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PRCC-TFE3 fusion-mediated PRKN/parkin-dependent mitophagy promotes cell 
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ABSTRACT
TFE3 (transcription factor binding to IGHM enhancer 3) nuclear translocation and transcriptional activity 
has been implicated in PINK1-PRKN/parkin-dependent mitophagy. However, the transcriptional control 
governing the mitophagy in TFE3/Xp11.2 translocation renal cell carcinoma (TFE3 tRCC) is largely 
unknown. Here, we investigated the role and mechanisms of PRCC-TFE3 fusion protein, one of TFE3 
fusion types in TFE3 tRCC, in governing mitophagy to promote development of PRCC-TFE3 tRCC. We 
observed and analyzed mitophagy, transcriptional control of PRCC-TFE3 on PINK1-PRKN-dependent 
mitophagy, PRCC-TFE3 fusions nuclear translocation, cancer cell survival and proliferation under mito-
chondrial oxidative damage in PRCC-TFE3 tRCC cell line. We found that nuclear-aggregated PRCC-TFE3 
fusions constitutively activated expression of the target gene E3 ubiquitin ligase PRKN, leading to rapid 
PINK1-PRKN-dependent mitophagy that promoted cell survival under mitochondrial oxidative damage 
as well as cell proliferation through decreasing mitochondrial ROS formation. However, nuclear translo-
cation of TFE3 fusions escaped from PINK1-PRKN-dependent mitophagy. Furthermore, we confirmed 
that PRCC-TFE3 fusion accelerated mitochondrial turnover by activating PPARGC1A/PGC1α-NRF1. In 
conclusion, our findings indicated a major role of PRCC-TFE3 fusion-mediated mitophagy and mitochon-
drial biogenesis in promoting proliferation of PRCC-TFE3 tRCC.
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Introduction

TFE3 (transcription factor E3) Xp11.2 translocation renal cell 
carcinoma (TFE3-tRCC) is defined as an independent subtype 
of RCC by WHO in 2004 and is classified into MiT/TFE 
family (microphthalmia family of bHLH-LZ transcription 
factors) tRCC. TFE3-tRCC is characterized by Xp11.2 rear-
rangements that create TFE3 gene fusions with a variety of 
partner genes and distinctive morphological features. PRCC- 
TFE3, t(X;1)(p11.2;q21.2), is the first described TFE3-tRCC in 
a pediatric RCC case in 1986 and is confirmed in 1995 [1,2]. 
Native TFE3 belongs to MiT/TFE transcription factors family 
and shares a similar structure with other 3 members: MITF, 
TFEB and TFEC, including the basic motif for DNA binding, 
highly similar helix-loop-helix (HLH) and leucine-zipper 
(Zip) regions for their dimerization. Besides, TFE3, TFEB 
and MITF also contain a conserved activation domain for its 
transcriptional activation. Dimerized MiT/TFE proteins can 
not only bind the palindromic CACGTG E-box like other 
bHLH-Zip transcription factors [3] but also specifically bind 
the asymmetric TCATGTG M-box response elements pre-
senting in the promoter region of their target genes [4]. All

TFE3 fusion genes encode in-frame chimeric proteins, which 
retain the bHLH-Zip domain of TFE3 [5]. Nuclear aggrega-
tion of TFE3 is one of the most significant histopathological 
characteristics of TFE3-tRCC [6]. The strong evidence sup-
ports that TFE3 fusions are oncogenes with constitutively 
active transcriptional activity.

Multiple studies have revealed the MiT/TFE proteins play 
a pivotal role in the regulation of autophagy and lysosomal 
biogenesis. The promoter analysis of lysosomal genes reveals 
that their promotors share a common 10-base E-box-like 
palindromic sequence (GTCACGTGAC), named 
Coordinated Lysosomal Expression and Regulation (CLEAR) 
element [7], to which TFE3 and TFEB can directly bind and 
promote expression of these genes. Mitophagy is a form of 
evolutionarily conserved macroautophagy by which damaged, 
aged, or superfluous mitochondria are eliminated [8]. PINK1 
(PTEN induced kinase 1)-PRKN (parkin RBR E3 ubiquitin 
protein ligase) axis is often considered as the most studied 
pathway of mitophagy [9]. Under conditions of loss of mito-
chondrial membrane potential, PINK1 induces recruitment of 
the cytosolic PRKN to the outer mitochondrial membrane 
[10], where PRKN ubiquitinates outer-mitochondrial-
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membrane proteins to initiate recruitment of the autophagy 
machinery to capture and engulf specific mitochondria and 
degrade them in lysosomes [11]. Interestingly, mitophagy can 
induce nuclear translocation of TFE3 in a process that 
requires PRKN and PINK1 [12]. Depletion of all members 
of the MiT/TFE family causes impaired degradation of 
damaged mitochondria [12]. In addition, the positive tran-
scriptional feedback loop between PPARGC1A/PGC1-α 
(PPARG coactivator 1 alpha) and TFE3 plays a critical role 
in modulating mitochondrial quality and function in different 
tissues [13,14]. However, the transcriptional control govern-
ing the mitophagy in TFE3 tRCC is largely unknown. 
Moreover, the exact step that TFE3 fusions regulate mito-
chondrial quality and function in development of TFE3 
tRCC also remains poorly understood.

Intracellular redox homeostasis is regulated by a balanced 
status between generation and elimination of reactive oxygen 
species (ROS) [15]. ROS, as second messenger, not only 
induces cell apoptosis but also allows cells to adapt to envir-
onment, especially in cancer cells [16]. As an important orga-
nelle for ROS production, mitochondria can generate ROS 
from the electron transport chain (ETC) during the ATP 
synthesis process [16]. Some cancer cells can significantly 
increase the ATP production for their elevated proliferation 
and migration as well as the ROS generation [17], thus cancer 
cells must develop a highly efficient mechanism, such as 
antioxidant system, to eliminate ROS. However, upon elec-
tron leakage of the ETC when mitochondria are damaged, 
excess ROS that cannot be removed in time will attack mito-
chondria themselves, leading to cell apoptosis by inducing the 
opening of the mitochondrial permeability transition pore 
and the release of CYCS (cytochrome c, somatic) [18]. 
Therefore, degradation of damaged mitochondria by mito-
phagy plays crucial role in promoting cell survival under 
oxidative stress.

In the present study, we found that PRCC-TFE3 tRCC was 
selectively insensitive to being killed by the mitochondrial 
ROS inducer. PRKN, as target gene of nuclear-aggregated 
PRCC-TFE3 fusion, was constitutively activated expression. 
However, nuclear translocation of TFE3 fusions escaped from 
PRKN-dependent mitophagy. By driving PRKN-dependent 
mitophagy and accelerating mitochondria biosynthesis via 
PPARGC1A and NRF1 pathway to decrease mitochondrial 
ROS generation, PRCC-TFE3 fusions promoted cell survival 
and proliferation in PRCC-TFE3 tRCC.

Results

PRCC-TFE3 tRCC is selectively insensitive to being killed 
by the mitochondrial ROS inducer

ROS can contribute to tumorigenesis and promote pro- 
oncogenic signaling in cancer cells [19]. However, high ROS 
levels are also an impediment to tumor progression and 
metastasis through attacking vital cellular components, 
including mitochondria [20–22]. We utilized three human 
kidney cancer cell lines: renal clear cell carcinoma cell line 
(786-O), NONO-TFE3 tRCC cell line (UOK109) and PRCC- 
TFE3 tRCC cell line (UOK120), treated with E-phenylethyl

isothiocyanate (PEITC), a natural compound that is known to 
increase intracellular ROS generated from mitochondria [23]. 
We found that 786-O and UOK109 cells were more vulner-
able to PEITC-induced ROS, leading to cell death than 
UOK120 cells (Figure 1(A)). The cleaved-CASP3 (Cl- 
CASP3) protein increased significantly in UOK109 and 786- 
O cells, while was undetectable in UOK120 cells under the 
same condition (Figure 1(B)). Similarly, flow cytometric ana-
lysis showed that incubation with multi-concentration of 
PEITC caused more cell apoptosis in UOK109 and 786-O 
cells (Figure 1(C)), further confirming with the data of 
Figure 1(A) and 1(B). These data indicate that PRCC-TFE3 
tRCC may have specific mechanism to protect cells from ROS 
attacking, which is likely associated with mitochondrial 
function.

Amplification of PRKN boosts mitophagy in PRCC-TFE3 
tRCC

ROS can induce mitochondrial depolarization and initiate 
PINK1-PRKN-dependent mitophagy [24,25] that protects 
the cell against apoptosis due to releasing CYCS from 
damaged mitochondria [26]. We firstly measured the expres-
sion levels of PRKN in HK-2, 786-O, UOK109 and UOK120 
cell lines. To our surprise, the highest expression level of 
PRKN was observed in UOK120 cells (Figure 2(A-C)), further 
confirmed in human tissue samples, including paracancerous 
tissue, RCC, PRCC-TFE3 tRCC and NONO-TFE3 tRCC, by 
immunofluorescenc staining (Figure 2(D)). In some cancers, 
deletion and mutation of PRKN often occurs [27]; however, 
the whole-exome sequencing revealed no mutation on PRKN 
in UOK120 cells (Table S2).

