 0.01, ****p < 0.0001, Kruskal-Wallis test. See also 

Figure S6, Table S1, and Videos S8-S13.
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Figure 7. TFE3 FO condensates remodel chromatin landscape and enhancer activity in tRCC 
cells
(A) K-means (n = 5) clustering of differential chromatin accessible sites (ATAC-seq) of the 

indicated samples with associated relative distance to TSSs (pie charts) and top 3 MEME TF 

motif enrichment analysis with best matched TF per cluster (table).

(B) Integration of FLAG and H3K27ac CUT&RUN metaprofiles for the indicated samples 

(merged triplicate signal) based on ATAC-seq clusters from (A).

(C) K-means (n = 4) clustering of differential chromatin accessible sites (ATAC-seq) of 

indicated samples with associated relative distance to TSSs (pie charts) and top 3 MEME TF 

motifs with best matched TF per cluster.

(D) Integration of FLAG and H3K27ac CUT&RUN metaprofiles for the indicated samples 

on ATAC-seq clusters from (C).

(E) Examples of integrated chromatin landscape and transcriptional profiles from the 

indicated samples.
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(F) Venn diagrams showing overlap of super-enhancer (SE) counts in indicated individual or 

grouped samples.

(G) Trackplot of CUT&RUN data showing the CD44-associated SE cluster. See also Figures 

S7 and S8 and Table S2.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-BRD4 antibody Cell Signaling Cat# 63759; RRID:AB_3083075

anti-TFE3 antibody Abcam Cat# AB93808; RRID:AB_10563130

anti-TFE3 antibody Millipore Sigma Cat# HPA023881; 
RRID:AB_1857931

anti-FLAG M2 antibody Millipore Sigma Cat# F3165-.2MG; 
RRID:AB_259529

anti-β-actin antibody Millipore Sigma Cat# A1978; RRID:AB_476692

IRdye 800CW goat-anti-rabbit LI-COR Biosciences Cat# 926–32211; RRID:AB_621843

IRdye 800CW donkey-anti-mouse LI-COR Biosciences Cat# 926–32212; RRID:AB_621847

IRdye 680RD goat anti-mouse LI-COR Biosciences Cat# 926–68070; 
RRID:AB_10956588

anti-RNA Pol II Ser5P antibody Abcam Cat# ab5408; RRID:AB_304868

anti-RNA Pol II Ser2P antibody Active Motif Cat# 61083; RRID:AB_2687450

anti-H3K27ac antibody Active Motif Cat# 39685; RRID:AB_2793305

anti-H3K9me3 antibody Active Motif Cat# 39285; RRID:AB_2935892

Goat anti-Mouse IgG (H + L) Cross-Adsorbed Secondary 
Antibody, Alexa Fluor 568

Thermo Fisher Cat# A11031; RRID:AB_144696

Goat anti-Mouse IgG (H + L) Cross-Adsorbed Secondary 
Antibody, Alexa Fluor 647

Thermo Fisher Cat# A21235; RRID:AB_2535804

Goat anti-Rabbit IgG (H + L) Cross-Adsorbed Secondary 
Antibody, Alexa Fluor 488

Thermo Fisher Cat# A11034; RRID:AB_2576217

Goat anti-Rat IgG (H + L) Cross-Adsorbed Secondary Antibody, 
Alexa Fluor 647

Thermo Fisher Cat# A21247; RRID:AB_141778

Biological samples

Deidentified frozen tRCC patient tissue (SFPQ::TFE3 patient 1 and 
PRCC::TFE3 patient 1)

Lang M. et al.6 N/A

Deidentified frozen tRCC patient tissue (SFPQ::TFE3 patient 2) Johns Hopkins Hospital 
Repository

IRB number: MOD00005088

Chemicals, peptides, and recombinant proteins

Dulbecco’s Modified Eagle’s Medium (DMEM) Corning 15-013-CV

DMEM/F12 50:50 Mix Corning 15-090-CV

EMEM with L-Glutamine Quality Biological 112-018-101

FluoroBrite DMEM Gibco A1896701

Roswell Park Memorial Institute (RPMI) 1640 Corning 10-040-CM

FBS, Tet system approved, USDA-approved regions Gibco A4736401

Fetal bovine serum (FBS) Gibco 26140079

GlutaMAX Supplement Thermo Fisher 35050061

Mem Non Essential Amino Acids Solution (100X) Thermo Fisher 11140050

Penicillin-Streptomycin (10,000 U/mL) Thermo Fisher 15140122

Sodium pyruvate (100 mM) Thermo Fisher 11360070

ATCC TransfeX ATCC ACS-4005

Lipofectamine 3000 Transfection Reagent ThermoFisher L3000015

Aphidicolin Cell Signaling 32774
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REAGENT or RESOURCE SOURCE IDENTIFIER

