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Low expression of TRAF3IP2-AS1 promotes 
progression of NONO‑TFE3 translocation 
renal cell carcinoma by stimulating 
N6-methyladenosine of PARP1 mRNA 
and downregulating PTEN
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Abstract 

Background: NONO-TFE3 translocation renal cell carcinoma (NONO-TFE3 tRCC) is one subtype of RCCs associated 
with Xp11.2 translocation/TFE3 gene fusions RCC (Xp11.2 tRCCs). Long non-coding RNA (lncRNA) has attracted great 
attention in cancer research. The function and mechanisms of TRAF3IP2 antisense RNA 1 (TRAF3IP2-AS1), a natural 
antisense lncRNA, in NONO-TFE3 tRCC remain poorly understood.

Methods: FISH and qRT-PCR were undertaken to study the expression, localization and clinical significance of 
TRAF3IP2-AS1 in Xp11.2 tRCC tissues and cells. The functions of TRAF3IP2-AS1 in tRCC were investigated by prolifera-
tion analysis, EdU staining, colony and sphere formation assay, Transwell assay and apoptosis analysis. The regulatory 
mechanisms among TRAF3IP2-AS1, PARP1, PTEN and miR-200a-3p/153-3p/141-3p were investigated by luciferase 
assay, RNA immunoprecipitation, Western blot and immunohistochemistry.

Results: The expression of TRAF3IP2-AS1 was suppressed by NONO-TFE3 fusion in NONO-TFE3 tRCC tissues and 
cells. Overexpression of TRAF3IP2-AS1 inhibited the proliferation, migration and invasion of UOK109 cells which were 
derived from cancer tissue of patient with NONO-TFE3 tRCC. Mechanistic studies revealed that TRAF3IP2-AS1 acceler-
ated the decay of PARP1 mRNA by direct binding and recruitment of N6-methyladenosie methyltransferase complex. 
Meanwhile, TRAF3IP2-AS1 competitively bound to miR-200a-3p/153-3p/141-3p and prevented those from decreasing 
the level of PTEN.

Conclusions: TRAF3IP2-AS1 functions as a tumor suppressor in NONO-TFE3 tRCC progression and may serve as a 
novel target for NONO-TFE3 tRCC therapy. TRAF3IP2-AS1 expression has the potential to serve as a novel diagnostic 
and prognostic biomarker for NONO-TFE3 tRCC detection.
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Background
Xp11.2 translocation renal cell carcinoma (Xp11.2 
tRCC), also known as transcription factor binding to 
IGHM enhancer 3 (TFE3)-fusion associated RCC, is 
recently stratified in the MiT (microphthalmia transcrip-
tion factor) family tRCC as a new subset of RCC in the 
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2016 WHO classification [1]. Xp11.2 tRCC, which fea-
tures TFE3 fusion gene and poor prognosis of patients, 
is caused by several different translocations involving 
chromosome TFE3 with partner genes, including ASPL, 
PRCC , NONO and CLTC, as well as some other house-
keeping genes [2–6]. The fusion of NONO to TFE3, 
which is caused by X chromosome inversion inv(X)
(p11.2;q12)[5], contains 1–7 exons of NONO and 6–10 
exons of TFE3 [7]. TFE3-fusion proteins commonly 
retain the DNA binding domain (9–10 exons of wild type 
TFE3), indicating that these overexpressed TFE3-fusion 
proteins can function as oncogenic transcription factors. 
Accumulating evidence suggests that signaling pathways 
or proteins well implicated in carcinogenesis are regu-
lated by the TFE3 protein in part, including E-cadherin, 
mTORC1 signaling and folliculin signaling [8–10].

Long non-coding RNAs (lncRNAs) are a newly discov-
ered heterogeneous class of transcripts larger than 200 
nucleotides and limited protein-coding potential [10]. 
Recent research has reported that lncRNAs participate in 
diverse physiological and pathological processes, such as 
cell cycle, cell differentiation and metastasis [11]. A wide 
range of expression levels and distinct cellular distribu-
tions are characteristic features of lncRNAs, and thus, 
lncRNAs could function as a large and diverse class of 
regulators. For example, lncRNAs function as competing 
endogenous RNA (ceRNA) to regulate post-transcrip-
tionally expression target gene indirectly through absorb-
ing miRNAs in the cytoplasm [12], or to directly bind to 
or physically interact with target mRNA, leading to regu-
lation of translation or mRNA decay [13–15]. However, 
the potential molecular mechanism of lncRNAs associ-
ated with the oncogenesis of Xp11.2 tRCC is still unclear.

In our previous study, the chromatin immunoprecipi-
tation sequencing (ChIP-seq) data reveal that NONO-
TFE3 can bind to promoter region of TRAF3IP2 
antisense RNA 1 (TRAF3IP2-AS1) [16]. TRAF3IP2-
AS1, as a natural antisense lncRNA, is expressed from 
TRAF3IP2. As a member of the TNF receptor associ-
ated protein, TRAF3IP2 is believed to be involved in 
inflammation and tumor development. Through binding 
to IL-17 mRNA directly and promoting the stability of 
mRNA, TRAF3IP2 enhances inflammation in tumor cells 
[17]. Other study also reveals that TRAF3IP2 enhances 
tumor growth of glioblastoma by promoting inflam-
mation of microenvironment and suppressing tumor 
angiogenesis [18]. Although the results of bioinformatics 
reported currently indicate that the abnormal expression 
of TRAF3IP2-AS1 in glioblastoma could be a biological 
marker of tumor progression [19], the specific biology 
function of TRAF3IP2-AS1 and the actual mechanism 
is still unknown. Therefore, the role and mechanisms of 
TRAF3IP2-AS1 in Xp11.2 tRCC need to be addressed, 

which may provide therapeutic and prognostic value for 
Xp11.2 tRCC.

Herein, we found that NONO-TFE3-fusion protein 
negatively regulated TRAF3IP2-AS1 and upregulation 
of TRAF3IP2-AS1 could inhibit cell proliferation, migra-
tion and invasion in NONO-TFE3 tRCC . Mechanistically, 
we found that TRAF3IP2-AS1 directly interacted with 
poly ADP-ribose polymerase (PARP1) mRNA, a known 
oncogene, to promote the mRNA decay by stimulat-
ing  m6A modification, but, in NONO-TFE3 tRCC, low 
expression of TRAF3IP2-AS1 caused upregulation of 
PARP1 by decreasing the PARP1 mRNA decay. In addi-
tion, TRAF3IP2-AS1 could function as a ceRNA to mod-
ulate the expression of phosphatase and tensin homolog 
(PTEN) through post-transcriptional regulation of miR-
NAs. Therefore, our results indicate that TRAF3IP2-AS1 
plays a critical role in tumor progression as a tumor sup-
pressor in NONO-TFE3 tRCC, which highlights a novel 
regulatory mechanism underlying tumorigenesis and 
tumor development.

Methods
Cell culture
HEK293T, HK-2 and 786-O cell lines were purchased 
from Type Culture Collection of Chinese Academy of 
Sciences (Shanghai, China), and the Xp11.2 tRCC cell 
lines UOK120 and UOK109 were kindly provided by 
Dr. W. Marston Linehan (National Cancer Institute, 
Bethesda, MD). The UOK120 (PRCC-TFE3 fusion) and 
UOK109 (NONO-TFE3 fusion) cell lines were derived 
from primary papillary cell carcinoma as described [20], 
and were derived from tumors arising in a 30- and a 
39-year-old male, respectively. Cells were maintained in 
DMEM (Gibco, Grand Island, NY) supplemented with 
10% FBS (Gibco) and 1% penicillin–streptomycin (Invit-
rogen, Carlsbad, CA). Cells were cultured in a standard 
humidified atmosphere of 5%  CO2 at 37 °C.

Tissue samples
All the tissue samples were obtained from Nanjing Drum 
Tower Hospital and confirmed by a senior pathologist 
(Department of Pathology, Nanjing Drum Tower Hospi-
tal). All patients were informed that their tissues will be 
used into scientific research.