In order to observe whether the non-mutated PRKN could 
promote mitophagy, we employed UOK109, UOK120 and 786- 
O cell lines and treated with different doses of PEITC. Full- 
length PINK1 (63 kD) accumulation on mitochondria is both 
necessary and sufficient for PRKN recruitment to mitochondria 
to initiate mitophagy [9,10]. Therefore, we detected full-length of 
PINK1 after treatment of different doses of PEITC. The results 
showed that PINK1 (63 kD) was significantly increased in 
UOK120 and UOK109 cells. Meanwhile, the level of 
MAP1LC3/LC3-II was significantly increased with treatment of 
PEITC in UOK120 cells, but there was no obvious increase in 
UOK109 and 786-O cells (Fig. S1A and S1B). Furthermore, 
isolation of cytosolic and mitochondrial fractions revealed that 
carbonyl cyanide 3-chlorophenylhydrazone (CCCP, 
a mitochondrial depolarized inducer that can induce PINK1- 
PRKN-dependent mitophagy) and PEITC treatment induced 
robust mitochondrial translocation of PRKN in UOK120 cells 
(Fig. S1C). To determine the role of PRKN on mitophagy reg-
ulation in tRCC, we designed shRNA (PRKN) according to 
a previous report [28] and confirmed that the shRNA (PRKN) 
used in this study could target PRKN in UOK120 cells. 
Mitophagy levels under basal conditions or treatment with 
mitophagy inducers (CCCP) were checked in UOK120 cells 
infected with shRNAs targeting PRKN (shRNA [PRKN]) or 
control shRNAs (shRNA [NC]) with lentivirus. As shown in 
Figure 2(E) and 2(F), the level of MAP1LC3/LC3-II formation 
and COX4I1/COX4 degradation increased in the CCCP-treated
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group, however, the effect was reversed in UOK120 cells infected 
with Lenti.shRNA(PRKN). When hydroxychloroquine (HCQ) 
was employed to inhibit activity of lysosome for detection mito-
phagic flux, we found that mitophagic flux was significantly

decreased in Lenti.shRNA(PRKN) group. A recent report indi-
cates that HCQ may cause unconventional LC3 lipidation 
[29,30]. Thus, we used another lysosomal inhibitor, bafilomycin 
A1 (Baf A1), to inhibit lysosomal activity. Similarly, more

Figure 1. UOK120 cells is insensitive to PEITC-induced cell apoptosis. (A) UOK109, UOK120 and 786-O cells were treated with different doses of PEITC (5 μM and 
10 μM) for 6 h or 12 h, and then cell viability was examined by CCK-8 kit. (B) UOK109, UOK120 and 786-O cells were treated with different doses of PEITC (5 μM and 
10 μM) for 6 h or 12 h, and then cleaved-CASP3 (Cl-CASP3) was examined by western blot. ACTB was used as a loading control. (C) UOK109, UOK120 and 786-O cells 
were treated with different doses of PEITC (5 μM and 10 μM) for 12 h, and then cell apoptosis was determined by propidium iodide (PI) and ANXA5/annexin 
V staining using flow cytometry. Down panel: quantified viable apoptotic cell and viable apoptotic cell. Data are presented as mean ± s.e.m from 3 independent 
experiments. #p < 0.05, ##p < 0.01, ###p < 0.001 (One-way ANOVA with Dunnett posttests). NS, no significance.
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Figure 2. Amplification of PRKN boosts mitophagy in UOK120 cells. (A) Representative blots of PRKN in HK-2, UOK109, UOK120 and 786-O cells. (B) Densitometric 
analysis of PRKN:GAPDH in (A). Data are presented as mean ± s.e.m from 3 independent experiments. #p < 0.05, ##p < 0.01, ###p < 0.001 (One-way ANOVA with 
Dunnett posttests). (C) Analysis of the mRNA levels of PRKN by real-time PCR in HK-2, UOK109, UOK120 and 786-O cells. Data are presented as mean ± s.e.m from 3 
independent experiments. #p < 0.05, ##p < 0.01, ###p < 0.001 (One-way ANOVA with Dunnett posttests). (D) Renal paracancerous tissues, Xp11.2 tRCC, or RCC tissue 
were sectioned and stained with a fluorescent anti-PRKN antibody (green) and counter stained with DAPI to reveal nuclei, followed by immunofluorescence 
photomicrographic analysis. Scale bars: 30 μm. (E) UOK120 cells were infected with Lenti.shRNA (NC) or Lenti.shRNA (PRKN), and then PRKN, LC3-II and COX4I1 were 
examined by western blot after treatment with CCCP (10 μM) for 6 h in the presence or absence of HCQ (30 μM). (F) Densitometric analysis of COX4I1:GAPDH (upper) 
and LC3-II:GAPDH (down). Data are presented as mean ± s.e.m from 3 independent experiments. #p < 0.05, ##p < 0.01, ###p < 0.001 (One-way ANOVA with Dunnett 
posttests). (G) UOK120 cells were infected with Lenti.shRNA (NC) or Lenti.shRNA (PRKN), and then PRKN, LC3-II and COX4I1 were examined by western blot after 
treatment with CCCP (10 μM) for 6 h in the presence or absence of Baf A1 (200 nM). (H) UOK120 cells were infected with Lenti.shRNA (NC) or Lenti.shRNA (PRKN)
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accumulated MAP1LC3/LC3-II was observed upon treatment 
with Baf A1 (Figure 2(G)) in Lenti.shRNA(NC) group than in 
Lenti.shRNA(PRKN) group. Similarly, the knockdown of PRKN 
also repressed the level of mitophagy with treatment of PEITC 
(Fig. S1D). Mtphagy dye is utilized to probe mitochondria, 
which emits a high fluorescence in acidic environment when 
damaged mitochondria fuse to the lysosome instead of a weak 
fluorescence in intact mitochondria under neutral environment 
[31–33]. Quantitative analysis showed that the knockdown of 
PRKN significantly decreased the number of acidic mitochon-
dria induced by CCCP, indicating mitophagy was repressed 
(Figure 2(H)). Furthermore, depolarized mitochondria, induced 
by CCCP, could co-locate with MAP1LC3/LC3 in shRNA (NC) 
group; however, the effect was significantly repressed in shRNA 
(PRKN) group (Fig. S2). These data demonstrate that amplifica-
tion of non-mutated PRKN boosts mitophagy in PRCC-TFE3 
tRCC.

Exogenous expression of PRKN represses cell apoptosis in 
UOK109 cells

In order to further elucidate the role of PRKN in repressing cell 
apoptosis, we overexpressed PRKN in UOK109 cells that were 
more sensitive to PEITC treatment. As shown in Figure 3(A) and 3 
(B), the Cl-CASP3 was significantly increased in a dose-dependent 
manner; however, this effect was repressed dramatically with 
overexpression of PRKN. In addition, CASP3 activity assay and 
flow cytometry for apoptosis also showed that cell apoptosis 
decreased in PRKN-overexpressed UOK109 cells (Figure 3(C) 
and 3(D)). Consistently, deletion of PRKN could increase the 
sensitivity of UOK120 to PEITC and this effect could be reversed 
by N-acetyl-L-cysteine (NAC, a scavenger of ROS) treatment (Fig. 
S3A and S3B). Our results showed that PINK1 (63 kD) could 
accumulate on mitochondria under treatment of PEITC in 
UOK109 and UOK120 cells (Fig. S1A). To dissect whether 
PINK1-PRKN-dependent mitophagy plays a vital role in the 
process of cell apoptosis, PEITC was utilized to treat UOK109 
cells with PRKN overexpression or not. Isolation of cytosolic and 
mitochondrial fractions revealed that PRKN significantly translo-
cated to mitochondria with treatment of PEITC (Figure 3(E)). 
Moreover, live-cell imaging showed that both PEITC and CCCP 
treatment could induce PRKN and lysosome colocalization 
(Figure 3(F)), which indicated that the overexpressed PRKN par-
ticipated in PINK1-PRKN mitophagy under treatment of PEITC. 
Therefore, PRKN can attenuate cell apoptosis induced by PEITC 
through PINK1-PRKN dependent mitophagy.

Nuclear translocation of TFE3 fusions escapes from 
PINK1-PRKN-dependent mitophagy

Since PINK1-PRKN-dependent mitophagy can induce nuclear 
translocation of TFE3 [12], we next determined the role of 
PINK1-PRKN-dependent mitophagy on nuclear translocation

of PRCC-TFE3. We utilized CCCP to induce PINK1-PRKN- 
dependent mitophagy and observed that PRCC-TFE3 fusions 
and NONO-TFE3 fusions accumulated in nucleus regardless 
of CCCP treatment (Figure 4(A)). Isolation of cytosolic and 
nuclear fractions also revealed that PRCC-TFE3 fusions and 
NONO-TFE3 fusions were aggregated in nucleus (Figure 4 
(B)). These data indicated that PINK-PRKN-dependent mito-
phagy could not induce nuclear translocation of PRCC-TFE3. 
To rule out the effect of PRKN on nuclear translocation of 
PRCC-TFE3, we further knocked down PRKN expression and 
observed that PRKN knockdown did not affect nuclear aggre-
gation of PRCC-TFE3 by immunofluorescence staining 
(Figure 4(C)).

