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Abstract
Renal cell carcinoma with Xp11.2 translocation involving the TFE3 gene (TFE3-RCC) 
is a recently identified subset of RCC with unique morphology and clinical presenta-
tion. The chimeric PRCC-TFE3 protein produced by Xp11.2 translocation has been 
shown to transcriptionally activate its downstream target genes that play important 
roles in carcinogenesis and tumor development of TFE3-RCC. However, the underly-
ing molecular mechanisms remain poorly understood. Here we show that in TFE3-
RCC cells, PRCC-TFE3 controls heme oxygenase 1 (HMOX1) expression to confer 
chemoresistance. Inhibition of HMOX1  sensitized the PRCC-TFE3 expressing cells 
to genotoxic reagents. We screened for a novel chlorambucil–polyamide conjugate 
(Chb) to target PRCC-TFE3-dependent transcription, and identified Chb16 as a PRCC-
TFE3-dependent transcriptional inhibitor of HMOX1 expression. Treatment of the 
patient-derived cancer cells with Chb16 exhibited senescence and growth arrest, and 
increased sensitivity of the TFE3-RCC cells to the genotoxic reagent etoposide. Thus, 
our data showed that the TFE3-RCC cells acquired chemoresistance through HMOX1 
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1  |  INTRODUC TION

Renal cell carcinoma associated with the Xp11.2 translocation 
(TFE3-RCC) is a recently identified subset of renal carcinoma with 
distinctive morphological characteristics common to papillary 
RCCs.1–3 TFE3-RCC are more common in pediatric patients, compris-
ing from 25% to 40% of cases in children and young adults compared 
with 2%–5% of adult cases.4,5  The TFE3  gene located at Xp11.2 
forms a fusion protein, which is thought to play an important role in 
carcinogenesis and tumor development in TFE3-RCC.2 Several TFE3 
chimeras, including PRCC-TFE3, ASPSCR1-TFE3, SFPQ-TFE3, NONO-
TFE3, RBM10-TFE3, and CLTC-TFE3 have been found to be clinically 
associated with TFE3-RCC.2,6–9 All of the chimeric TFE3 genes iden-
tified in TFE3-RCC are known to retain the TFE3 DNA binding and 
transcriptional motif, and clinical data have shown that all the TFE3 
fusion proteins accumulate in the nucleus, indicating that these fu-
sion proteins are highly activated within the tumor and act as on-
cogenes.6,9,10  Thus, transcriptional regulation of the TFE3 fusion 
proteins is an important molecular mechanism that contributes not 
only to tumor development but also to the malignant characteristics 
of TFE3-RCC.

TFE3 is a member of the MiT family of transcription factors that 
controls multiple genes involved in lysosome biogenesis, autophagy, 
and cellular energy homeostasis, and have key roles in these cellular 
functions.11–14 In addition, TFEB, another MiT family member, has 
also been shown to be involved in cell-cycle progression by mod-
ulating p21 or CDK4/Rb.15,16 Both TFE3 and TFEB are stabilized 
in response to DNA damage stress through activation of the p53 
transcriptional program.17  TFE3 and TFEB transcription, together 
with the p53 axis, coordinate to induce apoptotic cell death more 
efficiently.17 The broad functionality of the MiTF/TFE3/TFEB tran-
scription factor family suggests that the hyperactive nature of the 
TFE3 fusion proteins is responsible for the growth phenotypes in 
these tumors. To what extent TFE3-RCC tumor survival is depen-
dent on the transcriptional activity of the TFE3 fusion proteins re-
mains unknown.

We have recently generated a model of Xp11.2 translocation 
RCC by targeted the expression of PRCC-TFE3 in mouse kidneys and 
showed that the mouse model develops kidney tumors with similar 
morphological characteristics to human TFE3-RCC.18 Analyzing the 
mouse model and PRCC-TFE3 expressing cells derived from the pa-
tient, we confirmed that GPNMB is a direct target of PRCC-TFE3 
and showed that inhibition of the Ret pathway, which is upregu-
lated in the mouse PRCC-TFE3  kidney tumor, ameliorated tumor 

cell growth in vivo.18 In this study, we further analyzed the tran-
scriptome data from Xp11.2 tRCC mouse kidneys by focusing on 
the pathways controlled by PRCC-TFE3 transcription. Our analyses 
revealed that PRCC-TFE3 expressing mouse kidneys demonstrated 
a p53 pathway enrichment, as well as an apoptosis signature. We 
identified HMOX1 (heme oxygenase 1) as a downstream transcrip-
tional target of PRCC-TFE3, and showed that HMOX1 expression 
confers chemoresistance against various genotoxic stresses such 
as reactive oxygen species (ROS) and etoposide in PRCC-TFE3 ex-
pressing cells. Here we designed a novel chemical inhibitor based 
on chlorambucil-conjugated PI polyamide (Chb) to inhibit PRCC-
TFE3 transcription, and showed that combination treatment of 
Chb16 with a cancer drug has a synergistic effect that enhances 
cytotoxicity in TFE3-RCC, thereby suggesting a potential use in 
TFE3-RCC therapy.

2  |  MATERIAL S AND METHODS

2.1  |  Cell culture

HK2 cell lines that express HA-PRCC-TFE3 in a doxycycline-
dependent manner have been described previously.19 HEK293 cell 
lines expressing HA-PRCC-TFE3 in a doxycycline-dependent manner 
were established using the Flp-In T-Rex System (Invitrogen).18 The 
patient-derived TFE3-RCC cell lines, UOK120, UOK124, and 
UOK146 cell harboring PRCC-TFE3 translocation have been de-
scribed previously18 and were cultured in DMEM 10% FCS. PRCC-
TFE3, p53, or p21 knockdown was done using MiRE-based shRNA 
plasmid vectors. Briefly, SGEP plasmid (Addgene #111170) vec-
tors were cloned with shRNA-miRE sequences as described 
previously.20  TFE3-RCC cell lines were infected with the viral su-
pernatants, and the infected TFE3-RCC cells were selected with 
puromycin (Promega). The target sequences used for constructing 
shRNA-miRE are as follows:

shTFE3#1 5-TCAGATAAACAAATGAGGGGGT-3;
shTFE3#3 5-TATTATTTTAATCACAAACCTA-3;
shp53#1 5-TCCACTACAACTACATGTGTAA-3;
shp21#1 5-CTCAGTTTGTGTGTCTTAATTA-3.