RNA isolation and quantitative real‑time PCR (qRT‑PCR) 
assays
Total RNA was isolated using Trizol reagent (Invitrogen) 
according to the product description. Cytoplasmic and 
nuclear RNA was extracted using an RNA Purification 
Kit (Norgen Biotek, Thorold, ON, Canada) according to 
the manufacturer’s instructions. RNA was reverse-tran-
scribed into cDNA using Hiscript Q RT Super-mix for 
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qPCR (Vazyme, Nanjing, China), cDNA was quantified 
by qRT-PCR, and the data were acquired with ChamQ 
SYBR qPCR Master Mix (Vazyme). 18 s rRNA was cho-
sen as internal control for normalization. The level of 18 s 
rRNA was also quantified to confirm the relative expres-
sion of TRAF3IP2-AS1. The expression level of miRNAs 
was detected by miRNA Universal SYBR qPCR Master 
Mix (Vazyme). Single-stranded cDNA was synthesized by 
using miRNA 1st Strand cDNA Synthesis Kit (Vazyme). 
The U6 snRNA was used for loading control. The primers 
for RNAs are shown in Additional file 1: Table S1.

ChIP assay and dCas9‑ChIP assay
ChIP assay and dCas9-ChIP assay [21] were performed 
according to the protocol of a Pierce™ Agarose ChIP Kit 
(Thermo Scientific, Carlsbad, CA) to assess binding abil-
ity of NONO-TFE3 to TRAF3IP2-AS1 promoter. Briefly, 
after indicated treatment, the cells were fixed, lysed and 
sonicated to appropriate fragments. The prepared chro-
matin was precipitated using specific antibodies over-
night. Then, the binding complexes were thoroughly 
washed, eluted, purified and analyzed by qRT-PCR or 
western blot. Primer sets targeting those regions contain-
ing potential NONO-TFE3 binding sites in TRAF3IP2-
AS1 promoter are provided in Additional file 1: Table S2.

Dual‑luciferase reporter assay
HEK293T cells were seeded in 24-well plates and trans-
fected with pmirGLO-PARP1-3′UTR plasmid. The fire-
fly luciferase and Renilla luciferase activity in each cell 
were detected by Dual Luciferase Reporter Assay Kit 
(Vazyme). HEK293T cells were transfected with pGL3-
Basic-TRAF3IP2-AS1 vector, after which promoter lucif-
erase activity was measured. Moreover, pRL-TK-Renilla 
luciferase reporter construct was used as an internal 
control.

RNA immunoprecipitation (RIP) analyses
RIP assays were performed according to the instructions 
of a Millipore Magna RIP Kit (Millipore, Darmstadt, Ger-
many). The indicated cells were lysed with RIP lysis buffer 
containing protease and RNase inhibitor, after which cell 
lysate supernatant was incubated with anti-GFP/AGO2/
YTHDF1/YTHDF2/IgG antibody-conjugated beads 
overnight at 4  °C. Then, the binding complexes were 
thoroughly washed, eluted, purified and analyzed by 
qRT-PCR.

m6A RIP analyses
Magna MeRIP™  m6A kit was chosen to assess  m6A modi-
fication levels in target mRNA according to the manufac-
turer’s instructions (Millipore). Briefly, the isolated RNA 
needs to be fragmented by RNA fragmentation buffer. 

After saving one-tenth of the total RNA as input, the 
remaining RNAs were performed for immunoprecipita-
tion with  m6A antibody coated on magnetic beads A/G. 
Then, the binding complexes were thoroughly washed, 
eluted, purified and analyzed by qRT-PCR. Specific 
primer information about PARP1 is listed in Additional 
file 1: Table S3.

Western blot
Total protein was isolated from cells following various 
treatments. Cells were washed three times with PBS 
and lysed in ice cold extraction buffer. After centrifuged, 
soluble fractions were mixed with 5 × loading buffer and 
heated at 100 °C for 5 min. Proteins were separated using 
SDS-PAGE and the PVDF membrane (Roche, Basel, 
Switzerland) by standard procedures. Blots were blocked 
for 1  h at room temperature in TBS with 0.05% Tween 
20 (Sigma-Aldrich, St Louis, MO) and 5% nonfat milk. 
Primary antibodies were incubated overnight at 4  °C in 
Tris Buffered Saline Tween (TBST) with 3% BSA (Sigma-
Aldrich). HRP-conjugated secondary antibodies were 
incubated 1 h at room temperature. Protein signals were 
detected using ECL solution (Millipore), and band inten-
sities were quantified using Image J software (National 
Institutes of Health). Additionally, ACTB was chosen as 
internal control.

Flow cytometry
Flow cytometry was performed according to the manu-
facture’s protocol. After incubation with reagents from 
an Annexin V-FITC/Propidium Iodide (PI) Apoptosis Kit 
(BD Biosciences, Franklin Lakes, NJ), cells were analyzed 
using a BD Beckman cytometer (BD Biosciences) and 
FlowJo software. For cell cycle analysis, cells were incu-
bated with reagents from a PI/RNase Staining Kit (BD 
Biosciences). Then, the cells were analyzed on a BD Beck-
man cytometer.

CCK8, 5‑Ethyny‑2′‑deoxyuridine (EdU) assay and clone 
forming
The indicated cells were seeded in the plates. Cell prolif-
eration assay was performed using the Cell Counting Kit 
8 (CCK8; Vazyme). EdU (Beyotime, Shanghai, China) was 
operated according to the manufacture’s protocol. Trans-
fected cells were seed into 6-well plate with 500 cells/well 
for 10–14 days to assess the clone-forming capacity.

Transwell assay
Cell migration and invasion assays were performed using 
Transwell technique with uncoated polycarbonate inserts 
(Millipore) for migration or BioCoat™ inserts (BD Bio-
sciences) for invasion. Medium without FBS (1–5 ×  104 
cells/200 μL) was added into the upper chamber, with 
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500 μL DMEM containing 10% FBS added into the lower 
chamber. After crystal violet staining, the positive cells 
were counted and analyzed under microscope.

Immunohistochemistry (IHC)
Paraffin-embedded sections were firstly deparaffinized 
and then incubated with rabbit polyclonal anti-TFE3 
(Sigma-Aldrich) primary antibody at 4  °C overnight. 
After three times wash by PBST, the sections were then 
incubation with HRP conjugated goat anti-mouse or 
goat anti-rabbit secondary antibody. The sections were 
washed by PBST for three times, and the signal was 
detected using DAB Substrate Kit following the manufac-
ture’s instruction.

Fluorescence in situ hybridization (FISH)
Cy3-labeled TRAF3IP2-AS1 probes were synthesized by 
GenePharma Technology (Shanghai, China). FISH was 
performed using a FISH Kit (GenePharma) according 
to the manufacturer’s instructions. Nuclei were stained 
with DAPI. Images were acquired on a FV3000 confocal 
fluorescence microscope. The sequences are provided in 
Additional file 1: Table S4.

Sphere formation
For sphere formation assay, proper cells were seeded 
in ultra-low attachment 96-well plates and cultured in 
DMEM supplemented with 10% FBS. The sphere pic-
tures were taken 2  weeks later. For sphere formation 
assay, 1000 UOK109 or 786-O cells were used. Ultra-low 
attachment plates (cat. no. 174925) were purchased from 
Corning Incorporated (Corning, NY).

Plasmid construction, small interfering RNA (siRNA), 
antisense oligonucleotides (ASOs), lentivirus and cell 
transfection
The human TRAF3IP2-AS1 sequence was synthesized 
by GeneChem Technology (Shanghai, China) and sub-
cloned into pcDNA3.1 and pSL-MS2-12x (Addgene, 
Cambridge, MA). CRISPR/Cas9-based Synergistic Acti-
vation Mediator (SAM) system [22] was constructed 
by GeneChem Technology. Targeted RNA methylation 

system was constructed by standard procedures includ-
ing enzyme digestions, PCR and subcloning according to 
Hao Du’s [23], Jiexin Li’s [24] and Christopher Wilson’s 
[25] protocol. SiRNA was synthesized by Gene Pharma 
(Suzhou, China), and ASOs were synthesized by Ribo-
Bio (Guangzhou, China). A mixed-modality approach 
combining ASOs and RNAi reagents improved knock-
down efficacy [26], because TRAF3IP2-AS1 localizes in 
both nuclear and cytoplasmic compartments. Lentivi-
rus, TFE3-shRNA, was synthesized by OBiO Technology 
(Shanghai, China). Cells were transfected with siRNAs or 
plasmids using LipoFiter 3.0 (Hanbio, Shanghai, China) 
according to the manufacturer’s instructions. Treatments 
were administered 24  h after transfection. Cells were 
harvested 48 h after transfection. The sequences are pro-
vided in Additional file 1: Table S5-6.