Because nuclear location signal (NLS) occurs in TFE3 
fusion fragment, we wondered whether NLS of TFE3 
mediated PRCC-TFE3 fusions nuclear accumulation. 
Expression constructs harboring the red fluorescent protein 
(RFP)-tagged TFE3 fragment showed that TFE3 fragment of 
NONO-TFE3, but not TFE3 fragment of PRCC-TFE3, could 
mediate RFP nuclear translocation (Figure 4(D), upper panel 
and Fig. S4A). Isolation of cytosolic and nuclear fractions 
showed that TFE3 fragment of PRCC-TFE3 did not aggregate 
in nucleus (Figure 4(E) and S4C). PRCC, as a nuclear protein, 
plays a role in pre-mRNA splicing, which also possesses NLS 
in PRCC fragment [34,35]. Expression constructs carrying 
PRCC first exon and PRCC-NLS coding sequences of RFP- 
tagged were transiently transfected into HEK293T cells, 
respectively. Then, the subcellular localization was determined 
by direct visualization of the fluorescent RFP tag. Both PRCC 
and PRCC-NLS transfectants showed fluorescence in the 
nucleus (Figure 4(D), down panel). Based on these results, 
we concluded that NLS of PRCC contributed to the nuclear 
location of PRCC-TFE3. Collectively, these data indicate that 
nuclear translocation of TFE3 fusions escapes from PRKN- 
dependent mitophagy, and NLS of PRCC fragment, but not 
PRKN-dependent mitophagy, mediates nuclear translocation 
of PRCC-TFE3.

PRKN is the target gene of TFE3 and PRCC-TFE3

Since TFE3 fusions are oncogenes with constitutively active 
transcriptional activity, we wondered whether PRCC-TFE3 
could induce upregulation of PRKN. We transfected shRNA 
(TFE3) with lentivirus, which has been validated in our pre-
vious study [36]. To our surprise, both mRNA and protein 
expression of PRKN were repressed (Figure 5(A-C)). 
Interestingly, PRKN was negatively regulated by NONO- 
TFE3 in UOK109 cells (Fig. S5A). These data suggested that 
nuclear-aggregated PRCC-TFE3 might upregulate expression 
of PRKN in PRCC-TFE3 tRCC directly. It is found that PRKN 
promoter contains E-Box motif [37], which TFE3 can bind to 
[3]. Meanwhile, ChIP-seq results show that TFE3 can bind to 
PRKN promoter [38]. In order to verify that TFE3 could

followed by staining with the Mtphagy dye and MitoTracker Deep Red, and then visualization of Mtphagy dye and MitoTracker Deep Red using live-cell imaging 
microscopy after treatment with CCCP (10 μM) for 12 h. Scale bars: 20 μm. Right panel, quantification of acidic (red-only) mitochondria in different group, data are 
presented as mean ± s.e.m from 3 independent experiments (10 cells/group). GAPDH was used as a loading control. *p < 0.05, **p < 0.01, ***p < 0.001 (two-tailed 
t-test). NS, no significance.
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Figure 3. Overexpression of PRKN protects UOK109 cells from PEITC-induced cell apoptosis. (A) UOK109 cells were infected with Lenti.GFP-Vector or Lenti.GFP-PRKN, 
and then cleave-CASP3 (Cl-CASP3) was examined by western blot after treated with different doses of PEITC (5 μM and 10 μM) for 12 h. (B) Densitometric analysis of 
cleave-CASP3 in (A). Data are presented as mean ± s.e.m from 3 independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 (two-tailed t-test). (C) UOK109 cells 
were infected with Lenti.GFP-Vector or Lenti.GFP-PRKN, and then CASP3 activity was examined by CASP3 activity detecting kit after treatment with different doses of 
PEITC (5 μM and 10 μM) for 12 h. Data are presented as mean ± s.e.m from 3 independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 (two-tailed t-test). (D) 
UOK109 cells were infected with Lenti.Vector or Lenti.PRKN, and then cell apoptosis was determined by propidium iodide (PI) and ANXA5 staining using flow 
cytometry after treated with different doses of PEITC (5 μM and 10 μM) for 12 h. Right panel: quantified viable apoptotic cell and viable apoptotic cell. Data are 
presented as mean ± s.e.m from 3 independent experiments. #p < 0.05, ##p < 0.01, ###p < 0.001 (One-way ANOVA with Dunnett posttests). Q1: viable cell, Q2: 
viable apoptotic cell, Q3: non-viable apoptotic cell, Q4: non-viable non-apoptotic cell. (E) UOK109 cells were infected with Lenti.Vector or Lenti.PRKN and then 
subjected to mitochondrial-cytoplasmic fractionation after treatment with treatment with PEITC (5 μM) for 6 h. Down panel: Densitometric analysis of PRKN in
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mitochondrial fraction. Data are presented as mean ± s.e.m from 3 independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 (two-tailed t-test) (F) UOK109 cells 
were infected with Lenti.GFP-PRKN and pre-loaded with LysoTracker Red before treatment with CCCP (10 μM) or PEITC (5 μM) for 6 h, followed by visualization of GFP 
and LysoTracker Red using live-cell imaging microscopy. Down panel: the merge images were subject to Z-axis profile analysis. ACTB was used as a loading control. 
NS, no significance.

Figure 4. Nuclear translocation of PRCC-TFE3 escapes from the regulation of PRKN-dependent mitophagy. (A) HK-2, UOK109, UOK120, or 786-O cells were treated 
with vehicle (DMSO) or CCCP (10 μM) for 6 h before immobilization and staining with a fluorescent anti-TFE3 antibody (red), followed by immunofluorescence 
photomicrographic analysis. Scale bars: 10 μm. (B) HK-2, UOK109 and UOK120 cells were fractionated and TFE3 was detected by western blot in nuclear fraction and 
cytoplasm fraction. N, nuclear fraction; C, cytoplasm fraction. (C) UOK120 cells were infected with Lenti.shRNA (NC) or Lenti.shRNA (PRKN) before immobilization and 
staining with a fluorescent anti-TFE3 antibody (red), followed by immunofluorescence photomicrographic analysis. Scale bars: 20 μm. (D) HEK293T cells were 
transiently transfected with constructs expressing PRCC (exon1)-RFP, PRCC (NLS)-RFP, RFP-tTFE3 (TFE3 fragment of PRCC-TFE3), or tTFE3-RFP, followed by visualization 
of RFP distribution using live-cell imaging microscopy. Scale bars: 10 μm. (E) RFP-tTFE3- and tTFE3-RFP-transfected cells as in (D) were fractionated and tTFE3 was 
detected by western blot in nuclear fraction and cytoplasm fraction. N, nuclear fraction; C, cytoplasm fraction.
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Figure 5. PRKN is the target gene of TFE3 and PRCC-TFE3. (A) UOK120 cells were infected with Lenti.shRNA (NC) or Lenti.shRNA (TFE3), followed by analysis of the 
mRNA levels of PRKN and PRCC-TFE3 by real-time PCR. Data are presented as mean ± s.e.m from 3 independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 (two- 
tailed t-test). (B) UOK120 cells were infected with Lenti.shRNA (NC) or Lenti.shRNA (TFE3) and PRKN and PRCC-TFE3 were examined by western blot. (C) Densitometric 
analysis of PRCC-TFE3:GAPDH and PRKN:GAPDH. Data are presented as mean ± s.e.m from 3 independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 (two-tailed 
t-test). (D) HEK293T cells were analyzed by the ChIP assay using an anti-TFE3 antibody and immunoprecipitated DNA fragments were amplified by PCR. P1, PRKN 
promoter region (−109/-8); P2, PRKN promoter region (−397/-388) and P3, PRKN promoter region (−673/-657). (E) TFE3 binding was evaluated by EMSA using nuclear 
extract from HEK293T cells and two different biotin-labeled double-stranded oligonucleotide probes (probe 1 and 2) containing TFE3 putative binding sites. The 
unlabeled specific TFE3 competitor oligonucleotides (100-fold molar excess) and TFE3 antibody are indicated above each lane. DNA-protein complexes are indicated 
by arrows in each panel. Supershifted bands are indicated by red asterisks. (F) HEK293T cells were transiently co-transfected with an empty vector (vector), or vectors 
expressing shRNA (TFE3), TFE3 or PRCC-TFE3, together with the human PRKN promoter region (−907/+46) constructs or PGL3 Basic, followed by a luciferase reporter
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transcriptionally regulate expression of PRKN, firstly, we uti-
lized Jasper online analysis software to analyze PRKN promo-
ter (−1000/+100) and nine potential binding sites were found 
(Table S1D). Further, both chromatin immunoprecipitation 
PCR and electrophoretic mobility shift assay (EMSA) in vivo 
and in vitro revealed that a significant enrichment of immu-
noprecipitated PRKN promoter fragments (P1: −109/-8, P2: 
−397/-388, P3: −673/-657) was obtained using specific TFE3 
antibody, compared with to IgG antibody control samples 
(Figure 5(D)). To identify that TFE3 could bind to the puta-
tive recognition sequences, we designed two biotin-labeled 
double-strand oligonucleotide probes for EMSA according to 
the results of ChIP-PCR. Electrophoretic analysis of the bind-
ing products showed that probe 1 and 2 had slower migrating 
bands containing DNA-protein complex (Figure 5(E), lane 2 
and 7). The TFE3 antibody supershifted these complexes 
(Figure 5(E), lane 4 and 9) and the IgG did not specifically 
supershift those complexes (Figure 5(E), lanes 5 and 10). 
Although supershift band of the probe 1 was weaker than 
that of probe 2, the results indicated TFE3 could bind to the 
promoter of PRKN. To clarify the binding was functional, we 
used a luciferase reporter plasmid driven by the human PRKN 
promoter region (−970/+63). When cells were transiently co- 
transfected with this reporter along with shRNA (TFE3), 
a significant decrease in reporter activity was observed. 
However, the effect was reversed when TFE3 or PRCC-TFE3 
was overexpressed (Figure 5(F)). Meanwhile, we knocked 
down TFE3 in HEK293T cells and found mRNA and protein 
levels of PRKN were decreased significantly (Figure 5(G-I)). 
Overexpression of TFE3 and PRCC-TFE3 in HEK293T cells 
further increased expression of PRKN (Figure 5(J) and 5(K)). 
However, Overexpression of PRCC-TFE3 did not increase the 
expression of PRKN in UOK109 and 786-O (Fig. S5B). Taken 
together, TFE3 can positively regulate expression of PRKN 
and PRCC-TFE3 can constitutively activate PRKN expression.