For HMOX1  knockdown, the MISSION shRNA 
(TRCN0000290435 or TRCN000029043; Sigma) lentivirus plasmid 
vector (pLKO.1) was used.

expression and that inhibition of HMOX1 by Chb16 may be an effective therapeutic 
strategy for TFE3-RCC.

K E Y W O R D S
chemoresistance, HMOX1, PRCC-TFE3, pyrrole imidazole polyamides, Xp11.2 translocation 
renal cell carcinoma (TFE3-RCC)
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2.2  |  Chemical synthesis

PI polyamides were prepared in a stepwise reaction using the Fmoc 
solid-phase protocol as previously reported.21 Oxime resin was 
used for all syntheses. Chb 16 was prepared in accordance with a 
synthetic procedure previously reported.1 The PI polyamide with 
oxime resin was cleaved using N,N-dimethyl-1,3-propane diamine 
at 45°C for 3 h. The residue was dissolved in dichloromethane and 
washed with diethyl ether. Subsequently, the mixture of chloram-
bucil, benzotriazole-1-yl-oxy-tris-pyrrolidino-phosphonium hex-
afluorophosphate (PyBOP) and N,N-diisopropylethylamine (DIEA) 
in dimethylformamide (DMF) was added to the crude compound 
and stirred at room temperature for 1.5 h. After washing with di-
ethyl ether, the crude was purified by HPLC to obtain the target 
product.

2.3  |  Cellular viability assay

The cells were treated with or without etoposide (Tokyo Kasei 
Kogyo) or hydrogen peroxidase (Wako) with the indicated concen-
trations for an additional 2 days. The cells were washed with PBS 
once and calcein-AM (0.5 μM; Toyobo) was added for 30 min. The 
calcein fluorescence (Ex. 500 nm, Em. 520 nm) was detected using a 
microplate reader (Synergy H; Bio Teck) and the viability was calcu-
lated based on vehicle-treated cells (%).

2.4  |  Gene set enrichment analysis

The microarray data from the NCBI GEO database under acces-
sion number (GSE130072) were reanalyzed using a different gene 
set with gene set enrichment analysis (GSEA) software as described 
previously. 22

2.5  |  Reverse transcription (RT) and real-time 
polymerase chain reaction (PCR)

Total RNA was subjected to RT with the use of ReverTra Ace with 
genome remover (Toyobo). The cDNA was subjected to real-time 
PCR analysis with LightCycler 96 (Roche) using the Thunderbird 
SYBR qPCR Mix (Toyobo) or Luna Universal qPCR Master Mix 
(NEB) as described previously.18 All qPCR reactions were per-
formed with RPS18 as an internal control. Primer sequences are 
listed in Table S1.

2.6  |  Senescence-associated SA-β-gal assay

Cells were fixed and stained with S-β-gal using the SA-β-gal assay kit 
(Cell Signaling Technology) according to the manufacturer's proto-
col. Scales were 200 μm.

2.7  |  Western blotting

Western blotting analysis was performed as described previ-
ously.23 Primary antibodies were used as follows: p-mTOR(Ser2448) 
(D9C2; CST), p-mTOR(Ser2448) (D9C2; CST), β-actin (66009–1-Ig, 
Proteintech), mTOR (D9C2; CST), p-p70S6K(T389) (108D2;CST), 
p70S6K (49D7; CST), p-AKT(S473) (D9E; CST), AKT(pan) (C67E7; 
CST). The quantification of the band intensities was done using 
ImageStudio software (LI-COR Inc.).

2.8  |  Annexin V apoptosis assay

The cells were washed with annexin V buffer (5 mM Ca2+) and stained 
with annexin V-phycoerythrin (PE) (Biolegend) or annexin V-biotin 
(Biolegend) for 30 min at RT. For the staining with annexin V-biotin, 
cells were then washed with annexin V buffer and Cy3-streptavidin 
(Biolegend) was added for an additional 30 min. After washing, the 
cells were analyzed with BZ-X800 (Keyence). Scales were 100 μm.

2.9  |  Phospho-γH2AX staining

Cells were fixed with 4% paraformaldehyde for 5 min, washed with 
PBS, and permeabilized with 0.5% Triton X-100 containing 1% FBS. 
The cells were then washed and incubated with anti-phospho-
γH2AX antibody (Ser139) (Millipore) for 1 h. The cells were washed, 
and further stained with anti-mouse Alexa Fluor 488 antibody 
(Thermo Fisher). After washing, the cells were incubated and stained 
with Hoechst 33258 (Dojinjo) for 5 min and fluorescence analyzed 
using a BZ-X800 instrument (Keyence). Scales were 100 μm.

2.10  |  Caspase3/7 activity assay

The cells were incubated with etoposide for an additional 20 h be-
fore being analyzed using the caspase-Glo 3/7 assay (Promega), as 
described by the manufacturer. The luminescence measurement was 
normalized by the relative cell number measured by a replicate sam-
ple using resazurin fluorescence (λex = 560  nm and λem = 590  nm 
Synergy H, Bio Teck). The median effective concentration (EC50) for 
caspase activity was calculated by sigmoidal, 4PL regression using 
GraphPad Prism 9.

2.11  |  Statistical analysis

No statistical methods were used to predetermine sample size. 
Experiments were not randomized, and investigators were not 
blinded to allocation during experiments. Statistical analyses were 
done using the two-tailed unpaired Student's t-test, or Welch's t-test 
for unequal variance for comparisons between two groups. Analyses 
were performed by one-way analysis of variance (ANOVA), two-way 
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ANOVA, or two-way ANOVA followed by the Dunnett post-hoc 
test, Sidak post-hoc test, or the Holm–Bonferroni method for mul-
tiple group comparisons using Microsoft Excel or GraphPad Prism 
9. Differences were considered as significant based on a p-value of 
<0.05, unless otherwise stated.