Statistical analysis
Statistical analyses were performed using SPSS 22.0 
software (SPSS Inc., Chicago, IL). GraphPad Prism 8.0 
(GraphPad Software, San Diego, CA) was applied to plot 
the data. Student’s t test and one-way analysis of variance 
(ANOVA) were used to assess the significance of differ-
ences. P < 0.05 was considered statistically significance 
(*P < 0.05, ** P < 0.01, and *** P < 0.001). All values are 
expressed as the means ± standard deviation.

Results
TRAF3IP2‑AS1 expression is significantly decreased 
in NONO‑TFE3 tRCC 
In our previous study, TRAF2IP2-AS1 was identified 
as a potential target gene of NONO-TFE3 by ChIP-
seq [16]. To explore if TRAF3IP2-AS1 expression was 
linked to NONO-TFE3 tRCC, the expression and distri-
bution of TRAF3IP2-AS1 were detected by FISH. The 
results showed low level expression of TRAF3IP2-AS1 in 
NONO-TFE3 tRCC compared with that in other clear cell 
renal cell carcinoma (ccRCC) samples (Fig. 1a). The rela-
tionships between TRAF3IP2-AS1 expression and the 
prognosis of patients with indicated cancer were investi-
gated using the GEPIA database (http://gepia .cance r-pku.
cn/) [27]. These results demonstrated a significant cor-
relation between low expression of TRAF3IP2-AS1 and 

(See figure on next page.)
Fig. 1 TRAF3IP2-AS1 expression is significantly decreased in NONO-TFE3 tRCC. a The RNA level of TRAF3IP2-AS1 (red) was analyzed by FISH assays 
in NONO-TFE3 tRCC and ccRCC. DAPI-stained nuclei are blue. b–d Kaplan–Meier analysis revealed the disease-free survival (DFS) in KICH, KIRC 
and KIRP patients based on the relative TRAF3IP2-AS1 expression. e The RNA level of TRAF3IP2-AS1 was analyzed by qRT-PCR assay in ccRCC cell 
line (786-O), tRCC cell lines (UOK109 and UOK120) and normal cell lines (HK-2 and HEK293T). f–h Analysis of TRAF3IP2-AS1 in KICH, KIRC and KIRP 
tissues compared with normal tissues were performed using TCGA data. i–j The subcellular distribution of TRAF3IP2-AS1 was analyzed via qRT-PCR 
in HEK293T, HK-2, 786-O, UOK120 and UOK109 cells. U6 and GAPDH were used as nuclear and cytoplasmic markers, respectively. k The location of 
TRAF3IP2-AS1 (red) in UOK109 and 786-O cells was determined by FISH assay. U6 and 18s rRNA were used as positive controls for the nuclear and 
cytoplasmic fractions, respectively. DAPI-stained nuclei are blue. The data are presented as the mean ± SD, *P < 0.05, ***P < 0.001

http://gepia.cancer-pku.cn/
http://gepia.cancer-pku.cn/
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poor prognosis in kidney chromophobe (KICH), kidney 
renal clear cell carcinoma (KIRC) and kidney renal papil-
lary cell carcinoma (KIRP; Fig. 1b–d). The expression of 

the TRAF3IP2-AS1 in tumor groups was lower than that 
of normal groups, especially in KICH (Fig. 1f–h).
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To investigate the role of TRAF3IP2-AS1 in NONO-
TFE3 tRCC progression, we first evaluated TRAF3IP2-
AS1 expression levels in various RCC cell lines and 
normal cell. The highest expression of TRAF3IP2-AS1 
was observed in HEK293T cell line, whereas the low-
est level was detected in UOK109 cell line which was 
derived from tumor tissue of patient with NONO-TFE3 
tRCC (Fig. 1e). TRAF3IP2-AS1 expression showed both 
nuclear and cytoplasmic localization in the UOK109 
cells; however, cytoplasmic expression was gener-
ally predominant (Fig.  1i). The same phenomena were 
observed in HEK293T, HK-2, 786-O and UOK120 cell 
lines (Fig. 1j). In addition, the result of FISH showed that 
TRAF3IP2-AS1 was located in the cytoplasm in UOK109 
and 786-O cells (Fig. 1k). Taken together, the above data 
revealed that TRAF3IP2-AS1 was low-expressed in the 
cytoplasm of NONO-TFE3 tRCC.

Low expression of TRAF3IP2‑AS1 accelerates development 
of NONO‑TFE3 tRCC 
To determine the functional role of TRAF3IP2-AS1 in 
biological behavior of NONO-TFE3 tRCC, the effects of 
downregulated or upregulated TRAF3IP2-AS1 on cancer 
cell growth were investigated. SAM system was applied 
to up-regulate endogenous TRAF3IP2-AS1, and three 
siRNAs and ASOs were designed to decrease expression 
of TRAF3IP2-AS1 in the cytoplasm or in the nucleus, 
respectively (Fig. 2a–c). The results showed that cell pro-
liferation, colony formation and tumor sphere formation 
were inhibited by TRAF3IP2-AS1 overexpression com-
pared with the negative control in UOK109 cells, and 
knockdown of TRAF3IP2-AS1 significantly increased cell 
proliferation, colony formation and tumor sphere forma-
tion in 786-O cell line (Fig. 2d–f).

Additionally, an EdU assay showed a significant inhibi-
tion of cell proliferating activity caused by overexpression 
of TRAF3IP2-AS1 in UOK109 cells, and opposite results 
were observed in 786-O cells with lowering expression 
of TRAF3IP2-AS1 (Fig.  2g), which was confirmed by 
cell cycle assay (Fig.  2h), and was validated by testing 
the mRNA levels of regulating proteins (AKT1, CCNB1 
and CCND1) (Additional file  2: Fig. S1). Flow cytom-
etry analysis revealed that overexpression of TRAF3IP2-
AS1 remarkably induced apoptosis rate in NONO-TFE3 
tRCC cells (Fig.  2i), and opposite results were observed 
in 786-O cells with lowering expression of TRAF3IP2-
AS1, which was confirmed by testing mRNA level of 
anti-apoptotic proteins BCL2 and baculoviral IAP repeat 
containing 5 (BIRC5) (Additional file 2: Fig. S1). Moreo-
ver, Transwell assays revealed that ectopic expression of 
TRAF3IP2-AS1 decreased the migration and invasion 
capacity of UOK109 cells, and vice versa (Fig. 2j). Simi-
larly, matrix metalloproteinase 2 (MMP2) and MMP9 

mRNA were reduced after TRAF3IP2-AS1 overex-
pression but increased after silencing TRAF3IP2-AS1 
(Additional file  2: Fig. S1). These findings indicate that 
TRAF3IP2-AS1 might act as a tumor suppressor lncRNA 
in NONO-TFE3 tRCC.

NONO‑TFE3 inhibits lncRNA TRAF3IP2‑AS1 transcription
To prove the hypothesis that TRAF3IP2-AS1 is a poten-
tial target gene of NONO-TFE3 according to ChIP-seq, 
we conducted ChIP assays and found that NONO-TFE3 
directly interacted with the NONO-TFE3 binding sites 
within the TRAF3IP2-AS1 promoter in UOK109 and 
786-O cells (Fig.  3a). This finding was confirmed by 
the result of dCas9-gRNA-guided ChIP (Fig.  3b). Fur-
thermore, dual-luciferase reporter gene assay revealed 
that NONO-TFE3 fusion directly targeted the pro-
moter of TRAF3IP2-AS1 to negatively regulate the 
luciferase activity (Fig.  3c). To clarify the upstream 
regulatory mechanism, six promoter regions, desig-
nated as pGL3-TRAF3IP2-AS1-P1 (− 1175 ~  + 100), 
pGL3-TRAF3IP2-AS1-P2 (− 1010 ~  + 100), 
pGL3-TRAF3IP2-AS1-P3 (− 877 ~  + 100), 
pGL3-TRAF3IP2-AS1-P4 (− 629 ~  + 100), 
pGL3-TRAF3IP2-AS1-P5 (− 264 ~  + 100) and pGL3-
TRAF3IP2-AS1-P6 (− 45 ~  + 100), were cloned into a 
luciferase reporter plasmid to identify the binding sites 
of NONO-TFE3 fusion. Dual-luciferase reporter assays 
revealed that NONO-TFE3 fusion could bind to the 
region of − 45 ~  + 100 (Fig.  3D). Then, to further deter-
mine the exact binding sites, this promoter region of 
TRAF3IP2-AS1 was cloned into a luciferase reporter 
plasmid and mutations were made at 3 putative bind-
ing sites, respectively. HEK293T cells were co-trans-
fected with the pcDNA3.1-NONO-TFE3/pcDNA3.1 and 
Luc-WT, Luc-Mut1#, Luc-Mut2# or Luc-Mut3#. The 
luciferase activity of both Luc-Mut1# and Luc-Mutc3# 
showed no significant change, whereas Luc-Mut2# 
showed significantly change, indicating that the actual 
site of NONO-TFE3 binding to TRAF3IP2-AS1 was 
− 91 ~ − 82 (Fig. 3e).