Doxycycline hyclate Sigma-Aldrich D9891-1G

G418 sulfate Corning 30-234-CR

Hoechst 33342 Thermo Scientific 62249

Matrigel Corning 354234

1,6-hexanediol Sigma-Aldrich 88571

Igepal® CA-630 Sigma Aldrich 56741-50ML-F

Sodium deoxycholate Sigma Aldrich 30970-25G

cOmplete™ Mini Protease Inhibitor Cocktail Sigma Aldrich 11836170001

Anti-DYKDDDDK Magnetic Agarose Thermo Scientific A36797

JF549-HaloTag ligand Janelia Materials; Grimm et 
al.41

N/A

JFX554-HaloTag ligand Janelia Materials; Grimm et 
al.41

N/A

RNeasy Lysis Buffer Qiagen 79216

Q5 High-Fidelity 2X Master Mix NEB M0492

HiFi DNA Assembly NEB E2621X

Critical commercial assays

GeneJET Genomic DNA Purification Kit Thermo Scientific K0721

Monarch DNA Gel Extraction Kit NEB T1020S

4-12% Surepage Bis-Tris gel GenScript M00654

Odyssey Nitrocellulose Membrane, 0.22 μm LI-COR Biosciences 926–31090

Click-iT EdU Proliferation assay kit Thermo Fisher Scientific C11008

RNeasy Mini Kit Qiagen 74104

RNase-Free DNase Set Qiagen 79254

Illumina Tagment DNA Enzyme and Buffer Kit Illumina 20034197

Zymo DNA Clean and Concentrator-5 Kit Zymo D4014

2x NEBNext Q5 Hotstart HiFi PCR Master Mix NEB M0543L

Epicypher’s CUTANA CUT&RUN kit v3 Epicypher 14–1048

Epicypher’s library preparation kit v1.1 Epicypher 14-1001 and 14-1002

Direct-zol™ RNA MiniPrep Kits Zymogen R2052

High-Capacity RNA-to-cDNA Kit Applied Biosystems 4388950

PowerUp SYBR Green Master Mix for qPCR Applied Biosystems A25742

Deposited data

RNA-seq, ATAC-seq and CUT&RUN fastq data and processed 
files

GEO: GSE281165 N/A

Experimental models: Cell lines

HK2 cells ATCC CRL-2190

UOK109 Clark et al.19 N/A

UOK109 NONO::TFE3:eGFP KI this paper N/A

UOK109 KO this paper N/A

KO rescued with NONO::TFE3R this paper N/A

KO rescued with NONOΔCCD::TFE3R this paper N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

KO rescued with NONOmut:TFE3R this paper N/A

KO rescued with SFPQ::TFE3R this paper N/A

KO rescued with SFPQΔCCD::TFE3R this paper N/A

KO rescued with TFE3R this paper N/A

UOK145 Anglard et al.18 N/A

FU-UR-1 Ishiguro et al.58 N/A

FU-UR-2 Ishiguro et al.59 N/A

Flp-In T-REx 293 cells Sebastian et al.60 N/A

Flp-In T-REx 293 cells TFE3:eGFP this paper N/A

Flp-In T-REx 293 cells SFPQ::TFE3:eGFP this paper N/A

Flp-In T-REx 293 cells SFPQΔCCD::TFE3:eGFP this paper N/A

Flp-In T-REx 293 cells NONO::TFE3:eGFP this paper N/A

Flp-In T-REx 293 cells NONOΔCCD::TFE3:eGFP this paper N/A

HEK293T ATCC CRL-3216

U-2 OS ATCC HTB-96

ACHN ATCC CRL-1611

Experimental models: Organisms/strains

6–8 week-old NOD scid gamma (NSG mice) Animal Research Service, 
Johns Hopkins University

6–8 week-old NOD scid gamma 
(NSG mice)

Oligonucleotides

Human NEAT1 with Quasar 570 Dye Biosearch Technologies ISMF-2037-1

Human GPNMB intron with Quasar 670 Dye Biosearch Technologies Custom against intron 1