3  |  RESULTS

3.1  |  PRCC-TFE3 upregulates HMOX1 expression 
and confers chemoresistance

We previously generated an Xp11.2 translocation RCC mouse 
model in which human PRCC-TFE3 transgene was expressed in 
mouse kidneys and reported that the Ret signaling pathway was 
enriched in these mouse kidneys.18  To identify additional signa-
tures enriched in response to PRCC-TFE3 expression in the Xp11.2 
tRCC mouse kidneys, we performed GSEA using the hallmark gene 
sets from the Molecular Signatures Database (MSigDB).22 This 
analysis revealed several notable signaling pathways that were 
highly enriched in the TFE3-RCC mouse kidneys including path-
ways involved in inflammation, innate immunity, cell cycle, apop-
tosis, hypoxia and mTORC1  signaling (Figure  S1 and Figure  1A). 
Importantly, the enrichment of signatures related to inflamma-
tion, hypoxia, mTOR signaling, and apoptosis was also observed 
in the human Xp11.2 translocation RCC clinical samples.9 MiT 
family genes including TFE3 and TFEB have been associated with 
stress response functions. Recently, it was shown that TFE3 and 
TFEB modulated p53 dependent apoptosis pathways in response 
to DNA damage.17 Thus, the MiT family gene transcription fac-
tors are thought to be associated with the control of expression 
of genes that respond to stress; however, the significance of their 
role as mediators of stress responsive pathways in TFE3-RCC 
is not well understood. We hypothesized that the enrichment 
for an apoptotic signature indicates higher expression of apop-
totic mediators, which can make tumor cells resistant to vari-
ous stresses that lead to apoptosis and contribute to cancer cell 
survival. To test this possibility, we first established an HK2 cell 
system (cell line established from human proximal tubules) that 
could express PRCC-TFE3 in a doxycycline-dependent manner, 
and treated the cells with etoposide or hydrogen peroxidase in 

order to examine the cytotoxic effect of these cell stress-inducing 
reagents (Figure 1B,C). HK2 cells treated with either reagent ex-
hibited cell death, whereas expression of PRCC-TFE3 before intro-
ducing these stress agents resulted in increased HK2 cell viability 
by 40% (etoposide) and 25% (hydrogen peroxidase), respectively 
(Figure 1C). These results suggested that HK2 cells in which PRCC-
TFE3 was expressed acquired resistance to etoposide- and hydro-
gen peroxidase-induced cytotoxicity.

Next, we asked how cells expressing PRCC-TFE3 acquired 
chemoresistance. Etoposide and hydrogen peroxidase both in-
duced cellular apoptosis that was mediated by the p53 pathway. 
Therefore, we evaluated GSEA hallmark genes for apoptosis and 
p53 pathways and identified 11 genes in common that were asso-
ciated with both signatures (Figure 1D). These genes are known to 
have functions in accelerating apoptosis (CASP1, ATF3, JUN, DDIT3), 
cell-cycle regulation (CDKN1A, CCND2), oxidative stress response 
(HMOX1), and others (F2R, BMP2, TAP1) (Figure 1D). CDKN1A (p21) 
has been reported as a direct target transcript of TFE3 fusion pro-
teins.24HMOX1 (heme oxygenase1) has multiple roles in controlling 
cellular oxidative stress, metabolism, autophagy, and inflamma-
tion, and mediates cellular processes for cell survival against var-
ious stresses.25 In addition, HMOX1 expression was shown to be 
involved in chemoresistance in tumor cells.26,27  We confirmed 
that HMOX1  mRNA expression was increased upon doxycycline-
dependent PRCC-TFE3 induction in HK2 and HEK293 cell lines, 
suggesting that PRCC-TFE3  may control HMOX1 expression in 
TFE3-RCC (Figure 1E). Furthermore, we found that HMOX1 mRNA 
was highly expressed in human TFE3-RCC samples (n = 11) included 
in The Cancer Genome Atlas (TCGA) data set, as well as GPNMB 
and Hexokinase2 (HK2), the transcriptional target genes of PRCC-
TFE3 (Figure S2). Therefore, we focused on addressing the hypoth-
esis that the PRCC-TFE3/HMOX1 axis controlled cellular survival 
in TFE3-RCC.

To examine if PRCC-TFE3 controlled HMOX1 transcrip-
tion in TFE3-RCC cells, we performed shRNA-mediated PRCC-
TFE3  knockdown in UOK120 and UOK124 cell lines, which are 
derived from human Xp11.2 translocation RCC with PRCC-TFE3 
fusions. Knockdown of PRCC-TFE3 expression reduced the HMOX1 
expression by 40%–50% in UOK120 and UOK124 cells (Figure 1F), 
indicating that PRCC-TFE3 controlled HMOX1 transcription. We 
also tested the effect of PRCC-TFE3 or HMOX1 inhibition on 

F I G U R E  1  PRCC-TFE3 confers resistance to genotoxic reagents through HMOX1. (A) GSEA plot of differentially expressed genes 
comparing PRCC-TFE3 expressing kidneys (Cre+) and control kidneys (Cre−) demonstrates significant enrichment in apoptosis and p53 
pathway signatures. FDR-q, false discovery rate q-value; NES, normalized enrichment score. (B) Schematic diagram showing the HK2 or 293 
cells system expressing PRCC-TFE3 in a doxycycline (dox)-inducible manner. (C) Cellular viability was measured with calcein-AM on PRCC-
TFE3 dox-inducible cells treated with etoposide or hydrogen peroxidase for 24 h (n = 3). (D) List of the genes as a core enrichment, which 
were commonly identified in both signatures in (A). (E) RT-qPCR analysis of HMOX1 mRNA in HK2 or 293 cells with or without doxycycline 
treatment for 48 h (n = 3). (F) RT-qPCR analysis of PRCC-TFE3, GPNMB, and HMOX1 in the patient-derived PRCC-TFE3 RCC cell lines 
(UOK120, UOK124) with PRCC-TFE3 knockdown (n = 3). (G, H) Cellular viability assay using calcein-AM on UOK120 and UOK124 cells in (F) 
treated with etoposide in (G) or peroxidase in (H) for 48 h (n = 3). (I) RT-qPCR analysis of HMOX1 mRNA in UOK124 cells stably expressing 
shRNA targeting HMOX1. (J) Cellular viability assay using calcein-AM on UOK124 cells in (I). treated with etoposide or peroxidase for 48 h 
(n = 3). Data are means ± SD. *p < 0.05, **p < 0.01 (the unpaired two-tailed Student's t-test, or Welch's t-test, two-way ANOVA, two-way 
ANOVA followed by the Sidak post-hoc test)
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chemoresistance in UOK120 and UOK124 cells. Etoposide treat-
ment of both cell lines showed a reduced viability; however PRCC-
TFE3  knockdown further enhanced the cytotoxicity (Figure  1G). 
Similar results were observed in both UOK cell lines with hydrogen 
peroxidase (Figure 1H). Therefore, our results suggested that PRCC-
TFE3 expression was responsible for chemoresistance in TFE3-RCC 
cells. Finally, to validate that the acquired chemoresistance was 

dependent on HMOX1 in UOK120 and UOK124 cells, we knocked 
down HMOX1 and repeated the same experiments (Figure  1I,J). 
These results confirmed that HMOX1 knockdown also enhanced cy-
totoxicity to etoposide and hydrogen peroxidase in both UOK cells 
(Figure  1I). Overall, our data suggested that Xp11.2 translocation 
RCC (tRCC) cells show chemoresistance that was mediated by the 
PRCC-TFE3/HMOX1 axis.



    |  2357FUNASAKI et al.