PRCC-TFE3 fusions-PRKN axis drives mitophagy in 
PRCC-TFE3 tRCC

As we showed that PRCC-TFE3 fusion could constitutively 
activate PRKN expression, we next determined mitophagic 
regulation of PRCC-TFE3 fusion-PRKN. The LC3 shift assay 
showed that, upon treatment with CCCP, extracts from cells 
with knockdown of PRCC-TFE3 had lower levels of LC3-II 
and fewer degradation levels of COX4I1/COX4, indicating 
that mitochondrial clearance was repressed (Figure 6(A-C)). 
Furthermore, mitophagic flux was also repressed in Lenti. 
shRNA (TFE3) group (Figure 6(A-C)). Additionally, the effect 
of mitophagic repression caused by PRCC-TFE3 knockdown 
was confirmed by Mtphagy dye staining (Figure 6(D) and 6 
(F)). Similarly, the knockdown of PRCC-TFE3 also repressed

the level of mitophagy with treatment of PEITC (Fig. S1E) 
and increased the sensitivity of UOK120 to PEITC (Fig. S3A 
and S3B). The results indicated that PRCC-TFE3 was involved 
in regulating the process of mitophagy. To determine the role 
of PRKN and PINK1-PRKN-dependent mitophagy in 
UOK120 cells, we knocked down the expression of PRCC- 
TFE3 and rescued the expression of PRKN. Mtphagy dye 
staining and western blot results showed shRNA (TFE3) 
repressed mitophagy and the overexpression of PRKN could 
partially reverse this process (Figure 6(E), 6(G) and 6(H)). 
Collectively, these data indicate that PRCC-TFE3 regulates 
mitophagy through PRCC-TFE3 fusion-PRKN axis in PRCC- 
TFE3 tRCC.

PRCC-TFE3 fusions accelerates mitochondria biosynthesis 
and turnover in PRCC-TFE3 tRCC

In order to maintain cellular homeostasis, elimination of 
damaged mitochondria through mitophagy must be replaced 
with newer, more efficient mitochondria. TFE3, as a master 
regulator of energy metabolism, is also involved in modulating 
mitochondrial biosynthesis in direct or indirect manners [39,40]. 
PPARGC1A, PPARGC1B and NRF1 and NRF2 (nuclear respira-
tory factor 1 and 2) are indispensable transcriptional factors for 
mitochondria biosynthesis [41,42]. Interestingly, knockdown of 
PRCC-TFE3 significantly decreased expression of PPARGC1A, 
PPARGC1B and NRF1 (Figure 7(A)). Additionally, we further 
examined the mRNA levels of mitochondrial DNA (mtDNA) as 
well as protein levels of TOMM20 (translocase of outer mito-
chondrial membrane 20). In line with the effect of PRCC-TFE3 
on PARGC1A, PPARGC1B and NRF1, mtDNA and TOMM20 
significantly decreased in UOK120 with PRCC-TFE3 knock-
down (Figure 7(B-D)). To further evaluate whether these new 
biosynthesis mitochondria were functional, the oxygen con-
sumption rate (OCR), as an indicator of mitochondrial respira-
tion, was measured using an Agilent Seahorse Analyzer. As 
illustrated in Figure 7(E) and 7(F), cells with downregulation 
of PRCC-TFE3 or PRKN had lower resting OCR or oxidative 
phosphorylation (OXPHOS) and a lower maximal mitochon-
drial capacity than control group, suggesting that cells with 
knockdown of PRCC-TFE3 or PRKN generated fewer mitochon-
dria-derived ATP. In addition, we rescued PRKN expression in 
PRCC-TFE3 knockdown group and found ATP production was 
partially reversed (Figure 7(E) and 7(F)). These data showed that 
PRCC-TFE3 could increase functional mitochondrial biosynth-
esis through PPARGC1A-NRF1 pathway.

In order to confirm that PRCC-TFE3 could accelerate mito-
chondrial turnover through PRKN-dependent mitophagy and 
PPARGC1A-NRF1-dependent biosynthesis, we utilized 
MitoTimer, a fluorescent protein targeted to the mitochondrial 
matrix [43]. MitoTimer protein irreversibly changes its emitted

gene assay. The pRL-TK vector was co-transfected to normalize transfection efficiencies. Results are presented as a luciferase/Renilla ratio. Data are presented as 
mean ± s.e.m from 3 independent experiments. #p < 0.05, ##p < 0.01, ###p < 0.001 (One-way ANOVA with Dunnett posttests). (G) HEK293T cells were infected with 
Lenti.shRNA (NC) or Lenti.shRNA (TFE3), followed by analysis of the mRNA levels of PRKN and TFE3 by real-time PCR. Data are presented as mean ± s.e.m from 3 
independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 (two-tailed t-test). (H) HEK293T cells were infected with Lenti.shRNA (NC) or Lenti.shRNA (TFE3) and PRKN 
and TFE3 were examined by western blot. (I) Densitometric analysis of TFE3:GAPDH and PRKN:GAPDH. Data are presented as mean ± s.e.m from 3 independent 
experiments. *p < 0.05, **p < 0.01, ***p < 0.001 (two-tailed t-test). (J) HEK293T cells were transiently transfected with empty vector (vector), or vectors expressing 
TFE3, or PRCC-TFE3 and PRKN and TFE3 were examined by western blot. (K) Densitometric analysis of PRKN:GAPDH. GAPDH was used as a loading control. Data are 
presented as mean ± s.e.m from 3 independent experiments. #p < 0.05, ##p < 0.01, ###p < 0.001 (One-way ANOVA with Dunnett posttests).
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Figure 6. PRCC-TFE3 fusions-PRKN axis drives mitophagy in UOK120 cells. (A) UOK120 cells were infected with Lenti.shRNA (NC) or Lenti.shRNA (TFE3), and then PRCC- 
TFE3, PRKN, LC3-II and COX4I1 were examined by western blot after treatment with CCCP (10 μM) for 6 h in the presence or absence of HCQ (30 μM). (B) 
Densitometric analysis of COX4I1:GAPDH(upper) and LC3-II:GAPDH (down). Data are presented as mean ± s.e.m from 3 independent experiments. #p < 0.05, 
##p < 0.01, ###p < 0.001 (One-way ANOVA with Dunnett posttests). (C) UOK120 cells were infected with Lenti.shRNA (NC) or Lenti.shRNA (TFE3), and then PRCC-TFE3, 
PRKN, LC3-II and COX4I1 were examined by western blot after treatment with CCCP (10 μM) for 6 h in the presence or absence of Baf A1 (200 nM). (D) UOK120 cells 
were infected with Lenti.shRNA (NC) or Lenti.shRNA (TFE3) followed by staining with the Mtphagy dye and MitoTracker Deep Red, and then visualization of Mtphagy 
dye and MitoTracker Deep Red using live-cell imaging microscopy after treatment with CCCP (10 μM) for 12 h. (E) UOK120 cells were co-infected with Lenti.shRNA 
(TFE3) and Lenti.GFP-Vector or Lenti.GFP-PRKN followed by staining with the Mtphagy dye and MitoBright, and then visualization of Mtphagy dye, GFP and MitoBright 
using live-cell imaging microscopy after treatment with CCCP (10 μM) for 12 h. (F and G) quantification of acidic (red-only) mitochondria in different group of (D and 
E). Data are presented as mean ± s.e.m from 3 independent experiments (10 cells/group/experiment in F and G). *p < 0.05, **p < 0.01, ***p < 0.001 (two-tailed
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fluorescence from green to red over time with mitochondrial 
maturation. Therefore, the ratio of red to green can be used to 
monitor mitochondrial turnover. Quantitative analysis showed 
that the knockdown of PRCC-TFE3 significantly increased accu-
mulation of MitoTimer-red form and decreased MitoTimer- 
green form, indicating mitochondrial turnover was repressed 
(Figure 7(G)). Taken together, the present data demonstrate 
that PRCC-TFE3 accelerates mitochondrial turnover through 
promoting mitophagy and mitochondrial biosynthesis in 
UOK120 cells.