Human ACTB intron for iceFISH Biosearch Technologies ISMF-2002-5

PCR primers this paper Table S3

Recombinant DNA

pcDNA5TM/FRT/TO-Flag vector a gift from Dr. Michael 
Matunis

N/A

pcDNA5TM/FRT/TO-Flag vector TFE3:eGFP this paper N/A

pcDNA5TM/FRT/TO-Flag vector SFPQ::TFE3:eGFP this paper N/A

pcDNA5TM/FRT/TO-Flag vector SFPQΔCCD::TFE3:eGFP this paper N/A

pcDNA5TM/FRT/TO-Flag vector NONO::TFE3:eGFP this paper N/A

pcDNA5TM/FRT/TO-Flag vector NONOΔCCD::TFE3:eGFP this paper N/A

pcDNA3.1(+)-C-eGFP vector SFPQ::TFE3:eGFP this paper; Genscript N/A

pcDNA3.1(+)-C-eGFP vector SFPQΔRRMs:TFE3:eGFP this paper; Genscript N/A

pcDNA3.1(+)-C-eGFP vector SFPQΔRRM1:TFE3:eGFP this paper; Genscript N/A

pcDNA3.1(+)-C-eGFP vector SFPQΔRRM2:TFE3:eGFP this paper; Genscript N/A

pcDNA3.1(+)-C-eGFP vector SFPQΔPLD::TFE3:eGFP this paper; Genscript N/A

pcDNA3.1(+)-C-eGFP vector SFPQΔCCD::TFE3:eGFP this paper; Genscript N/A

pcDNA3.1(+)-C-eGFP vector NONO::TFE3:eGFP this paper; Genscript N/A

pcDNA3.1(+)-C-eGFP vector NONOΔRRMs:TFE3:eGFP this paper; Genscript N/A

pcDNA3.1(+)-C-eGFP vector NONOΔRRM1:TFE3:eGFP this paper; Genscript N/A

pcDNA3.1(+)-C-eGFP vector NONOΔRRM2:TFE3:eGFP this paper; Genscript N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

pcDNA3.1(+)-C-eGFP vector NONOΔPLD::TFE3:eGFP this paper; Genscript N/A

pcDNA3.1(+)-C-eGFP vector NONOΔCCD::TFE3:eGFP this paper; Genscript N/A

pcDNA3.1(+)-C-eGFP vector NONOmut:TFE3:eGFP this paper; Genscript N/A

3xFLAG::HaloTag:NONO::TFE3 this paper N/A

3xFLAG::HaloTag:NONOΔCCD::TFE3 this paper N/A

3xFLAG::HaloTag:NONOmut:TFE3 this paper N/A

3xFLAG::HaloTag:SFPQ::TFE3 this paper N/A

3xFLAG::HaloTag:SFPQΔCCD::TFE3 this paper N/A

3xFLAG::HaloTag:TFE3 this paper N/A

pSpCas9(BB)-2A-GFP (PX458) Addgene #48138

pTFE3-donor Addgene #112377

pTFE3.1.0-gDNA Addgene #112473

pEGFP-N1-TFE3 Addgene #38120

pHIV-EGFP lentiviral vector Addgene #21373

pMDLg/pRRE Addgene #12251

pRSV-Rev Addgene #12253

pMD2.G Addgene #12259

Software and algorithms

Zeiss Zen software Zeiss N/A

Nikon NIS-Elements software Nikon N/A

GraphPad Prism 10 Dotmatics N/A

Slimfast.m Sergé et al.61 N/A

Write_4DN_SPT_format_MATLAB https://gitlab.com/
tjian-darzacq-lab/
write_4dn_spt_format_matlab

N/A

saSPT Heckert et al.62; https://
github.com/alecheckert/saspt

N/A

FIJI Schneider et al.63 N/A

CellPose Stringer et al.64 N/A

CellProfiler Stirling et al.65 N/A

R version 4.2.2 R Core Team66 N/A

fastp Chen et al.67,68 N/A

Salmon Patro et al.69 N/A

DESeq2 Love et al.70 N/A

ComplexHeatmaps Gu et al.71,72 N/A

Gene Set Enrichment Analysis (GSEA) Mootha et al.73 and 
Subramanian et al.74

N/A

Gene Set Variation Analysis (GSVA) Hänzelmann et al.75 N/A

MSigDB pathways Liberzon et al.76,77 N/A

STAR v2.7.8a Dobin et al.78 N/A

bwtool Pohl et al.79 N/A

trackplot Mayakonda et al.80 N/A

bowtie2 v2.5.2 Langmead et al.81 N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

PICARD’s MarkDuplicates Broad Institute82 N/A

MACS2 Zhang et al.83 N/A

ChIPpeakAnno Zhu84 N/A

deepTools v.3.5.1 Ramírez et al.85 N/A

ROSE pipeline Lovén et al.45 and Whyte et 
al.86

N/A

DeepVenn Hulsen87 N/A
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