Next, we altered NONO-TFE3 protein levels by loss- 
and gain-of-functions in  vitro and detected the expres-
sion of TRAF3IP2-AS1 in UOK109 and 786-O cells, 
respectively. The expression of TRAF3IP2-AS1 was 
upregulated by knockdown of NONO-TFE3 compared 
with the negative control in UOK109 cells, and similar 
results are shown in 786-O cells (Fig.  3g). The negative 
correlation between NONO-TFE3 and TRAF3IP2-AS1 
was confirmed using immunofluorescence (Fig.  3h). 
These data demonstrate that NONO-TFE3 fusion can 
bind to TRAF3IP2-AS1 and negatively regulate the 
expression of TRAF3IP2-AS1.
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As NONO-TFE3 fusion has been described to play a 
role in the regulation of transcription of TRAF3IP2-AS1, 
to verify that NONO-TFE3 could promote tumor growth 
through decreasing TRAF3IP2-AS1, a series of rescue 

experiments were performed. Cell proliferation, colony 
formation and tumor sphere formation were inhibited by 
silencing the expression of NONO-TFE3 compared with 
the negative control in UOK109 cells, but the knockdown 
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Fig. 2 TRAF3IP2-AS1 deficiency induces development of NONO-TFE3 tRCC. a Schematic illustration of CRISPR/Cas9-based Synergistic Activation 
Mediator (SAM) system. b The RNA level of TRAF3IP2-AS1 was analyzed by qRT-PCR assay in UOK109 transfected with dCas9 and guide RNA 
targeting TRAF3IP2-AS1 promoter (gTRAF3IP2-AS1). c The RNA level of TRAF3IP2-AS1 was analyzed by qRT-PCR assay in 786-O transfected with 
siRNA and antisense oligonucleotides (ASOs). d–f The effects of TRAF3IP2-AS1 overexpression or knockdown on the proliferation of UOK109 and 
786-O cells, respectively, were examined by CCK-8 assay (d), colony formation assays (e) and tumor sphere formation (f). g EdU assays were used to 
detect the proliferation rate of UOK109 and 786-O cells after transfection for 48 h. h Cell cycle was analyzed using flow cytometry after transfection 
for 48 h. i Cell apoptosis was analyzed via flow cytometry using an Annexin V/PI Kit after transfection for 48 h. j Migration and invasion assays were 
performed with transfected cells using Transwell inserts. The data are presented as the mean ± SD, *P < 0.05, **P < 0.01, ***P < 0.001
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of TRAF3IP2-AS1 reversed this phenomenon (Addi-
tional file  2: Fig. S2A–D). Concordantly, overexpression 
of NONO-TFE3 significantly increased cell proliferation, 
colony formation and tumor sphere formation in 786-O 
cell line. After transfected with TRAF3IP2-AS1 overex-
pressed plasmid, the capacities of cell proliferation, col-
ony formation and tumor sphere formation came back to 
control level (Additional file 2: Fig. S2A–D). The data of 

both EdU assays and flow cytometry analysis including 
cell cycle and apoptosis also confirmed the above results 
(Additional file 2: Fig. S2E–I).

Moreover, ectopic expression of NONO-TFE3 
increased the migration and invasion capacity of 786-O 
cells, and vice versa (Fig.  4j). Interestingly, overexpres-
sion of TRAF3IP2-AS1 could reverse the high capacity of 
migration and invasion in 786-O cells caused by ectopic 

a
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Fig. 3 NONO-TFE3 inhibits lncRNA TRAF3IP2-AS1 transcription. a ChIP assays showed endogenous NONO-TFE3 binding to the TRAF3IP2-AS1 gene 
promoter. 786-O cells were transfected with NONO-TFE3-Flag-overexpressing vector for 48 h. The binding of NONO-TFE3 at the TRAF3IP2-AS1 
promoter region was detected by a ChIP assay. b Schematic summary of the dCas9-gRNA-guided ChIP (upper); Western blot was performed after 
dCas9-gRNA-guided ChIP (lower). c–d HEK293T cells were co-transfected with TRAF3IP2-AS1 promoter–luciferase truncations and NONO-TFE3 
plasmids, and the luciferase activity was determined using a Dual Luciferase Reporter Assay after 48 h. e Dual luciferase assay of HEK293T cells 
co-transfected with firefly luciferase constructs containing the wild-type or mutant NONO-TFE3 potential binding sites of TRAF3IP2-AS1 promoter 
and NONO-TFE3 plasmids were performed. g The protein and mRNA levels of NONO-TFE3 and the TRAF3IP2-AS1 expression levels were detected 
after transfection with NONO-TFE3 plasmids or shTFE3 for 48 h. h NONO-TFE3 immunohistochemistry was performed in paraffin sections of 
samples from patients. The data are presented as the mean ± SD, *P < 0.05, **P < 0.01, ***P < 0.001
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expression of NONO-TFE3. Correspondingly, mRNA 
levels of AKT1, CCNB1, CCND1, MMP2, MMP9, BCL2 
and BIRC5 were tested to validate the above results 
(Additional file  2: Fig. S3). These findings reveal that 
NONO-TFE3 promotes NONO-TFE3 tRCC progression 
through down-regulating expression of TRAF3IP2-AS1.

TRAF3IP2‑AS1 down‑regulates PARP1 mRNA by direct 
binding
To further explore the molecular mechanism about how 
lncRNA TRAF3IP2-AS1 contribute to the progression 
phenotype of NONO-TFE3 tRCC cells, we first ana-
lyzed the RNA sequences of TRAF3IP2-AS1 using the 

Encyclopedia of RNA Interactomes (ENCORI) (http://
starb ase.sysu.edu.cn/) [28]. Surprisingly, we identified a 
highly complementary region between TRAF3IP2-AS1 
and PARP1 mRNA. PARP1, a well-known cancer-pro-
moting factor, is highly expressed in multiple tumors, 
which induces poor prognosis of patients [29]. Upon 
overexpressed, TRAF3IP2-AS1 suppressed PARP1 
expression in UOK109 cells, and vice versa (Fig. 4a). We 
analyzed the data from clinical sample and TCGA data-
base, and the results indicated that the PARP1 expres-
sion inversely correlated with TRAF3IP2-AS1 expression 
(Additional file 2: Fig. S4). To validate the direct interac-
tion of TRAF3IP2-AS1 with PARP1 mRNA, we mutated 
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Fig. 4 TRAF3IP2-AS1 down-regulates PARP1 mRNA by direct binding. a The RNA levels of TRAF3IP2-AS1 and PARP1 were detected after transfection 
with TRAF3IP2-AS1 plasmids or siTRAF3IP2-AS1 for 48 h. b Level of PARP1 mRNA detected by qRT-PCR after MS2-RIP for GFP in UOK109 cells. 
AS1, NC, AS1-antisense and AS1-Mut correspond to TRAF3IP2-AS1, empty vector, TRAF3IP2-AS1-antisense and TRAF3IP2-AS1 with mutation of 
potential binding site to PARP1 mRNA, respectively. c–d Dual Luciferase Reporter Assay used to detect the relative luciferase activity in HEK293 T 
cells co-transfected with siTRAF3IP2-AS1 and pmirGLO-PARP1 3′-UTR WT/MUT. e The stability of PARP1 mRNA and GAPDH mRNA in UOK109 cells 
transfected with TRAF3IP2-AS1 or TRAF3IP2-AS1 contained binding site mutation was measured by qRT-PCR relative to 0 h after blocking new 
RNA synthesis with α-amanitin and normalized to 18 s rRNA. f The RNA levels of NONO-TFE3 and PARP1 were detected after transfection with 
NONO-TFE3 plasmids or shTFE3 for 48 h. g The stability of PARP1 mRNA and GAPDH mRNA in 786-O cells transfected with siTRAF3IP2-AS1 was 
measured by qRT-PCR after treatment with α-amanitin. h The protein level of PARP1 was detected after transfection with TRAF3IP2-AS1 plasmids or 
siTRAF3IP2-AS1

http://starbase.sysu.edu.cn/
http://starbase.sysu.edu.cn/
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the binding site in TRAF3IP2-AS1 and performed RIP 
assay. The results revealed that PARP1 mRNA were sig-
nificantly enriched in TRAF3IP2-AS1 (AS1) compared 
with TRAF3IP2-AS1-Mut (AS1-Mut) and TRAF3IP2-
AS1 antisense control (AS1-antisense; Fig. 4b). The spe-
cific association between TRAF3IP2-AS1 and PARP1 
mRNA was further validated by luciferase assay (Fig. 4c–
d). These findings indicate that TRAF3IP2-AS1 might 
interact with PARP1 mRNA.