PRCC-TFE3 fusions-PRKN axis is involved in cell 
proliferation through regulating mitochondrial ROS 
formation

Since PRCC-TFE3 could accelerate mitochondrial turnover 
through promoting mitophagy and mitochondrial biosynthesis, 
we need to determine the role of accelerated mitochondrial 
turnover on the progress of PRCC-TFE3 tRCC. Examination of 
mitochondrial membrane potential revealed that mitochondrial 
membrane potential significantly decreased in shRNA (TFE3) or 
shRNA (PRKN) group (Figure 8(A) and S3A), indicating the 
increase of damaged mitochondria. However, deficiency of 
mitophagy may further result in accumulation of damaged 
mitochondria and induce an increase of mitochondrial-derived 
ROS [44]. Therefore, we monitored ROS formation using 
MitoSOX, which is widely used to detect mitochondrial ROS. 
Knockdown of PRCC-TFE3 or PRKN significantly induced ROS 
production in UOK120 cells (Figure 8(B) and S6A). Intracellular 
ROS accumulation can lead to DNA damage and, consequently, 
induce cell cycle arrest by activating cell cycle checkpoints [45]. 
Our data showed that knockdown of PRCC-TFE3 or PRKN 
resulted in the G2/M phase arrest (Figure 8(C), 8(D) and S6B) 
and repression of cell proliferation (Fig. S6C). In addition, the 
capacity of colony formation was also repressed in shRNA 
(TFE3) or shRNA (PRKN) group (Figure 8(E) and S6D). These 
results suggested that knockdown of PRCC-TFE3 or PRKN 
repressed cell proliferation through inducing G2/M arrest of 
UOK120 cells. To elucidate the molecular basis of PRCC-TFE3 
or PRKN knockdown-caused G2/M arrest, we investigated the 
activation of the CDK1 (cyclin dependent kinase 1)-CCNB1 
(cyclin B1) complex G2/M checkpoint pathway. The results 
showed that CCNB1 was significantly decreased, but CDK1 
was increased. Because phosphorylation at Thr161 of CDK1 
activates kinase activity and phosphorylation at Thr14 and 
Tyr15 of CDK1 inhibits the protein kinase activity, increasing 
level of p-CDK1 (Tyr15) and p-CDK1 (Tyr14) in shRNA (TFE3) 
group or shRNA (PRKN) group indicated that the effect of G2/M 
arrest was caused by inactivation of the CDK1-CCNB1 complex. 
(Figure 8(F) and S6C). Afterward, we rescued the expression of 
PRKN in UOK109 to observe cell proliferation. The results 
revealed that the PRKN promoted cell proliferation in 
UOK109 cells (Fig. S6E and S6F). Collectively, these data suggest 
that PRCC-TFE3-PRKN axis promotes cell proliferation

through sustaining mitochondrial quality and repressing accu-
mulation of ROS.

Discussion

In the present study, we revealed that PRCC-TFE3 fusion 
could constitutively activate target gene PRKN expression, 
resulting in increased mitophagy and insensitive to being 
killed by the mitochondrial ROS inducer in PRCC-TFE3 
tRCC. However, nuclear translocation of TFE3 fusions 
escaped from PINK1-PRKN-dependent mitophagy. 
Moreover, we found that PRCC-TFE3 fusions accelerated 
mitochondria biosynthesis by PPARGC1A and NRF1 path-
way. Therefore, our data suggested that PRCC-TFE3 fusion- 
mediated rapid mitochondrial turnover played a major role in 
promoting the development of PRCC-TFE3 tRCC.

TFE3 is a transcription factor with bHLH leucine zipper, 
which binds specifically to CLEAR motif that is found in the 
promoter regions of many genes encoding for lysosomal bio-
genesis and autophagy. Intracellular localization of TFE3 is 
firmly associated with its transcript activity. In fully fed cells, 
TFE3 is recruited to the lysosomal surface, where TFE3 (S321) 
undergoes MTORC1-dependent phosphorylation to create 
a binding site for the cytosolic chaperone YWHAG/14-3-3γ 
[36,46]. Interaction with YWHAG/14-3-3γ results in seques-
tration of these transcription factors in the cytosol. 
Conversely, upon nutrients are limited, inactivation of 
MTORC1, together with dephosphorylation of TFE3 (S321), 
prevents binding to YWHAG/14-3-3 γ, resulting in the rapid 
accumulation of TFE3 in the nucleus to regulate transcription 
of target genes. Besides nutrient limitation, mitochondrial and 
ER stress also activate TFE3 response. For example, PINK1- 
PRKN-dependent mitophagy can induce translocation of 
TFE3 to the nucleus [12]. In our previous study, however, 
we find that TFE3 fusion protein is not controlled by the 
MTOR signaling pathway and is accumulated in the nucleus 
in TFE3-fusion tRCCs [36]. In the present study, we won-
dered whether PINK1-PRKN-dependent mitophagy influ-
enced nuclear translocation of TFE3 fusions in TFE3 tRCC, 
especially in PRCC-TFE3 tRCC where PRKN was amplified. 
Similarly, both amplification of PRKN and PINK1-PRKN- 
dependent mitophagy did not affect intracellular localization 
of TFE3 fusions, which aggregated in the nucleus all the time.

PRCC-TFE3 tRCC is one of the most common types of 
TFE3 tRCC [34,47,48]. Other studies reveal that the NLS in 
TFE3 fragment mediates TFE3 nuclear translocation and the 
nuclear translocation of PRCC-TFE3 is mediated by both 
PRCC and TFE3 [34,35]. However, in our study, we observed 
that the nuclear translocation of PRCC-TFE3 was not 
mediated by the NLS of TFE3 fragment, but NLS of PRCC 
fragment. In addition, we found that the nuclear location of 
NONO-TFE3 was mediated by NLS in TFE3 translocation 
region and was not mediated by NONO fragment. The 
NONO fragment induced the puncta formation of RFP tag,

t-test). (H) UOK120 cells were co-infected with Lenti.shRNA (TFE3) and Lenti.GFP-Vector or Lenti.GFP-PRKN, and then PRCC-TFE3, PRKN, LC3-II and COX4I1 were 
examined by western blot after treatment with CCCP (10 μM) for 6 h. GAPDH was used as a loading control. NS, no significance. Scale bars: 20 μm.
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Figure 7. PRCC-TFE3 fusions accelerate mitochondria biosynthesis and turnover in UOK120 cells. (A) UOK120 cells were infected with Lenti.shRNA (NC) or Lenti.shRNA 
(TFE3), followed by analysis of the mRNA levels of PRCCC-TFE3, PPARGC1A, PPARGC1B, NRF1 by real-time PCR. Data are presented as mean ± s.e.m from 3 independent 
experiments. *p < 0.05, **p < 0.01, ***p < 0.001 (two-tailed t-test). (B) UOK120 cells were infected with Lenti.shRNA (NC) or Lenti.shRNA (TFE3), and then NRF1 and 
TOMM20 were examined by western blot (upper) and MT-TL1 (mitochondrially encoded tRNA-Leu (UUA/G) 1; mtDNA) copy number was detected using reverse 
transcription-PCR (down). (C) Relative quantity of mtDNA by measuring the ratio of mtDNA to Rn18s DNA levels. Data are presented as mean ± s.e.m from 3 
independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 (two-tailed t-test). (D) Densitometric analysis of NRF1:GAPDH and TOMM20:GAPDH. Data are presented 
as mean ± s.e.m from 3 independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 (two-tailed t-test). (E) Graphical representation of the OCR measurement over 
time in UOK120 cells infected with Lenti.shRNA (TFE3), Lenti.shRNA (PRKN) or Lenti.shRNA (NC) and Lenti.shRNA (TFE3)+ Lenti.PRKN. oligomycin, 1 μM; FCCP, 2 μM; 
rotenone-antimycin (Rot/AA), 0.5 μM. (F) The calculated OCR for basal, ATP production and maximal respiration. Data are presented as mean ± s.e.m from 3 
independent experiments. #p < 0.05, ##p < 0.01, ###p < 0.001 (One-way ANOVA with Dunnett posttests). (G) UOK120 cells were transfected with MitoTimer in
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and the fragment also resulted in puncta formation of 
NONO-TFE3 in a living cell (data unpublished). The puncta 
were seemly more stable (data unpublished), which might lead 
to its protein level higher than PRCC-TFE3. The nuclear 
location difference between PRCC-TFE3 and NONO-TFE3 
implicated that a domain in exon 4–5 of TFE3 might affect 
the NLS of TFE3 on structure. To our surprise, the deletion of 
exon 4 in TFE3 fragment of PRCC-TFE3 caused nuclear 
accumulation of RFP tag (Fig. S4B and S4D). TFE3 can 
interact with CDK4-CDK6 complex and be phosphorylated 
at Ser246, which results in nuclear export of TFE3 [49]. 
Interestingly, the phosphorylation site of Ser246 occurred in 
exon 4 of TFE3. Therefore, we speculated that CDK4-CDK6 
complex phosphorylated TFE3 fragment of PRCC-TFE3 at 
Ser246, which caused cytoplasmic localization of the TFE3 
fragment. Both NONO-TFE3 and PRCC-TFE3 belong to 
TFE3 fusions; however, PRKN expression was lower in 
NONO-TFE3 tRCC. We speculated that NONO-TFE3 only 
contained exon 6–10 of TFE3, which lacks activation domain 
(as shown in Fig. S7), so NONO-TFE3 was unable to activate 
expression of the target gene, including PRKN in NONO- 
TFE3 tRCC. In fact, we indeed found that PRKN was nega-
tively regulated by NONO-TFE3. Because, the TFE3 fragment 
contains DNA binding domain, which may occupy promoter 
region and repress transcription of PRKN. Correspondingly, 
NONO-TFE3 is revealed as a weaker activator of transcription 
than TFE3 and unable to enhance transcription through 
synergism with SMAD3 (SMAD family member 3) [34].