3.2  |  Identification of chlorambucil-conjugated PI 
polyamide (Chb16) for targeting TFE3 transcription

Clinically, most of the Xp11.2 translocation RCC tumors demon-
strated strong nuclear TFE3 staining, suggesting that chimeric TFE3 
proteins are constitutively activated in TFE3-RCC.6,9 We hypothe-
sized that inhibition of chimeric TFE3 transcriptional activity, which 
blocks the proposed acquisition of chemoresistance through the 
PRCC–TFE3/HMOX1 axis, might be an effective therapeutic strat-
egy for TFE3-RCC. PI polyamides are synthetic oligomers that can 
recognize specific DNA sequences by designing the PI pairs to the 
target site of the genome.28,29 Using the PI pairs targeting RUNX-
binding sequences conjugated to the nitrogen mustard alkylating 
agent, chlorambucil (Chb), we previously showed that Chb can 
efficiently inhibit the recruitment of RUNX family transcription 
factors to their binding sites and demonstrated their therapeutic 
potential for acute myeloid leukemia (AML) cells.21 We sought to 
take advantage of this technology to target the putative binding 
motifs of TFE3, and synthesized several Chb compounds harbor-
ing the PI pairs targeting putative TFE3 consensus sequences in-
cluding TCAYRTG and CAYRTGA (Figure  S3A and Figure  2A). All 
the Chb compounds were synthesized and purified using HPLC 
and the quality was confirmed using matrix-assisted laser desorp-
tion/ionization-time of flight mass spectrometry (MALDI-TOF/MS) 
(Figure 2B). We treated HK2 cells that expressed PRCC-TFE3 with 
these Chb compounds to test the inhibitory effect on the expres-
sion of GPNMB (glycoprotein nonmetastatic B), a well known direct 
transcriptional target gene of PRCC-TFE3 (Figure S3B). Treatment 
with Chb1 or Chb36 had only marginal or no inhibitory effect on 
GPNMB transcription upon PRCC-TFE3 expression (Figure  S3B). 
Chb8 and Chb16 both produced an inhibitory response at a higher 
dose, but only Chb16  showed a dose-dependent inhibitory ef-
fect on the expression of GPNMB (Figure S3B). Thus, we focused 
on Chb16 and further confirmed the inhibitory effect of Chb16 
on GPNMB mRNA in HK2 cells and also HEK293 cells expressing 
doxycycline-dependent PRCC-TFE3 (Figure 2C). We also validated 
the ability of Chb16 to inhibit another PRCC-TFE3 transcriptional 
target, HK2 (hexokinase 2) (Figure 2D).30 TFE3-RCC is frequently 
observed to have activated mTOR signaling, which has been re-
cently discussed as a potential therapeutic target for TFE3-RCC.31 
As expected, PRCC-TFE3 induction increased mTOR phospho-
rylation at Ser2448, and Chb16 was able to reduce the increased 
mTOR phosphorylation in a dose-dependent manner (Figure  2E). 
The well known mTOR downstream phosphorylation of AKT at 
Ser473,and p70 S6K at Thr389 also showed a similar response in 
a dose-dependent manner (Figure 2E). These results suggest that 
Chb16 may be effective in reducing mTOR activity in Xp11.2 tRCC 
tumor cells. Last, we confirmed that Chb16 inhibits the expres-
sion of HMOX1, which is upregulated by PRCC-TFE3 transcription 
(Figure  2F). Overall, these results suggested that Chb16 is effec-
tive in inhibiting the expression of multiple genes induced by PRCC-
TFE3 transcription, and may also be useful to control the target 
gene expressions in TFE3-RCC.

3.3  |  Chb16 induces cell-cycle arrest at G2/M in 
PRCC-TFE3 RCC cells

Next, we attempted to characterize how Chb16 exhibits its effect 
on the Xp11.2 tRCC cells that express PRCC-TFE3 using the patient-
derived TFE3-RCC cell lines, UOK120, UOK124, and UOK146. 
Chb16 treatment of the TFE3-RCC cell lines clearly showed reduced 
cell proliferation in a dose-dependent manner (Figure 3A). Growth 
inhibition was accompanied by cellular morphological changes to-
ward a more spreading, spindle-like shape (Figure  3B). We exam-
ined whether the growth inhibition and morphological changes 
were caused by apoptotic cell death by staining with annexin V 
(Figure 3C). We found no significant increase in annexin V-positive 
cells after Chb16 treatment, suggesting that the Chb16-treated cells 
were not dying through apoptosis (Figure 3C). In order to determine 
how cells were exhibiting growth arrest, we examined the cell cycle 
by BrdU incorporation and DNA staining. Chb16-treated cells had a 
significant increase in the G2/M phase in all Xp11.2 tRCC cell lines 
(Figure 3D–F). Collectively, these data indicated that Chb16 treat-
ment induced cell-cycle arrest at the G2/M phase in tRCC cells, but 
was not accompanied by apoptotic cell death.