Next, to test whether TRAF3IP2-AS1 regulates the sta-
bility of PARP1 mRNA, we treated UOK109 and 786-O 
cells with α-amanitin to block RNA polymerase II-medi-
ated new RNA synthesis and then measured the loss of 
PARP1 and GAPDH over a 24-h period. Ectopic overex-
pression of TRAF3IP2-AS1, but not that of TRAF3IP2-
AS1 with mutation, reduced the half-life of PARP1 
mRNA, whereas knockdown of TRAF3IP2-AS1 clearly 
elongated the half-life of PARP1 mRNA (Fig.  4e, g). 
Aside from this, the changes of NONO-TFE3 expression 
induced the corresponding alterations of PARP1 mRNA 
expression (Fig.  4f ), and the protein level of PARP1 
decreased by ectopic expression of TRAF3IP2-AS1 in 
UOK109 cell line (Fig.  4h). Taken together, lncRNA 
TRAF3IP2-AS1 could bind to PARP1 mRNA and reduce 
the half-life of PARP1 mRNA.

Since TRAF3IP2-AS1 can regulate the expression of 
PARP1 mRNA in UOK109, rescue experiments were 
performed to confirm the hypothesis of TRAF3IP2-
AS1 mediating NONO-TFE3 tRCC progression through 
PARP1. Our results showed that overexpression of 
TRAF3IP2-AS1 inhibited the proliferation, colony and 
sphere formation of UOK109 cells, which could be mark-
edly prevented by transfected with PARP1 overexpressed 
plasmid (Additional file  2: Fig. S5A–C). Moreover, the 
results of EdU assay and flow cytometry indicated that 
upregulation of PARP1 expression reversed the inhi-
bition of cell proliferating activity caused by overex-
pression of TRAF3IP2-AS1, and vice versa (Additional 

file  2: Fig. S5D–G). Flow cytometry analysis revealed 
that TRAF3IP2-AS1 remarkably increased apoptosis of 
UOK109 cells, which was fully reversed to control lev-
els by overexpression of PARP1 (Additional file  2: Fig. 
S5H–I). Ectopic expression of TRAF3IP2-AS1 inhibited 
the migration and invasion capacity of UOK109 cells, 
and vice versa (Additional file  2: Fig. S5J–K). Interest-
ingly, overexpression of PARP1 reversed the low capac-
ity of migration and invasion in UOK109 cells caused 
by ectopic expression of TRAF3IP2-AS1. Correspond-
ingly, AKT1, CCNB1, CCND1, MMP2, MMP9, BCL2 
and BIRC5 mRNA levels were changed accordingly 
with down-/up-regulation of PARP1 and TRAF3IP2-
AS1 (Additional file 2: Fig. S6). Taken together, the data 
confirm that TRAF3IP2-AS1 can mediate NONO-TFE3 
tRCC progression through regulating the expression 
PARP1.

TRAF3IP2‑AS1 accelerates the decay of PARP1 mRNA 
by recruitment of  m6A methyltransferase complex
Furtherly, according to the analysis of PARP1 mRNA 
from WHISTLE (https ://whist le-epitr anscr iptom 
e.com/) [30], we found that an N6-methyladenosie 
 (m6A) modification site is near the binding site of 
TRAF3IP2-AS1 in PARP1 mRNA (Fig.  5a). There-
fore, to explore the potential mechanism by which 
TRAF3IP2-AS1 reduces the stability of PARP1 mRNA, 
we wondered whether  m6A modification plays a role 
in the decay of PARP1 mRNA. The results of  m6A RIP 
analyses showed that  m6A was significantly enriched at 
the prediction site (Fig.  5a). To figure out which pro-
teins play an important role in decay of PARP1 mRNA, 
siRNAs of RNA methylases including methyltrans-
ferase like 3 (METTL3), METTL14 or Wilms tumor 
1-associating protein (WTAP) and RNA demethyl-
ases alkB homolog 5 (ALKBH5) or fat mass and obe-
sity associated (FTO) were designed and transfected 
into UOK109 individually. The PARP1 mRNA level 

(See figure on next page.)
Fig. 5 TRAF3IP2-AS1 accelerates the decay of PARP1 mRNA by recruitment of  m6A methyltransferase complex. a The location of TRAF3IP2-AS1 
binding site and a potential  m6A site are indicated. Abundance of PARP1 transcript among mRNA immunoprecipitated with anti-m6A antibody 
was measured by qRT-PCR and normalized to IgG. b–c The mRNA level of PARP1 was detected by qRT-PCR after transfected with indicated vectors 
or siRNAs. d–e METTL3 was immunoprecipitated followed by qRT-PCR for assessing the association of the indicated PARP1 mRNA with METTL3 
after overexpression or knockdown of TRAF3IP2-AS1. f–g Abundance of PARP1 among mRNA immunoprecipitated with anti-m6A antibody from 
cells transfected with indicated vectors or siRNA/ASO was measured by qRT-PCR. h PARP1-3′-UTR of the wild-type or containing a  m6A consensus 
sequence mutant (A to G) was fused with a luciferase reporter. Luciferase activity of PARP1-3′-UTR was measured and normalized to Renilla 
luciferase activity. p–k Luciferase activity of PARP1-3′-UTR was measured after co-transfected with TRAF3IP3-AS1 and siMETTL3/siMEETTL14/siWTAP. 
l–m The stability of PARP1 mRNA in cells co-transfected with indicated vectors or siRNAs after treatment with α-amanitin. n Schematic illustration of 
targeted RNA methylation system. o–p Abundance of PARP1 among mRNA immunoprecipitated with anti-m6A antibody from cells transfected with 
indicated gRNA was measured by qRT-PCR. q The protein and mRNA level of PARP1 were measured by qRT-PCR and Western blot after transfected 
with indicated gRNA. r–s The stability of PARP1 and GAPDH mRNA in cells transfected with indicated gRNA after treatment with α-amanitin. The 
data are presented as the mean ± SD, *P < 0.05, **P < 0.01, ***P < 0.001

https://whistle-epitranscriptome.com/
https://whistle-epitranscriptome.com/
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was markedly increased after METTL3, METTL14 
and WTAP knockdown using RNA interference, but 
knockdown of ALKBH5 or FTO did not affect the 

expression of PARP1 mRNA (Fig. 5b; Additional file 2: 
S7A). Moreover, knockdown of METTL3, METTL14 
and WTAP abolished the impact on the mRNA level 
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of PARP1 upon TRAF3IP2-AS1 ectopic expression 
(Fig.  5c; Additional file  2: S7C-D). Interestingly, there 
were no changes in the levels of  m6A-related proteins 
in TRAF3IP2-AS1-overexpressing cells (Additional 
file 2: Fig. S7B). In addition, METTL3 was remarkably 
enriched in PARP1 mRNA in TRAF3IP2-AS1 over-
expression group compared with that in empty vector 
group, and a reduction in the enrichment of METTL3 
on PARP1 mRNA was observed following knockdown 
of TRAF3IP2-AS1 (Fig.  5d–e). The mutation of bind-
ing site on TRAF3IP2-AS1 could abolish the increased 
enrichment of  m6A in PARP1 mRNA (Fig.  5f ). Inter-
estingly, the decreased enrichment of  m6A caused by 
silence of TRAF3IP2-AS1 was basically unchanged 
after METTL3 knockdown (Fig. 5g).