The transcription factors that regulate PRKN include ATF4 
under mitochondrial or ER stress [50], MYCN/N-myc in cell 
cycle regulation [37], and RELA/NF-κB with chronic systemic 
inflammation [51]. ChIP-Seq results show that PRKN is 
a potential target gene of TFE3 [38]. We further confirmed 
TFE3 and PRCC-TFE3 could transcriptionally regulate PRKN 
expression directly. This demonstrated that nuclear aggrega-
tion of PRCC-TFE3 could constitutively activate expression of 
PRKN. Additionally, we found that PRCC-TFE3-PRKN axis 
could mediate PINK1-PRKN-dependent mitophagy in PRCC- 
TFE3 tRCC. However, overexpression of PRKN could partially 
reverse the mitophagy inhibition in PRCC-TFE3 knockdown 
group. Consistently, overexpression of PRKN could partially 
rescue the function of mitochondrial respiration. TFE3 is 
shown to regulate expression of some overlapping autophagic 
genes with TFEB [6]. Therefore, autophagic genes might also 
be downregulated by PRCC-TFE3 konckdown and played 
a role in mitophagic inhibition, which resulted in partially 
reversed effect of PRKN overexpression. Recent studies show 
that TFE3 is able to perform mitochondrial gene regulatory 
functions [39], indicating that TFE3 plays a non-redundant 
and specific function in mitochondrial regulation. In the pre-
sent study, the data showed that nuclear-aggregated PRCC- 
TFE3 could constitutively activate mitochondrial gene expres-
sion and promote mitochondrial biosynthesis. As PRCC- 
TFE3 has a dual role in mitochondrial quantity and quality, 
we employed MitoTimer to detected mitochondrial turnover

and found that PRCC-TFE3 knockdown significantly 
repressed mitochondrial turnover. This suggested that the 
nuclear-aggregated PRCC-TFE3 could promote tRCC pro-
gression through accelerating mitochondrial turnover.

The ROS level of cancer cells is higher than that of normal 
cells, and 90% of ROS was produced by mitochondria [52]. 
Therefore, in situ amplification of ROS in mitochondria has 
been a promising strategy for cancer treatment by producing 
long-term high oxidative stress to induce the apoptosis of 
cancer cells [52]. PEITC can decrease OXPHOS and induce 
ROS production to trigger cancer cell apoptosis by disrupting 
mitochondrial respiratory chain [53,54]. Recently a Phase II 
clinical trial has been completed in which PEITC was used as 
a lung cancer-preventing agent in smoking subjects [55]. In 
the present study, we employed PEITC to induce mitochon-
dria-derived ROS in different subtype of RCCs. We found that 
UOK109 cells and 786-O cells were sensitive to PEITC, while 
PRCC-TFE3 tRCC was insensitive to be killed by this mito-
chondrial ROS inducer. ROS can induce mitochondrial 
damage by depolarizing mitochondrial membrane potential 
and initiate PINK1-PRKN-dependent mitophagy that protects 
cell against apoptosis due to the releasing of CYCS from 
damaged mitochondria [25,26]. Because PRKN is often con-
sidered as an amplifier of the PINK1-generated mitophagy 
signal [11], amplification of PRKN in UOK120 from PRCC- 
TFE3 tRCC attracted our attention. A growing body of evi-
dence shows PRKN as a tumor suppressor, as copy number 
loss or mutations of PRKN, which lead to the mRNA of PRKN 
significantly lower or inactivity of PRKN in multiple cancers 
[56,57]. However, no mutations on PRKN by exon sequencing 
indicated that the amplification of PRKN might influence 
mitophagic regulation in UOK120 cells. In our study, we 
observed that PRKN could translocate to mitochondria to 
regulate mitophagy when UOK120 cells were treated with 
CCCP or PEITC. Consistently, exogenous expression of 
PRKN could repress cell apoptosis in UOK109 cells through 
PINK1-PRKN-dependent mitophagy.

In the absence of the mitophagy machinery, damaged 
mitochondria produce cytotoxic ROS. In our study, we 
showed that downregulation of PRCC-TFE3 or PRKN resulted 
in depolarization of mitochondrial membrane potential and 
accumulation of mitochondrial-derived ROS in UOK120 cells. 
Intracellular ROS accumulation consequently induced cell 
cycle arrest by activating cell cycle checkpoints [45]. In agree-
ment with this, we confirmed that knockdown of PRCC-TFE3 
or PRKN inhibited proliferation through repressing the for-
mation of CCNB1-CDK1 complex. In our study, the results 
showed that the percentage of G2/M arrest in PRCC-TFE3 
knockdown group was higher than that in PRKN knockdown 
group. We also tried to express exogenous PRKN in PRCC- 
TFE3 knockdown group, however, cell proliferation was not 
reversed obviously. This may be that knockdown of PRCC- 
TFE3 also caused inactivation of MTORC1-dependent cell 
proliferation, which plays a major role in cell proliferation. 
In order to keep MTOR-dependent cell proliferation

presence or absence of Lenti.shRNA (NC) or Lenti.shRNA (TFE3), and then visualization of MitoTimer-green and MitoTimer-red using live-cell imaging microscopy after 
transfection for 24 h and 48 h. Data are presented as mean ± s.e.m from 3 independent experiments (10 cells/group/experiment in G). *p < 0.05, **p < 0.01, ***p <  
0.001 (two-tailed t-test), Scale bars: 30 μm.
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Figure 8. PRCC-TFE3 fusions are involved in cell proliferation through regulating mitochondrial ROS formation. UOK120 cells were infected with Lenti.shRNA (NC) or 
Lenti.shRNA (TFE3) followed by staining with a JC-1 probe (A) or Mito-Sox (B) for 30 min. JC-1 or Mito-Sox intensity was measured with live-cell imaging microscopy. 
Data are presented as mean ± s.e.m from 3 independent experiments (10 cells/group/experiment in A and B). *p < 0.05, **p < 0.01, ***p < 0.001 (two-tailed t-test), 
Scale bars: 20 μm (in A) and 30 μm (in B). (C) UOK120 cells were infected with Lenti.shRNA (NC) or Lenti.shRNA (TFE3) and DNA content was determined by propidium 
iodide (PI) staining using flow cytometry. (D) Percentage of cells in each phase was quantified. Data are presented as mean ± s.e.m from 3 independent experiments. 
*p < 0.05, **p < 0.01, ***p < 0.001 (two-tailed t-test). (E) UOK120 cells were infected with Lenti.shRNA (NC) or Lenti.shRNA (TFE3), and then formation of colonies was 
measured after 7 d incubation. Data are presented as mean ± s.e.m from 3 independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 (two-tailed t-test). (F) 
UOK120 cells were infected with Lenti.shRNA (NC), Lenti.shRNA (TFE3) and then PRCC-TFE3, CCNB1, CCND1, CDK1, p-CDK1 (Tyr14), p-CDK1 (Tyr15) and p-CDK1 (Tyr161) 
were examined by western blot.
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activating, we expressed exogenous PRKN in UOK109 with 
low level of PRKN. We found that PRKN could promote 
proliferation of UOK109 cells. However, accumulating evi-
dence implicates PRKN as the primary factor responsible for 
putative tumor suppressor function through down-regulating 
CCND1/cyclin D1 [58]. In this study, knockdown of PRCC- 
TFE3 or PRKN did not alter protein levels of CCND1 in 
UOK120, indicating that PRCC-TFE3-PRKN axis could be 
involved in the regulation of cell proliferation through ROS- 
mediated cell cycle arrest and cell apoptosis, which promoted 
the development of PRCC-TFE3 tRCC.