3.4  |  Induction of the DNA damage response by 
Chb16 in PRCC-TFE3 cell lines

Next, we asked how growth arrest at G2/M in tRCC cells occurred 
following Chb16 treatment. At the G2/M phase transition, cells un-
dergo a mitotic checkpoint to ensure that they have error-free copies 
of DNA. Upon encountering DNA damage, cells stop at the G2/M 
checkpoint and correct the error to prevent its inheritance by the 
daughter cells, or they initiate the apoptotic process.32 It is com-
monly understood that DNA stress including inducers of physical 
damage (UV, irradiation, and hydrogen peroxidase), as well as com-
monly used cancer drugs (etoposide, cisplatin, etc.) may all act to 
initiate G2/M cell-cycle arrest, but when the damage is too severe 
to recover, the cells will undergo apoptosis. We hypothesized that 
the Chb16 effect on tRCC cells leading to the G2/M arrest is caused 
by activation of the DNA stress pathway. To test this possibility, 
we stained Chb16-treated TFE3-RCC cells with phospho-γH2AX 
and, indeed, found that Chb16 treatment showed an increase in 
phospho-γH2AX-positive cells, albeit with a milder effect compared 
with hydrogen peroxidase (Figure 4A,B). Compared with hydrogen 
peroxidase, which is a ROS generator that leads to a strong response 
to DNA damage, Chb16 is a relatively mild DNA stress inducer in 
TFE3-RCC cells.

The p53 pathway integrates stress responses, and initiates transcrip-
tional programs that govern diverse processes involving DNA repair, 
cell-cycle arrest, and apoptosis when cellular damage is too strong to re-
cover.33 We checked the mRNA expression levels of p53 and its transcripts 
that are normally upregulated in apoptosis (Figure 4C). Chb16 treatment 
increased p21 mRNA expression very strongly in a time-dependent man-
ner, but expression levels of other p53 target genes including BAX and 
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F I G U R E  2  Identification of Chlorambucil-conjugated PI polyamide (Chb16) for targeting TFE3 transcription. (A) Chemical structure of 
Chb16 and its putative DNA binding sequence. (B) MALDI-TOF MS spectrum of Chb16 which was purified by HPLC. (C, D) RT-qPCR analysis 
of PRCC-TFE3 target genes GPNMB (C) and hexokinase 2 (HK2) (D) on PRCC-TFE3 doxycycline-inducible HK2 or 293 cells with Chb16 
treatment in a dose-dependent manner (n = 3). (E) Western blotting analysis (left panel) of phospho-mTOR (ser2448), phospho-p70 S6K 
(Thr389), and pAKT(S473) on PRCC-TFE3 doxycycline-inducible 293 cells. Cells were pretreated with different dosages of Chb16 prior to 
doxycycline induction for 24 h. β-Actin serves as a loading control. Quantification of western blot band intensities (right panels, n = 3). (F) 
RT-qPCR analysis of HMOX1as in (C) (n = 3). Data are means ± SD. *p < 0.05, **p < 0.01 (the unpaired two-tailed Student's t-test, or Welch's 
t-test corrected by the Holm–Bonferroni method for multiple comparisons)
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PUMA were upregulated but to a lesser extent (Figure 4C). No change in 
p53 mRNA expression itself was observed (Figure 4C). These results are 
consistent with a milder effect of Chb16 on DNA damaging responses. 
Taken together, we conclude that Chb16 treatment leads to a weak DNA 
damage response in tRCC cells, which may be mediated by the p21-
dependent pathway leading to growth arrest.

3.5  |  Chb16 induces cellular senescence in PRCC-
TFE3 cell lines

Growth arrest at the G2/M checkpoint can be transient, but also 
leads cells to stop terminal cellular proliferation through senescence. 
Given that the Chb16-treated cells changed morphology to a spread-
ing, spindle-like transitional shape, a morphological phenotype remi-
niscent of senescence (Figure 3B), we speculated that a prolonged 
treatment with Chb16  may also induce terminal proliferation ar-
rest in TFE3-RCC cells by undergoing cellular senescence. Indeed, 
PRCC-TFE3 cells treated with Chb16 for 4 days showed an increased 
number of senescence-associated beta-galactosidase (SA-β-gal) 
positive cells, which increased in a Chb16 dose-dependent manner 
(Figure 5A,B). Lamin B1  loss is another marker for cells undergoing 
cellular senescence,34 and consistently Chb16-treated cells showed 
reduced lamin B1  mRNA expression in a time-dependent manner 
(Figure 5C). The senescent phenotype is not limited to an arrest of 
cell proliferation but is often associated with widespread expres-
sion and secretion of inflammatory proteins, which is known as the 
SASP.35  We thus checked expression levels of the SASP-related 
genes (IL-1β, IL6, and IL8) and confirmed increased expressions in 
response to Chb16 treatment in TFE3-RCC cells (Figure 5D). Taken 
together, these data suggested that growth arrest by a prolonged 
Chb16 treatment in UOK cells expressing PRCC-TFE3 is accompa-
nied by cellular senescence, which appears to cause morphological 
changes as well.

3.6  |  Chb16-induced cellular senescence is 
dependent on p21 pathway and contributes to 
reduced proliferation

We next asked whether senescence following Chb16 treatment is re-
sponsible for the reduced cell proliferation. While various upstream 

pathways are known to mediate an induction of senescence accom-
panied by the DNA damage response, p53 and p21 often play critical 
roles in controlling the senescence-associated phenotypes. During 
the DNA damage response p53 activity controls p21 to activate 
downstream pathways.36 Given that p21 mRNA is notably expressed 
in response to Chb16 treatment (Figure 4C), we hypothesized that 
increased p21 expression or p53 activity that controls p21 is respon-
sible for the Chb16-induced cellular senescence and subsequent 
proliferation arrest.

To test this possibility, we first knocked down p53 or p21 in 
UOK124 and UOK146 cells using an infection of lentivirus contain-
ing shp53 or shp21 (Figure 6A), and treated the cells with Chb16. 
In both cases, Chb16-treated TFE3-RCC cells with p53 or p21 ex-
pression had more SA-β-gal-positive cells than the untreated cells, 
whereas Chb16 treatment of p53 or p21-knockdown TFE3-RCC cells 
resulted in a greater number of SA-β-gal-positive cells, but not to the 
level seen in Chb16-treated p53 or p21 expressing cells, suggesting 
that both p53 and p21 pathways are partially involved in Chb16-
induced senescence (Figure 6B,C). We also tested the knockdown 
effect on cellular proliferation. While p53 knockdown has a minimal 
effect on proliferation arrest, p21 knockdown partially rescued the 
proliferation arrest in TFE3-RCC cells (Figure 6D). These data con-
sistently show that the p21 mRNA is upregulated more significantly 
after Chb16 treatment than p53 mRNA. Thus, Chb16-induced pro-
liferation arrest depends more on p21 expression than on p53, and 
p21 is partially responsible for the efficient induction of the Chb16-
induced proliferation arrest.