Furthermore, the luciferase reporter assay revealed 
that luciferase activity of PARP1-3′-UTR could be 
downregulated by overexpression of TRAF3IP2-AS1, 
but TRAF3IP2-AS1 failed to decrease the luciferase 
activity of the reporter construct bearing mutant 
PARP1-3′-UTR (Fig. 5h). Likewise, the decreased lucif-
erase activity caused by TRAF3IP2-AS1 overexpression 
was abolished by METTL3, METTL14 or WTAP defi-
ciency (Fig. 5i–k). The decreased decay rates of PARP1 
mRNA were nearly restored back to normal by knock-
down of METTL3 in UOK109 cells (Fig. 5l; Additional 
file  2: Fig. S7E). Consistent with the findings reported 
above, the decay rates of PARP1 mRNA with muta-
tion of TRAF3IP2-AS1 binding site  (PARP1AS1) or  m6A 
modification site  (PARP1m6A) showed no response to 
overexpression of TRAF3IP2-AS1 (Fig. 5m; Additional 
file 2: Fig. S7F). These findings indicate that TRAF3IP2-
AS1 could interact with PARP1 mRNA and reduce its 
stability by stimulating  m6A mRNA modification.

Targeted RNA methylation system was applied to 
confirm that the  m6A modifications of PARP1 mRNA 
could play a critical role in NONO-TFE3 tRCC tumor 
progression. Tethering catalytically inactivated Cas13 
(dCas13) to  m6A writer/eraser/readers could allow 
programmable installation of  m6A at sites specified by 
a Cas13 guide RNA (gRNA) [24, 25].  METTL3273–580 
(ΔMETTL3/M3) increased the enrichment of  m6A 
in PARP1 mRNA in UOK109 cells, and full length 
ALKBH5 (A5) decreased the enrichment of  m6A in 
786-O cells (Fig.  5n–p). Compared with negative con-
trol (gNC), the protein and mRNA level of PARP1 
were decreased in UOK109 cells transfected with 
dCas13-ΔMETTL3 and gRNA targeting PARP1 mRNA 
(gPARP1), and the protein and mRNA level of PARP1 
were increased in 786-O cells transfected with dCas13-
ALKBH5 and gPARP1 (Fig.  5q). Correspondingly, the 
elevated  m6A modification of PARP1 mRNA acceler-
ated the mRNA decay (Fig. 5r), and the decreased  m6A 

modification of PARP1 mRNA kept the mRNA stabil-
ity (Fig. 5s). Collectively, TRAF3IP2-AS1 could recruit 
 m6A methyltransferase complex to PARP1 mRNA to 
elevate  m6A modification, which might reduce half-life 
of PARP1 mRNA.

To further explore the biological function of  m6A mod-
ification of PARP1 mRNA in NONO-TFE3 tRCC, CCK-
8, colony formation, tumor sphere formation, EdU, flow 
cytometry and Transwell assays were performed. The 
results revealed that cell proliferation (Additional file  2: 
Fig. S8A–D), cell cycle (Additional file 2: Fig. S8E), migra-
tion and invasion (Additional file 2: Fig. S8G) were inhib-
ited by the elevated  m6A modification of PARP1 mRNA 
compared with the negative control in UOK109 cells, and 
ALKBH5-gPARP1 enhanced these behaviors of 786-O 
cells. Flow cytometric experiments showed that up-reg-
ulation of  m6A in PARP1 mRNA obviously increased the 
apoptosis of UOK109 cells, and vice versa (Additional 
file 2: Fig. S8F). Correspondingly, mRNA levels of AKT1, 
CCNB1, CCND1, MMP2, MMP9, BCL2 and BIRC5 were 
tested to validate the above results (Additional file 2: Fig. 
S8H-I). Overall, TRAF3IP2-AS1 could modulate the pro-
gression of NONO-TFE3 tRCC by elevating  m6A modifi-
cation of PARP1 mRNA.

YTHDF2 mediates the decay of PARP1 mRNA to regulate 
NONO‑TFE3 tRCC progression
Because TRAF3IP2-AS1 and  m6A methylation appeared 
to reduce the expression of PARP1, we speculated 
that PARP1 transcript was a target of YTHDF2 (YTH 
N6-methyladenosine RNA binding protein 2). As 
assessed by RIP analyses, YTHDF2 interacted strongly 
with PARP1, not YTHDF1 (Fig.  6a), and the same phe-
nomenon was observed in the luciferase reporter assay 
(Fig. 6b). These results were also confirmed by MS2-RIP/
western blot analysis in UOK109 cells (Fig. 6c–d). Con-
sistent with the findings reported above, the decreased 
decay rates of PARP1 mRNA were nearly restored back 
to normal by knockdown of YTHDF2 in UOK109 cells 
(Fig.  5e; Additional file  2: S9A). Targeted  m6A read 
system was applied to confirm the above results [23]. 
 YTHDF21–400 (ΔYTHDF2) decreased the protein and 
mRNA level of PARP1 in UOK109 cells transfected 
with gPARP1 and  YTHDF11–350 (ΔYTHDF1) increased 
the protein level of PARP1 (Fig.  6f–h). Consistent with 
prediction, ΔYTHDF1 showed no significant impact in 
the mRNA level of PARP1 in UOK109 cells transfected 
with gPARP1. Correspondingly, ΔYTHDF2, but not 
ΔYTHDF1, and gPARP1 accelerated the mRNA decay 
of PARP1 (Fig. 6i–j). Collectively, YTHDF2 could induce 
PARP1 mRNA degradation.

CCK-8, colony formation, tumor sphere forma-
tion, EdU, flow cytometry and Transwell assays were 
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performed to illuminate the impact of YTHDF2 to the 
behavior of UOK109 cells. The results revealed that cell 
proliferation (Additional file  2: Fig. S9B–E), cell cycle 
(Additional file  2: Fig. S9F), migration and invasion 
(Additional file 2: Fig. S9H) were inhibited by transfection 

with ΔYTHDF2 and gPARP1 compared with the negative 
control in UOK109 cells. Flow cytometric experiments 
showed that ΔYTHDF2 and gPARP1 obviously increased 
the apoptosis of UOK109 cells (Additional file  2: Fig. 
S9G). Correspondingly, mRNA levels of AKT1, CCNB1, 
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Fig. 6 YTHDF2 mediates the decay of PARP1 mRNA to regulate NONO-TFE3 tRCC progression. a YTHDF1/2 was immunoprecipitated followed by 
qRT-PCR for assessing the association of PARP1 mRNA with YTHDF1/2 after overexpression or knockdown of TRAF3IP2-AS1. b Luciferase activity 
of PARP1-3′-UTR was measured after co-transfected with TRAF3IP3-AS1 and siYTHDF2. c Schematic illustration of MS2-RIP. d Abundance of  m6A 
relative proteins among MS2-RIP with anti-GFP antibody from cells transfected with indicated plasmid was measured by Western blot. e The 
stability of PARP1 mRNA in cells co-transfected with indicated vectors or siRNAs after treatment with α-amanitin. f Schematic illustration of targeted 
RNA methylation system. g–h The mRNA (g) and protein (h) level of PARP1 were measured by qRT-PCR and Western blot after transfected with 
indicated gRNA. i–j The stability of PARP1 and GAPDH mRNA in cells transfected with indicated gRNA after treatment with α-amanitin. The data are 
presented as the mean ± SD, *P < 0.05, **P < 0.01, ***P < 0.001
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CCND1, MMP2, MMP9, BCL2 and BIRC5 were tested 
to validate the above results (Additional file 2: Fig. S9I–
J). Taken together, these results indicate that YTHDF2 
mediates NONO-TFE3 tRCC progression by recognizing 
PARP1 mRNA and facilitating the mRNA decay.