Materials and methods

Reagents and antibodies

The following primary antibodies were used for immunoblotting 
and immunostaining: PRKN/parkin (Cell Signaling Technology, 
4211), TFE3 (Sigma-Aldrich, HPA023881), TFE3 (Proteintech, 
14480-1-AP), NRF1 (Abcam, ab175932), TOMM20 (Cell 
Signaling Technology, 42406), LC3A/B (Abcam, ab128025), 
LC3B (Sigma, L7543), GAPDH (ABclonal, AC033), CYCS/CytC 
(Proteintech, 10993-1-AP), COX4I1/COX4 (Proteintech, 11242- 
1-AP), CCNB1/cyclin B1 (Proteintech, 55004-1-AP), CCND1/ 
CyclinD1 (Proteintech, 60186-1-lg), CDK1 (Proteintech, 19532- 
1-AP), phospho-CDK1 (Tyr161, Affinity, AF8137), phospho- 
CDK1 (Tyr14, Affinity, AF3236), phospho-CDK1 (Tyr15, 
Affinity, AF3108), ACTB/β-actin (Abbkine, A01010), HRP- 
conjugated goat anti-rabbit (Cell Signaling Technology, 7074), 
goat anti-mouse secondary antibody (Boster, BA1050), Alexa 
Fluor 488-conjugated goat anti-rabbit secondary antibodies 
(Abcam, ab150077), and Alexa Fluor 594-conjugated goat anti- 
rabbit secondary antibodies (Invitrogen, A-11058), Alexa 
Fluor 488-conjugated goat anti-mouse secondary antibodies 
(Invitrogen, A-11029). Other materials used for cell culture 
and culture treatments include carbonyl 
cyanide m-chlorophenylhydrazone (CCCP; Sigma-Aldrich, 
C2759), hydroxychloroquine (HCQ; Sigma-Aldrich, H0915), 
E-phenylethyl isothiocyanate (PEITC; Sigma-Aldrich, 
MKCC3781)

Cell culture and transfection

HEK293T human embryonic kidney cells (ATCC, CRL3216), 
786-O renal clear cell cancer (ATCC, CRL-1932), HK-2 
human kidney cortex/proximal tubule (ATCC, CRL2190) 
and UOK109, UOK120 Xp11.2 translocation renal cell carci-
noma (gifts of Dr. W. Marston Linehan, National Cancer 
Institute, Bethesda, MD). The UOK120 and UOK109 cell 
lines were derived from primary papillary cell carcinoma as 
described [36] and were derived from tumors arising in a 30- 
and a 39-year-old male, respectively. Cells were cultured in 
DMEM (Gibco, 10569010) supplemented with 10% FBS 
(Gibco, 16140063) and 1% penicillin-streptomycin 
(Invitrogen, 15070063) in a 5% CO2 humidified incubator at 
37°C. HEK293T cells were transiently transfected using 
Lipofectamine 2000 Transfection Regent (Invitrogen, 
11668019) according to the manufacturer’s protocol and fol-
lowed by incubation for 48 h. UOK120 cells were infected

with lentiviruses (Obio Technology Y6140, Y8237 and 
Y8969) carrying shRNA targeting the TFE3 or PRKN or 
cDNA of PRCC-TFE3 (Genechem, 47926–1) and PRKN 
(Obio Technology, Y15314). Forty-eight hours later, 
UOK120 cells were cultured in medium containing puromy-
cin for the selection of stable clones. The clones stably knock-
ing down TFE3 were identified and verified by western 
blotting. The shRNA sequences are as follows:

TFE3 shRNA #1: 5′-GCTCCGAATTCAGGAACTA-3′
TFE3 shRNA #2: 5′-CATGAAATGCTCAGCTATCT-3′
PRKN shRNA: 5′-CAGCCCAAATTGCAGAAGAA-3′
For induction of mitophagy, cells were incubated in culture 

media containing CCCP (10 μM; Sigma, C2759) dissolved in 
DMSO (Sigma, D2650), for 6 h. Autophagic flux experiments 
were performed in the presence or absence of lysosomal 
protease inhibitors hydroxychloroquine (HCQ, 30 μM; 
Sigma, H0915) or bafilomycin A1 (Baf A1, 200 nM; MCE, 
HY100558) for 3 h.

Plasmid constructs

cDNAs were amplified with Phanta Max Master mix 
(Vazyme, P511) and cDNA encoding PRKN was PCR- 
generated from UOK120 cells and subcloned into pRLenti- 
CMV-EGFP-C1 or pcDNA3.1(+) (Invitrogen, V790-20) with 
ClonExpress II One Step Cloning Kit (Vazyme, C112) to 
express GFP-PRKN or PRKN. cDNA encoding TFE3 frag-
ments, PRCC fragment and NONO fragment were gener-
ated from UOK109 or UOK120 and subcloned into Dsred2- 
N1 (Clontech, 632406) or Dsred2-C1 (Clontech, 632407). 
cDNA encoding TFE3 and PRCC-TFE3 were generated 
from HEK293T cells and UOK120 cells and subcloned 
into pcDNA3.1(+) (Invitrogen, V790-20) to express WT 
TFE3 and PRCC-TFE3. For luciferase test, genomic DNA 
from UOK120 cells was used as the template to construct 
PRKN promoter reporter plasmids. Human PRKN promoter 
region (−907/+46) were subcloned into pGL3-basic vector 
(Promega, E1761). The primers were showed in 
(Table S1A).

ChIP assay

A ChIP assay was performed using a Thermo Fisher Scientific 
Pierce Agarose ChIP Kit (Thermo Fisher Scientific, 26156) 
according to the manufacturer’s protocol. HEK293T cells 
were fixed with 1% formaldehyde and quenched with 
1.25 M glycine (Thermo Fisher Scientific, 26156). Then the 
cells were suspended in MNase Digestion Buffer and sheared 
with Micrococcal Nuclease. This sheared DNA was diluted 
with dilution buffer (1:10 ratio). The diluted supernatant was 
incubated with antibody (TFE3), normal mouse IgG and anti- 
POLR2 (RNA polymerase II) was used for negative and posi-
tive control. Protein G agarose was used to collect the anti-
body-antigen-DNA complex. The unbound antibody-antigen- 
DNA complex was washed off with Immune Complex Wash 
Buffer and the bound protein-DNA complexes were collected 
using Elution Buffer. The released protein-DNA complexes 
were reverse crosslinked into free DNA with proteinase
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K. The DNA was then quantified using specific PRKN primers 
(Table S1B) by conventional PCR.

Western blot

Cells were washed in ice-cold PBS (Julu, Z0757) and lysed in lysis 
buffer (Beyotime, P0013 C), containing protease and phosphatase 
inhibitors (Medchemexpress, HY-K0010 and HY-K0021) for 
30 min. Cell lysates were subjected to sodium dodecylsulfate- 
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred 
to polyvinylidene fluoride (Millipore, ISEQ10100). Membranes 
were immunoblotted using the indicated antibodies. For quanti-
fication of proteins, grayscale values of corresponding bands were 
measured with ImageJ software (NIH), and the fold-change was 
calculated by comparing the treated groups with the respective 
control groups.

Immunofluorescence confocal microscopy

Cells grown on a glass-bottom culture dish were washed with 
PBS and fixed with 4% formaldehyde at room temperature for 
10 min. After fixation cells were permeabilized with 0.3% Triton 
X-100 (Sigma, X100) in PBS at room temperature for 10 min and 
then blocked in 5% BSA (Julu, Z0756) in PBS for 1 h at 37°C 
before being stained with the indicated antibodies. Cells were 
then incubated with the indicated primary antibodies overnight 
at 4°C. Cells were washed three times with PBS and incubated 
with the corresponding secondary antibodies conjugated to 
Alexa Fluor 568 or Alexa Fluor 488 in 5% BSA in PBS for 1 h 
at room temperature. Glass bottom culture dish was mounted 
with ProLong® Diamond Antifade Mountant (Thermo Fisher 
Scientific, P36966), and observed on a confocal microscope 
(Olympus FV3000 Confocal Laser Scanning Microscope, Japan).

RNA isolation and relative quantitative real-time 
polymerase chain reaction

After treatment, total RNA was extracted from the cells with 
a Trizol reagent (Vazyme, R401-01), and RNA was reversely 
transcribed into cDNA with Hiscript II Reverse Transcriptase 
(vazyme, R201-01) according to the manufacturer’s instructions. 
The primers were synthesized by tsingke biological technology 
(Nanjing, China). For quantitative real-time reverse transcrip-
tion PCR (qRT-PCR) analysis, the action mixture consisted of 
10 μL SYBR Green (Vazyme, Q711-02), 10 μM each primer 
(Table. S1C), 1 μL cDNA. PCR amplifications were performed 
on the 7300 real-time PCR system (Applied Biosystems, CA, 
US). The relative mRNA expression level was calculated by the 
comparative 2− ΔΔCt method and normalized against GAPDH 
mRNA. For reverse transcription-PCR analysis, amplification 
was done for 33 cycles, each with denaturation at 95°C for 30 
s, annealing at 60°C for 30 s and extension at 72°C for 30 s. The 
products were analyzed using 1.5% agarose gel electrophoresis. 
The images were scanned with Tanon ultraviolet imaging system 
(Tanon-5200Multi, Shanghai, China) and data were analyzed 
using ImageJ software.