3.7  |  Combined treatment of Chb16 with etoposide 
sensitized tRCC cells for apoptosis

Chemoresistance that involves the PRCC-TFE3/HMOX1 axis 
would predict that inhibition of this axis combined with commonly 
used cancer drugs may give Xp11.2 tRCC cells more vulnerability. 
Etoposide is a widely used cancer drug used also in RCC chemo-
therapy that causes cellular apoptosis through topoisomerase 
II inhibition, thereby inducing DNA stress.37  We reasoned that 
Chb16 treatment to inhibit PRCC-TFE3 transcription and induce 
mild DNA stress may augment the efficacy of etoposide-induced 
apoptosis in tRCC cells. To validate this argument, we first treated 
tRCC cells with etoposide following treatment with a gradient 

F I G U R E  3  Chb16 induces proliferation arrest at G2/M in PRCC-TFE3 RCC cell lines. (A) Cell proliferation curves of PRCC-TFE3 RCC cells 
treated with the different dosages of Chb16 (n = 3). (B), Representative pictures of UOK124 cells treated with Chb16 for 3 days. Scale bars, 
200 μm. Inset scale bar, 50 μm. (C) Annexin V staining of UOK124 cells with Chb16 treatment for 24 h (left panel). Etoposide (ETP)-treated 
cells serve as an apoptotic cell control. Merged images in which nuclei are stained with Hoechst 33258 are also shown. Scale bars, 50 μm. 
Number of annexin V-positive cells (%) are shown (right panel; n = 3). (D) Cell-cycle analysis of UOK120 cells treated with Chb16 (1 μM) for 
24 h. Cells were labeled with BrdU for 90 min, fixed, and stained with phycoerythrin (PE)–conjugated antibodies to BrdU. Nuclear DNA was 
stained with 7-AAD, and the cells were then analyzed by flow cytometry. Representative flow cytometric analysis is shown on the left (top: 
control; bottom: Chb16 (1 μM)), and its relative cell-cycle phases were shown on the right (n = 3). (E, F) Cell-cycle analysis of UOK124 cells 
(E) and UOK146 cells (F) in experiments similar to that shown in (D). Data are means ± SD. *p < 0.05, **p < 0.01; ns, not significant (two-way 
ANOVA followed by the Dunnett post-hoc test, one-way ANOVA)
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dose of Chb16 for 24 h. Interestingly, while Chb16 treatment alone 
did not induce apoptosis, the combined treatment of etoposide 
with Chb16 increased the number of apoptotic cells in a Chb16 

dose-dependent manner (Figure  7A). Thus, our data suggested 
that Chb16 enhanced etoposide-induced apoptosis in tRCC cells. 
Next, we sought to test if this Chb16 effect is observed in other 



    |  2361FUNASAKI et al.

cell types that have no PRCC-TFE3 expression. We tested the 
combined treatment of Chb16 in renal cell lines without PRCC-
TFE3 translocation (HK2 and 786-O) and interestingly found that 
Chb16 has no additional effects on etoposide-induced apoptosis 
in these cells (Figure 7B,C). Notably, etoposide-induced apopto-
sis more efficiently in non-TFE3-RCC, renal tubule derived cells 
in the absence of Chb16 treatment, which was not further en-
hanced by Chb16 (Figure 7B,C), indicating that renal cells without 
PRCC-TFE3 are more sensitive to the cancer drug. Consistently, 
a knockdown of PRCC-TFE3  mRNA in TFE3-RCC cells showed 
much more efficient apoptosis induction by etoposide, similar 
to the level seen in the non-tRCC cells (Figure  7D). In PRCC-
TFE3 RCC, pre-treatment of Chb16 together with etoposide 

augmented apoptosis to the same extent as in PRCC-TFE3 knock-
down cells (Figure 7D). We further confirmed a similar effect on 
the caspase 3/7 activity in UOK120 cells (Figure 7E). Consistent 
with annexin V results in Figure 7D, etoposide-induced caspase 
3/7 activity was enhanced with Chb16 by 2.5-fold (EC50 for ETP 
is 15.3 μM versus EC50 for ETP +Chb16 is 6.15 μM) in UOK120 
cells (Figure  7E). Knockdown of PRCC-TFE3 also demonstrated 
the enhancement of caspase 3/7 activation by ETP to an extent 
similar to Chb16 treatment (EC50 for ETP is 3.74 μM) (Figure 7E). 
Furthermore, Chb16 treatment did not show enhancement of cas-
pase 3/7 activity in TFE3 knockdown UOK120 cells (EC50 for ETP 
+ Chb16 is 5.22 μM). Caspase 3/7 activity was not increased by 
Chb16 treatment alone even at a high concentration (Figure S4). 

F I G U R E  4  Induction of DNA damage 
responses by Chb16 in PRCC-TFE3 RCC 
cell lines. (A, B) UOK120 cells (A) or 
UOK124 cells (B) treated with Chb16 
(1 μM) or hydrogen peroxidase (500 μM, 
positive control) were immunostained 
with anti-phospho-γH2AX antibodies. 
Representative merged images in which 
nuclei were stained with Hoechst 33258 
are also shown (left panel). Scale bars, 
100 μm. The percentage of phospho-
γ-H2AX-positive cells was calculated 
(right panel, n = 3). (C) Expression of 
p53 downstream genes was analyzed by 
RT-qPCR in PRCC-TFE3 RCC cell lines 
after treatment with Chb16 (1 μM) for 
the indicated time course (n = 3). Data 
are means ± SD. *p < 0.05, **p < 0.01 
(Welch's t-test corrected by the 
Holm–Bonferroni method for multiple 
comparisons)

F I G U R E  5  Chb16 induces cellular senescence in PRCC-TFE3 RCC cells. (A, B) Three different PRCC-TFE3 RCC cell lines UOK120, 
UOK124, and UOK146 were treated with indicated concentrations of Chb16 for 4 days and stained for SA-β-gal activity (blue). The 
representative microscopy images are shown in (A). The bright field images were used for determination of the proportion of senescent cells 
in (B). Scale bars, 100 µm. (C) RT-qPCR analysis of laminB1 mRNA was analyzed in PRCC-TFE3 RCC cells after treatment with Chb16 (1 μM) 
for the indicated time course (n = 3). (D) RT-qPCR analysis of SASP factor mRNAs was analyzed as in (C). Data are means ± SD. *p < 0.05, 
**p < 0.01 (the Welch's t-test corrected by the Holm–Bonferroni method for multiple comparisons)
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These results confirmed that Chb16 enhanced etoposide-induced 
apoptosis in TFE3-RCC cells, and this augmentative effect relied 
on PRCC-TFE3 expression.