TRAF3IP2‑AS1 functions as a ceRNA to sponge miRNAs
Previous studies have indicated that lncRNAs exert criti-
cal roles in regulating gene expression by serving as a 
sponge for miRNAs [31]. The intracellular distribution 
of TRAF3IP2-AS1 suggested that TRAF3IP2-AS1 might 
also have a post-transcriptional regulation function that 
contributes to NONO-TFE3 tRCC progression. Then, we 
predicted potential miRNA targeting sites on TRAF3IP2-
AS1 using ENCORI and miRcode (http://www.mirco 
de.org) database and screened out ten candidate miRNAs 
(Fig.  7a). Then, the validation of qRT-PCR showed that 
the expression of miR-200a-3p, miR-153-3p and miR-
141-3p were reduced in UOK109 cells upon TRAF3IP2-
AS1 overexpression (Fig.  7b). Similarly, silencing the 
TRAF3IP2-AS1 expression increased the level of miR-
200a-3p, miR-153-3p and miR-141-3p in 786-O cells 
(Fig. 7c). Interestingly, the expression of TRAF3IP2-AS1 
was changed accordingly with down-/up-regulation of 
miR-200a-3p, miR-153-3p or miR-141-3p (Fig.  7d–g). 
In addition, we confirmed, by down-/up-regulation of 
NONO-TFE3, that NONO-TFE3 had potential indirect 
effects on these miRNAs expression (Additional file  2: 
Fig. S10).

To determine the interaction between TRAF3IP2-AS1 
and the listed miRNAs, we performed RIP assays and 
found that TRAF3IP2-AS1 could directly interact with 
AGO2, which has been identified as a critical member 
of RNA-induced silencing complex (RISC) and closely 
correlates with mRNA repression mediated by miRNA, 
while miR-200a-3p, miR-153-3p and miR-141-3p were 
up-regulated (Fig.  7h, j). Moreover, the results of MS2-
RIP revealed that miR-200a-3p, miR-153-3p and miR-
141-3p was significantly enriched in TRAF3IP2-AS1 
(AS1) compared with TRAF3IP2-AS1-Mut (AS1-Mut) 
and TRAF3IP2-AS1 antisense control (AS1-antisense; 
Fig. 7i, k). Dual-luciferase assay was processed to confirm 
the interaction between miRNAs and TRAF3IP2-AS1. As 
shown in Fig.  7l–o, luciferase activities were repressed 
by co-transfection with miR-200a-3p, miR-153-3p or 
miR-141-3p compared with the control. However, this 
inhibitory effect was abolished by mutation of the puta-
tive miRNAs binding site in the TRAF3IP2-AS1. Taken 
together, these results indicate that miR-200a-3p, miR-
153-3p and miR-141-3p can bind to the predicted sites in 
TRAF3IP2-AS1 in UOK109 cells.

To further illuminate the biological function of miR-
NAs in NONO-TFE3 tRCC, miR-200a-3p, miR-153-3p 

and miR-141-3p plasmid or inhibitor was used to upreg-
ulate or downregulate miRNAs expression in UOK109 
and 786-O cells. CCK-8 assays showed that repression 
of miR-200a-3p, miR-153-3p and miR-141-3p obviously 
inhibited proliferation of UOK109 cells, while the overex-
pression of miRNAs led to inverse effects in 786-O cells 
(Additional file 2: Fig. S11A). Furthermore, the results of 
colony formation (Additional file 2, Fig. S11B-D), tumor 
sphere formation (Additional file  2: Fig. S11E-F), EdU 
(Additional file  2: Fig. S11G-H), flow cytometry (Addi-
tional file 2: Fig. S12A) and Transwell assays (Additional 
file 2: Fig. S12C) revealed that cell proliferation, cell cycle, 
migration and invasion were enhanced by overexpression 
of miR-200a-3p, miR-153-3p and miR-141-3p compared 
with the negative control in UOK109 cells. Flow cytomet-
ric experiments showed that increased miRNAs expres-
sion obviously inhibited apoptosis in UOK109 cells, and 
vice versa (Additional file 2: Fig. S12B). Correspondingly, 
the mRNA levels of AKT1, CCNB1, CCND1, MMP2, 
MMP9, BCL2 and BIRC5 were tested to validate the 
above results (Additional file 2: Fig. S13). Collectively, the 
results reveal that TRAF3IP2-AS1 functions as a ceRNA 
to sponge miR-200a-3p, miR-153-3p and miR-141-3p.

TRAF3IP2‑AS1 modulates the expression of PTEN 
through post‑transcriptional regulation of miRNAs
Interestingly, through ENCORI and TargetScan (http://
www.targe tscan .org/) analysis, PTEN was found to be 
one of the most commonly potential target genes of miR-
200a-3p, miR-153-3p and miR-141-3p (Fig. 8a; Additional 
file 2: S14A). Overexpression or downregulation of miR-
200a-3p, miR-153-3p and miR-141-3p caused a signifi-
cant decrease or increase in PTEN expression at mRNA 
and protein levels (Fig.  8b; Additional file  2: S14B–D). 
In addition, the mRNA level of PTEN was significantly 
increased or decreased with TRAF3IP2-AS1 knockdown 
or upregulation (Fig. 8c). We analyzed the data from clin-
ical sample and TCGA database, and the results indicated 
that the expression of PTEN is positively correlated with 
median the level of TRAF3IP2-AS1 (Additional file 2: Fig. 
S15). According to these findings, we hypothesized that 
TRAF3IP2-AS1, these miRNAs and PTEN might form a 
common ceRNA network in NONO-TFE3 tRCC.

To test our hypothesis, we performed RIP assays 
and found that the ectopic expression of miR-200a-3p, 
miR-153-3p or miR-141-3p augmented the enrich-
ment of AGO2 at PTEN mRNA (Fig. 8d). Indeed, lucif-
erase reporter assays showed that WT-PTEN-driven 
luciferase expression was significantly inhibited by 
co-transfection with the miR-200a-3p, miR-153-3p or 
miR-141-3p compared with the control. However, this 
inhibitory effect was abolished by mutation of the puta-
tive miRNAs binding site in the PTEN 3′- UTR (Fig. 8e). 

http://www.mircode.org
http://www.mircode.org
http://www.targetscan.org/
http://www.targetscan.org/
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Fig. 7 TRAF3IP2-AS1 functions as a ceRNA and sponges miRNAs. a Schematic of the selection for the direct downstream target of TRAF3IP2-AS1. 
b–c The effect of TRAF3IP2-AS1 on multiple miRNAs expression in UOK109 cells was analyzed by qRT-PCR after overexpression or knockdown of 
TRAF3IP2-AS1. d–f The RNA levels of multiple miRNAs and TRAF3IP2-AS1 were analyzed via qRT-PCR in UOK109 cells after transfected with miRNA 
inhibitor, respectively. e–g The RNA levels of multiple miRNAs and TRAF3IP2-AS1 were analyzed via qRT-PCR in 786-O cells after overexpression 
miRNAs, respectively. h–i Model of AGO2-RIP/MS2-RIP assay. j RIP assays were performed using AGO2 antibody in UOK109 cells, and then, the 
enrichment ofTRAF3IP2-AS1was detected by qRT-PCR. k MS2-RIP-derived RNA was examined by qRT-PCR. The levels of the qRT-PCR products were 
normalized relative to IgG control. l HEK293T cells were co-transfected with miRNA mimics, respectively, and wild-type or mutant TRAF3IP2-AS1 
luciferase reporter vector, and luciferase reporter activity was detected. m–o Schematic illustration of TRAF3IP2-AS1 wild type and mutation 
luciferase reporter vectors. The data are presented as the mean ± SD, *P < 0.05, **P < 0.01, ***P < 0.001
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Correspondingly, down-/up-regulation of NONO-
TFE3 could change the mRNA level of PTEN accord-
ingly (Fig.  8i). Additionally, we performed rescue assays 
to evaluate whether TRAF3IP2-AS1 regulates PTEN 
by competing for miR-200a-3p, miR-153-3p and miR-
141-3p. As shown in Fig.  8j–k, the results showed that 

overexpression of TRAF3IP2-AS1 increased PTEN levels 
and ectopic expression of miR-200a-3p, miR-153-3p or 
miR-141-3p repressed this increase, whereas suppression 
of TRAF3IP2-AS1 decreased PTEN levels and effects 
of miRNAs inhibitor impaired this downregulation. 
Taken together, these results indicate that miR-200a-3p, 

a b c

d

f

e

g h

i kj

Fig. 8 TRAF3IP2-AS1 modulates the expression of PTEN through post-transcriptional regulation of miRNAs. a Schematic of the selection for the 
direct downstream target of TRAF3IP2-AS1. b–c The effect of multiple miRNAs expression on PTEN mRNA in UOK109 cells was analyzed by qRT-PCR 
after overexpression or knockdown of miRNAs, respectively. d RIP assays were performed using AGO2 antibody in UOK109 cells, and then, the 
enrichment of PTEN mRNA was detected by qRT-PCR. e HEK293T cells were co-transfected with miRNA mimics, respectively, and wild-type or 
mutant PTEN 3′-UTR luciferase reporter vector, and luciferase reporter activity was detected. f–h Schematic illustration of PTEN 3′-UTR wild type 
and mutation luciferase reporter vectors. i The mRNA levels of NONO-TFE3 and PTEN were detected after transfection with NONO-TFE3 plasmids or 
shTFE3 for 48 h. j–k The protein level of PTEN was detected after co-transfection with indicated vectors, siRNAs/ASOs or miRNAs inhibitor for 48 h. 
The data are presented as the mean ± SD, **P < 0.01, ***P < 0.001
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miR-153-3p and miR-141-3p can bind to the predicted 
sites in the 3′-UTR of PTEN mRNA and mediated PTEN 
expression levels in NONO-TFE3 tRCC.