Electrophoretic mobility shift and supershift assays

Oligonucleotide probes with putative TFE3 binding sites on 
PRKN promoter were synthesized, annealed, and labeled by 
biotin. Each labeled probe was incubated 5 μg of HEK293T 
nuclear extract and processed for EMSA. Supershift assays 
were also performed and, in each reaction, 1–1.5 μg of TFE3- 
specific antibodies were added to the probe/nuclear extract 
mixture and incubated for 20 min at room temperature. For 
competition, 100-fold excess of unlabeled oligonucleotide was 
incubated with nuclear extract before adding labeled or non-
specific oligonucleotide. Shift reactions were loaded onto 6% 
polyacrylamide gel and run at 170 V (at 4°C) for 4 h in 
0.5× Tris/Boric Acid/EDTA (TBE) buffer. Results were 
obtained in the chemical system. The sequence of Probes are 
as follows:

Probe1: (Bio-5ʹ-gatgtgagcaggaggtctgga-3ʹ
3ʹ-ctacactcgtcctccagacct-5ʹ-Bio)
Probe2: (Bio-5-cctccgcgcgtgcgcattcc-

tagggccgggcgcgggggcggg-3
3-ggaggcgcgcacgcgtaaggatcccggcccgcgcccccgccc-5-Bio)

Luciferase activity assays

Luciferase assay for transcriptional activity of HRE-luciferase was 
performed as previously reported. In brief, HEK293T cells were 
grown to 90% confluence, and then plasmid constructs were co- 
transfected with an internal control vector pRL-TK (Promega, 
E2241) (100:1 ratio) into the cells using Lipofectamine 2000 
(Invitrogen, 11668019). After 48 h, cells were harvested and 
luciferase activity was quantified using GloMaxTM 96 
Microplate Luminometer (Promega, Madison, WI, USA).

Mitochondrial fractionation

Mitochondria were isolated with the Mitochondria Isolation Kit 
for Cultured Cells (Pierce, 89874) according to the manufac-
turer’s instructions. Cells and isolated mitochondria were lysed 
with lysis buffer A (20 mM Tris, pH 7.4, 150 mM NaCl, 2 mM 
EDTA, 1% Triton X-100 with protease and phosphatase inhibi-
tors) for 20 min at 4°C. Protein concentrations were measured 
with BCA protein assay kit (Pierce, 23225) according to the 
manufacturer’s instructions, and 10 μg of protein was loaded 
on 4–12% SDS-PAGE gels. Primary antibodies were added for 
16 h at 4°C and secondary antibodies for 1 h at room tempera-
ture. Antibody binding was detected with SuperSignal West Pico 
Chemiluminescent Substrate (Pierce, 34579).

Nuclear isolation

Nuclei were isolated with NE-PER™ Nuclear and Cytoplasmic 
Extraction Reagents (Thermo Fisher Scientific, 78835) accord-
ing to the manufacturer’s instructions. Briefly, cells were 
harvested by centrifuging at 500 g for 5 min after digested 
with trypsin-EDTA; The pellet was suspended with cytoplas-
mic extraction reagent I and cytoplasmic extraction reagent II 
and vortex vigorously and subjected to centrifuging at 
16,000 g for 5 min and the supernatant was cytoplasmic 
extract; The pellet was suspended with nuclear extraction
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reagent and subjected to centrifuging at 16,000 g for 10 min, 
the supernatant was nuclear extract. And then, nuclear extract 
and cytoplasmic extract were subjected to western blot.

Mitophagy assay

To detect mitophagy, the Mitophagy Detection Kit (Dojindo 
Molecular Technologies, MD01) was used according to the 
manufacturer’s protocol. Mtphagy Dye, a reagent for detec-
tion of mitophagy, and MitoBright (Dojindo Molecular 
Technologies, MT07) or MitoTracker Deep Red (Invitrogen, 
M24426), used for staining of healthy mitochondria to allow 
accurate quantification of damaged mitochondria.

ATP assay

The ATP level was quantified with ATP assay kit (beyotime, 
S0026). Briefly, lysates from UOK120 cell in presence or 
absence of shRNA. Samples were mixed with luminescent 
solution. The luminescence was measured by GloMaxTM 96 
Microplate Luminometer (Promega, Madison, WI, USA). 
Values were normalized to protein content measured by the 
BCA protein assay kit (Vazyme, E112-01).

Profiles of mitochondrial respiration

shRNA (NC)- or shRNA (TFE3)-infected cells were seeded at 
a density of 3,000 cells/well. The cells were then changed to XF 
base medium (Agilent technology, 102535–100) containing 
25 mM glucose, 4 mM L-glutamine, pH 7.4 and kept at 37°C 
without CO2 for 1 h. To detect the mitochondrial respiration, 
oxygen consumption rate (OCR) was recorded when cells were 
metabolically perturbed by the sequential injections of oligomycin 
(1 μM, final concentration; Agilent technology, 103260–100), 
carbonyl cyanide p-(trifluoromethoxy) phenylhydrazone (FCCP, 
1.5 μM, final concentration; Agilent technology, 103260–100), 
and rotenone-antimycin A (0.5 μM, final concentration; Agilent 
technology, 103260–100). Mitochondrial respiration and glycoly-
sis in indicated cells were recorded using a Seahorse Bioscience 
XF96 (Agilent technology, North Billerica, MA, USA).

CCK-8 cell proliferation assay

UOK-120 cells transfected with indicated shRNA for 72 h and 
then were seeded in 96-well (2000 cells/well) plates and incubated 
for 72 h at 37°C and 5% CO2. Cell viability was determined by 
measuring dehydrogenase activity. We changed the medium and 
applied 100 μL of serum-free medium with 10 μL of WST-8 
(2-[2-methoxy-4-nitrophenyl]-3-[4-nitrophenyl]-5-[2,4-disulfo-
phenyl]-2 H-tetrazolium sodium salt; Dojindo Molecular 
Technologies, CK04) to each well and incubated the cells for 1  
h at 37°C and 5% CO2 to allow the formation of a formazan salt. 
The absorbance was measured at λ = 450 nm using a Micro Plate 
Reader (SpectraMax M3, Molecular Devices, USA).

Plate colony-formation assay

Cells were seeded in 6-well plates; each group had three repli-
cate wells and contained 800 cells/well. After 10 d, the cell

colonies were visible to the naked eye. The cells were stained 
with Giemsa Stain solution (Solarbio, G1015), and the number 
of visible colonies containing >50 cells were quantified.

Analysis of apoptosis and cell cycle distribution using 
flow cytometry

Following treatment, Cell apoptosis was analyzed by an 
ANXA5/annexin V-FITC and PI staining kit (Vazyme, 
A211-01) according to the manufacturer’s instructions. For 
cell cycle analysis, the cells were trypsinized, washed with PBS, 
and fixed in 70% ethanol at −20°C for 4 h. Cell cycle distribu-
tion analysis was performed using a cell cycle detection kit 
(BD Biosciences, 550825). The cells were incubated with pro-
pidium iodide at room temperature for 30 min in the dark. 
The cell cycle was analyzed using FlowJo software (v7.0) on 
a FACSCcalibur flow cytometer (BD Biosciences, USA).

Measurement of the change of mitochondrial membrane 
potential

Changes of MMP were monitored using a mitochondrial 
membrane potential assay kit containing the lipophilic catio-
nic probe JC-1 (Beyotime, C2006). In this study, UOK120 
cells were cultured overnight in glass-bottom dish at 
a density of 2 × 104 cells/well in 200 μL of culture medium. 
After the indicated treatments, the cells were incubated with 
JC-1 dye for 30 min at 37°C in the dark and rinsed twice with 
ice-cold JC-1 buffer solution. Then, the cells were image JC-1 
fluorescence using confocal microscope.

MitoTracker, MitoSOX Red and LysoTracker label

UOK120 and UOK120 PRCC-TFE3 knockdown cells were 
loaded with 100 nM MitoTracker Deep Red (MTDR, 37°C, 
30 min) to measure mitochondrial distribution, or with 
LysoTracker Red DND-99 (100 nM, 37°C, 30 min; Invitrogen, 
L7528) to label lysosomes, followed by a wash with warmed PBS. 
To measure mitochondrial reactive oxygen species (ROS) levels, 
cells were loaded with 10 µM MitoSOX Red (37°C, 20 min; 
Invitrogen, M36008), which is a mitochondrial superoxide indi-
cator. The cells were incubated in extracellular medium (145 mM 
NaCl, 5 mM KCl, 1.8 mM CaCl2, 0.8 mM MgCl2, 10 mM HEPES, 
pH 7.2, 10 mM glucose, 0.1% BSA) and live-imaged immediately. 
The excitation and emission wavelengths for each fluorophore 
were selected according to the manufacturer’s instructions. The 
fluorescence intensity of each tracer in various conditions was 
expressed as intensity (OD) versus control cells. All data were 
acquired from experiments with at least 3 replicates. For cells with 
each treatment, at least 10 cells were quantified.

MitoTimer fluorescence

UOK120 and UOK120 PRCC-TFE3 knockdown cells transfected 
with MitoTimer for 24 h or 48 h, and live-imaged with a Olympus 
FV3000 Confocal Laser Scanning Microscope. MitoTimer trans-
fected cells were excited in 2 channels via 2 sequential wavelengths 
(488 nm, green; 561 nm, red). The ratio of red: green 
(561:488 nm)-excited timer fluorescence was calculated as an
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index of mitochondrial turnover. All data were acquired from 
experiments with at least 3 replicates. For each genotype, at least 
10 cells were imaged from 3 different experiments. The fluores-
cence intensity of labeled cells was analyzed with Image pro plus.

Statistical analysis

Statistical analyses were performed using Student’s two-tailed 
t-test or One-way ANOVA with Dunnett posttests. Data were 
represented as mean ± s.e.m of 3 independent experiments (bio-
logical replicates). Values of p < 0.05 were considered as 
significant.
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