Overall, we have shown that the PRCC-TFE3 transcription 
plays a role in conferring chemoresistance through the expres-
sion of genes such as HMOX1. A novel PRCC-TFE3 transcriptional 
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inhibitor Chb16 acts by two mechanisms on TFE3-RCC cells. First, 
inhibition of the PRCC–TFE3/HMOX1 axis reduced the acquired 
chemoresistance. Chb16 treatment alone also shows prolifera-
tion arrest on TFE3-RCC cell lines, which is based on mild DNA 
stress activation and cellular senescence (Figure  7F). Treatment 

with Chb16 together with a genotoxic cancer drug augmented 
the accumulation of DNA damage from the Chb16  stress, while 
it also directly sensitized cells to apoptosis through inhibition of 
the PRCC–TFE3/HMOX1 axis (Figure 7F). By taking advantage of 
these mechanisms, Chb16  might be used in combination with a 

F I G U R E  6  Chb16-induced cellular senescence is dependent on p21 pathway in PRCC-TFE3 RCC cells. (A) RT-qPCR analysis of p21 or 
p53 mRNA was analyzed in PRCC-TFE3 RCC cells stably expressing shRNA targeting luciferase (shLuc), p21 (shp21) or p53 (shp53). The 
shLuc serves as a non-target control (n = 3). (B) PRCC-TFE3 RCC cells stably expressing shLuc, shp21 and shp53 were treated with Chb16 
(1 μM) for 4 days, and stained for SA-β-gal activity (blue). The representative images were observed by microscopy (A). Scale bar, 100 µm. (C) 
The percentage of senescent (SA-β-gal-positive) cells in each condition shown (B) was calculated (n = 3). (D) Growth curves of PRCC-TFE3 
RCC cells stably expressing shRNA targeting luciferase (shLuc), p21 (shp21) and p53 (shp53) with or without Chb16 (1 μM) (n = 3). Data are 
means ± SD. *p < 0.05, **p < 0.01 (the unpaired two-tailed Student's t-test, two-way ANOVA followed by the Sidak post-hoc test)

F I G U R E  7  Chb16 treatment abrogates PRCC-TFE3 dependent chemoresistance of PRCC-TFE3 RCC cells. (A) Annexin V staining analysis 
of UOK120 cells which were treated with indicated concentrations of Chb16 for 24 h, followed by etoposide treatment (ETP; 150 μM) for 
24 h. Merged images in which nuclei are stained with Hoechst 33258 are also shown (left panel). Scale bars, 50 μm. Annexin V-positive 
cells (%) were counted (right panel) (n = 3). (B, C) Annexin V staining analysis of HK2 (B) and 786-O (C) cells which were treated with or 
without Chb16 (3 μM) for 24 h, followed by etoposide (ETP) treatment for 24 h. Merged images in which nuclei are stained with Hoechst 
33258 are also shown (left panels). The annexin V-positive cells (%) were counted (right panels) (n = 3). (D) The same experiments shown in 
(B) and (C) were performed on stably expressing shTFE3 or control shLuc expressing UOK120 cells, which were treated with Chb16 (1 μM) 
for 24 h followed by etoposide treatment (ETP; 150 μM). Scale bars, 50 μm. Data are means ± SD. *p < 0.05, **p < 0.01; ns, not significant 
(two-way ANOVA followed by the Holm–Bonferroni post-hoc test). (E) Caspase 3/7 activity luminescence (RLC) was measured by caspase-
Glo 3/7 assay, which was normalized by cell number (resazurin fluorescence: λex = 560 nm and λem = 590 nm), (n = 3). The EC50 values were 
calculated by sigmoidal, 4PL regression analysis. (F) The proposed mechanism by which PRCC-TFE3 RCC cells acquire chemoresistance 
and the effect of Chb16. Briefly, PRCC-TFE3 confers chemoresistance through expression of downstream genes including HMOX1. Chb16 
inhibits its transcription to reduce chemoresistance from genotoxic agents such as etoposide. Chb16 also exhibits DNA stress to enhance 
the cytotoxicity of a cancer drug such as etoposide
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therapeutic agent such as etoposide to selectively target cancer 
cells for apoptosis, suggesting that such a combination of agents 
may provide a novel therapeutic approach for advanced forms of 
TFE3-RCC.

4  |  DISCUSSION

The heterogeneous morphologies and limited availability of 
the Xp11.2 translocation RCC (TFE3-RCC) models hinders our 
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understanding of the characteristics of TFE3-RCC that contrib-
ute to tumorigenesis.6 The findings reported here support a novel 
mechanism in which an oncogenic TFE3 fusion protein controls 
HMOX1 expression to confer chemoresistance in TFE3-RCC cells. 
In addition, we have identified a novel PRCC-TFE3 transcriptional 
inhibitor, Chb16, and demonstrated that Chb16 use can reduce ac-
quired chemoresistance in PRCC-TFE3 expressing RCC cell lines. 
Combination treatment of Chb16 with etoposide enhanced the 
etoposide cytotoxicity, underscoring the importance of targeting 
the PRCC–TFE3/HMOX1 axis for maximum efficacy of the cancer 
drug. The finding that Chb16 treatment sensitized cells to etoposide 
highlights the potential of Chb16 combination chemotherapy for 
treating PRCC-TFE3 RCC.

Cancer chemoresistance is a serious challenge. Multiple intra-
cellular mechanisms of chemoresistance have been identified in 
cancer, including multidrug transporters, oncogene activity, DNA 
repair, autophagy, epithelial–mesenchymal transition (EMT), and 
cancer stemness.38,39 In the current study, we have confirmed that 
PRCC-TFE3 controls HMOX1 expression and shown that inhibition 
of the PRCC–TFE3/HMOX1 axis sensitizes cells to genotoxic stress 
caused by etoposide or hydrogen peroxidase in TFE3-RCC cell lines. 
HMOX1 was originally identified as an enzyme that catalyzes the 
rate-limiting step in heme biosynthesis.40 HMOX1 also produces 
CO, ferrous ion, and biliverdin, all of which play a role in reduc-
ing oxidative stress and preventing cell apoptosis.40 Consistently 
higher expression of HMOX1  has been reported in various types 
of cancer such as hepatoma, melanoma, renal cancer, and brain 
cancer.41–44 Thus, HMOX1 function is not limited to its original bi-
ological role of catalyzing heme production but may have broader 
functions in mediating environmental stress for tumor cell survival 
and proliferation.