To further explore the biological function of miRNAs 
and PTEN in NONO-TFE3 tRCC, CCK-8, colony forma-
tion, tumor sphere formation, EdU, flow cytometry and 
Transwell assays were performed. The results revealed 
that cell proliferation (Additional file  2: Fig. S16), cell 
cycle (Additional file 2: Fig. S17A, C), migration and inva-
sion (Additional file 2: Fig. S17E) were enhanced by over-
expression of miR-200a-3p, miR-153-3p and miR-141-3p 
compared with the negative control in UOK109 cells, and 
ectopic expression of PTEN repressed this increase. Flow 
cytometric experiments showed that down-regulation of 
PTEN obviously prevented the apoptosis increased by 
miRNAs inhibitor in UOK109 cells, and vice versa (Addi-
tional file 2: Fig. S17B, D). Correspondingly, mRNA levels 
of AKT1, CCNB1, CCND1, MMP2, MMP9, BCL2 and 
BIRC5 were tested to validate the above results (Addi-
tional file  2: Fig. S18). These findings illuminated the 
existence of a TRAF3IP2-AS1-miRNAs-PTEN regulatory 
axis. Collectively, PTEN is a target gene of miR-200a-3p, 
miR-153-3p and miR-141-3p and is indirectly regulated 
by TRAF3IP2-AS1.

Discussion
A growing body of research indicates that dysregulated 
lncRNAs participate in many physiological and patho-
logical processes during cancer progression [32, 33]. 
Although dysregulation of certain lncRNAs in tumo-
rigenesis is a recognized phenomenon [34, 35], the bio-
logical function and underlying molecular mechanism 
of most lncRNAs still remain undetermined. In this 
study, we clarified that lncRNA TRAF3IP2-AS1 expres-
sion was downregulated by overexpression of NONO-
TFE3-fusion protein in NONO-TFE3 tRCC. Importantly, 
TRAF3IP2-AS1 regulated the expression of two tumor-
related specific genes, PARP1 and PTEN. Mechanisti-
cally, TRAF3IP2-AS1 directly bound to PARP1 mRNA, 
thereby promoted the  m6A modification of PARP1 
mRNA, resulting in decay of PARP1 mRNA. However, 
low expression of TRAF3IP2-AS1 caused upregulation of 
PARP1 by decreasing the PARP1 mRNA decay in NONO-
TFE3 tRCC. Meanwhile, sponging miR-200a-3p, miR-
153-3p and miR-141-3p was the other biological function 
of TRAF3IP2-AS1. MiR-200a-3p, miR-153-3p and miR-
141-3p could bind to the 3′-UTR of PTEN mRNA and 
mediated PTEN expression levels. Last, we demonstrated 
that TRAF3IP2-AS1 acts as a tumor suppressor during 
tumor progression and upregulation of TRAF3IP2-AS1 
can inhibit cell proliferation, migration and invasion in 
NONO-TFE3 tRCC (Fig. 9). This study elucidates a new 
regulation network in NONO-TFE3 tRCC, which might 
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NONO-TFE3

PTEN

LncRNA TRAF3IP2-AS1

miR-141
miR-153
miR-200a

PARP1

AAAA
PARP1 mRNA

PARP1 mRNA
AAAA

PTEN mRNA

AAAA
m6A

YTHDF2
AAAA

m6A

AAAA

METTL3

Tumorigenesis 
and development

METTL14

Fig. 9 Schematic diagram for the mechanisms of TRAF3IP2-AS1 functioning as both an mRNA decay accelerator and a miRNA sponge to inhibit 
progression of NONO-TFE3 tRCC 
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provide novel insights into molecular based diagnosis 
and treatment of NONO-TFE3 tRCC.

The complex and precise regulatory function of 
lncRNAs, such as molecular scaffold or decoy, was 
mediated by RNA-RNA interaction basically [36, 37]. 
A current study by Gu et  al. showed that lncRNA 
LBCS interacts directly with 5′-UTR region of andro-
gen receptor (AR) mRNA and then inhibits AR expres-
sion by forming a LBCS-AR mRNA complex, and 
the inhibitive effect of LBCS on AR translation was 
in hnRNPK dependent manner [13]. Besides this, 
AR expression could be enhanced by direct interac-
tion between lncRNA-ARLNC1 and AR mRNA [15]. 
Here, we described that TRAF3IP-AS1 interacted with 
3′-UTR of PARP1 mRNA directly and then inhibited 
PARP1 expression by promoting the degradation of 
PARP1 mRNA. We revealed that  m6A modification of 
PARP1 was mediated by METTL14, and the decay of 
PARP1 mRNA was in YTHDF2 dependent manner.

The vital role of  m6A RNA methylation is regulat-
ing the stability of RNA. The formation and catalysis 
 m6A RNA modification is mediated by a methyltrans-
ferase complex consisting of METTL3, METTL14 and 
WTAP [38, 39]. The main function of METTL14, with-
out enzymatically active, is to facilitate METTL3 bind-
ing to RNA. Diverse outcomes of  m6A-methylation to 
post-transcription rely on its readers. YTHDF2 is the 
most effective  m6A reader that weakens RNA stabil-
ity by recognizing and distributing  m6A-containing 
RNAs to processing bodies [40]. Here, it has been 
shown that  m6A labeling promoted the degradation of 
PARP1 mRNA through YTHDF2.  m6A was also found 
in lncRNAs, ribosomal RNAs (rRNAs), transfer RNAs 
(tRNAs) and even in circular RNAs (circRNAs), which 
therefore opens a new window for the pathway of RNA 
degradation [41]. A current study by Park et al. showed 
that  m6A-containing circular RNAs are degraded by 
the YTHDF2 pathway [42].

CeRNA plays an important role in post-transcrip-
tional regulation by forming extensive ceRNA network 
involving different kinds of RNA, such as lncRNAs, 
mRNAs, circRNAs and miRNAs. In this study, we 
found that TRAF3IP2-AS1 could function as a ceRNA 
and modulate the expression of PTEN through post-
transcriptional regulation of miR-200a-3p, miR-153-3p 
and miR-141-3p. Recent studies have shown that 
ceRNA network plays an important role in tumor dif-
ferentiation, proliferation, metastasis and other tumor 
development processes. For example, lncRNA UCA1 
represses the host immune systems by upregulating the 
PD-L1 level of gastric cancer cells by reducing miRNAs 
expression [12]. Interestingly, α1 integrinI (ITGA1) 
mRNA and adenylyl cyclase 9 (ADCY9) mRNA 

competed for binding to miR-181b, and ZEB1 upregu-
lated ITGA1 to activate a miR-181b-regulated ceRNA 
network that increased metastasis of lung adenocarci-
nomas [43].

Conclusion
In summary, we observed that the expression of 
TRAF3IP2-AS1 was down-regulated by overexpressed 
NONO-TFE3-fusion protein in NONO-TFE3 tRCC. As 
a tumor suppressor gene, upregulation of TRAF3IP2-
AS1 markedly inhibited PARP1 expression by bind-
ing to its mRNA directly to stimulate  m6A methylation 
which led to mRNA decay of PARP1 and enhanced the 
expression of PTEN through absorbing miR-200a-3p, 
miR-153-3p and miR-141-3p. Our findings may facilitate 
better understanding of NONO-TFE3 tRCC pathogenesis 
and provide new insight into lncRNA-based diagnosis 
and treatment of NONO-TFE3 tRCC and other human 
malignancies.
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