Activation of the NRF2 pathway, which detoxifies ROS stress 
is known to be an important mechanism to reduce ROS stress and 
damaged DNA in various types of tumor cells.45 HMOX1 is one of 
the well known downstream genes that is directly controlled by the 
NRF2 pathway, acting as an antioxidative stress response gene.46 
Upregulated NRF2 transcription has been reported in a sporadic 
papillary RCC.47 Notably, we found a potential upregulation of NRF2 
in our transcriptome data from the PRCC-TFE3 expressing mouse 
kidneys.18 It will be interesting to see whether HMOX1 expression 
by PRCC-TFE3 is also dependent on the NRF2 pathway. Additionally, 
MiT family proteins including TFEB and TFE3 have been previously 
shown to regulate stress responses by activating autophagy in re-
sponse to ROS.48–50 In a recent paper, PRCC-TFE3 RCC was found 
to be insensitive to killing by a mitochondrial ROS inducer through 
PRKN-dependent mitophagy.51 The functional relevance of HMOX1 
in reducing oxidative stress responses has not been well investigated 
in Xp11.2 translocation RCC tumor. Given that HMOX1 expression 
also participates in acquired resistance against hydrogen peroxidase 
treatment, HMOX1 expression in PRCC-TFE3 RCC may work more 
broadly against general environmental stress. Whether or not PRCC-
TFE3 coordination with the stress response pathways contributes to 
tumor development in vivo needs further investigation.

Xp11.2 translocation RCC is known to be an aggressive malig-
nancy with high rates of recurrence and metastasis.52 Given the 
lack of effective forms of therapy, the standard chemotherapies for 
clear cell RCC are commonly used for advanced TFE3-RCC tumors; 
however they are often refractory.53 Our results suggest that inhibi-
tion of the enhanced transcriptional activity of TFE3 fusion proteins 
could be a mechanism for reducing chemoresistance in TFE3-RCC 
which supports the development of potential inhibitors and their use 
in combination with current clinical therapies to increase sensitivity 
and efficacy for advanced TFE3-RCC patients.

We have approached the idea of targeting PRCC-TFE3 transcrip-
tional activity by designing a chemical inhibitor that binds to TFE3 con-
sensus sequences. The flat interaction surfaces of oligonucleotides and 
binding proteins often make it challenging to screen and design a syn-
thetic chemical inhibitor for a transcriptional regulator that can bind to 
its consensus sequence on DNA.54 Here, our approach was to design 
with PI-based Chb inhibitors that can target TFE3 binding sequences 
on DNA. One of the candidates from the group of designed chemi-
cal inhibitors, Chb16, showed inhibition of both GPNMB and HMOX1 
expression induced by PRCC-TFE3 transcription. To our knowledge, 
Chb16 is the first potential inhibitor for TFE3 transcriptional targets.

We would predict that Chb16 binds preferentially to the MiT/TFE 
consensus sequences (TCATGTG or CACATGA), which may be found 
frequently in other regions of the genome besides PRCC-TFE3 target 
gene promoters. Treatment with Chb16 alone showed stronger pro-
liferation arrest than was seen with PRCC-TFE3 mRNA knockdown 
in TFE3-RCC cells, suggesting that the proliferation arrest may be 
in part mediated through alternative mechanisms, possibly through 
Chb16 interaction with other regions. Consistent with this observa-
tion, Chb16 alone also induced a mild DNA damage response. This 
activation did not lead to p53-mediated apoptosis. Thus, Chb16 is 
not itself an inducer of apoptosis and is only responsible for G2/M 
arrest and potentially for cellular senescence. These kinds of off-
target effects may cause side effects in patients treated with Chb16 
alone or in combination with genotoxic chemotherapeutics. Chb16 
also inhibits physiological gene expression by endogenous MiT/TFE 
transcription factors in normal cells, which may also cause adverse 
effects in patients. Further work to evaluate the contribution of po-
tential Chb16 off-target binding would be necessary to identify and 
minimize the side effects of Chb16 treatment in a clinical setting.

To demonstrate an effective therapeutic strategy using Chb16 
in combination with a currently available cancer drug, we tested 
Chb16 with etoposide to induce apoptosis in TFE3-RCC cells. 
Notably, Chb16 treatment enhanced the cytotoxicity of etoposide 
in a PRCC-TFE3-dependent manner. Chb16 alone did not induce 
apoptosis even at high concentration. Therefore, Chb16 is synergis-
tic only when used in combination with etoposide where it increases 
cytotoxicity in PRCC-TFE3 expressing TFE3-RCC cells. p21 is the 
essential downstream effector for apoptosis in the p53 pathway. 
Chb16 treatment in PRCC-TFE3 RCC cells upregulated p21 mRNA 
expression at high level. Thus, the etoposide-induced apoptosis may 
also be augmented through increased activity of p53 downstream 
mechanisms, of which p21 may be an important mediator. Using a 
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combination strategy to selectively enhance cytotoxicity in TFE3-
RCC cells, a low dose of a cancer drug should be sufficient to mini-
mize the damage for non-cancer cells, while effectively eliminating 
the PRCC-TFE3 expressing cancer cells.

In summary, our data revealed a novel pathway in which PRCC-
TFE3 transcription is responsible for chemoresistance in Xp11.2 
translocation RCC. In addition, we have developed a potential 
chemical inhibitor of PRCC-TFE3 transcription, Chb16, using a novel 
PI-based approach, which can sensitize cancer cells to apoptosis 
when in combination with a cancer drug such as etoposide. Further 
improvement of the selectivity of this type of chemical inhibitor is 
still necessary. Overall, we propose that our identification of novel 
PIP-Chb-based inhibitors could provide the foundation for effective 
forms of therapy for advanced TFE3-fusion RCC and other types of 
translocation RCC tumors through targeting chemoresistance.
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