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Abstract: Background: Hypoxia is common in solid tumor masses that has functional consequences for tumor pro-
gression. Previous studies demonstrated that nearly 80% renal cell carcinoma (RCC) are under hypoxia. However, 
effect and its mechanism of hypoxia on RCC cell invasion remains to be defined. Methods: The shRNA expression 
vectors, which were constructed to express a short hairpin RNA against lncRNA and overexpression of lncRNA, were 
transfected into the RCC cell lines (SW839 and OSRC-2). Levels of lncRNA-ENST00000574654.1, VEGF-A and VEGF-
C mRNA and protein were examined by real-time quantitative-fluorescent PCR and Western blot analysis, respective-
ly. The effects of lncRNA silencing and overexpression on cell invasion of SW839 and OSRC-2 cells were evaluated 
with cell migration assay. Results: Hypoxia significantly stimulated cell invasion in both RCC cell lines (SW839: 2.38 
± 0.19 of normoxia vs 7.83 ± 0.38 of hypoxia, P < 0.05; and OSRC-2: 1.00 ± 0.08 of normoxia vs 5.88 ± 0.32 of 
hypoxia, P < 0.05). LncRNA microarray analysis found that lncRNA-ENST00000574654.1 was down-regulated under 
hypoxia. Consistently, over-expression of lncRNA-ENST00000574654.1 resulted in significant blockade of hypoxia-
induced RCC migration. Furthermore, expression of lncRNA-ENST00000574654.1 was regulated by HIF-1α and 
VEGA-A through interacting with hnRNP, which in turn regulated the RCC cell invasion. Conclusions: These findings 
suggested that hypoxia promoted RCC cell invasion through HIF-1α/lncRNA (ENST00000574654.1)/hnRNP/VEGF-A 
pathway. Targeting this pathway could potentially improve therapeutic outcomes of renal cell carcinoma.
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Introduction

Renal cell carcinoma (RCC) is the ninth most 
common malignant tumor representing approx-
imately 2-3% of all adult malignancies [1]. In the 
U.S., renal cell carcinoma (RCC) is the 6th lead-
ing cause of cancer deaths in men and the 8th 
leading cause in women, and the incidence of 
RCC continues to rise [2]. Until recently, there 
was a worldwide annual increase in the inci-
dence of nearly 2%. Approximately 84,400 new 
RCC cases were diagnosed resulting in more 
than 34,700 kidney cancer-related deaths with-
in the European Union in 2012 [3]. Presently, 
surgery is still the standard treatment for pri-
mary RCC, while seven targeted therapies have 
been FDA-approved for metastatic RCC [4]. 
Although these therapies have extended sur-

vival of patients with advanced RCC, the 
response rate is low and the 5-year survival 
rate of patients with metastatic RCC remains 
less than 10%. Therefore, more efficacious 
approaches are needed for treatment of meta-
static disease as well as for neoadjuvant and 
adjuvant therapy of localized RCC.

In order for tumors to metastasize and grow, 
neoplastic and endothelial cells must invade 
and migrate into surrounding tissues [5]. 
Hypoxia is a frequent occurrence in solid tumor 
masses, which has functional consequences 
for cells to invade and migrate [6]. In addition, 
previous study demonstrated that nearly 80% 
RCC are under hypoxia [7]. Furthermore, the 
expression levels of a number of lncRNAs are 
associated with hypoxia including NEAT1, H19, 
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HOTAIR, MALAT1, and UCA1 [8]. The current 
study was, therefore, designed to examine the 
role of lncRNAs under hypoxia during RCC pro-
gression. This is particularly relevant since a 
majority of RCC carry a mutation in Von Hippel-
Lindau (VHL), an E3 ubiquitin ligase that targets 
hypoxia inducible factor (HIF), thus implicating 
oxygen sensing as a critical factor for RCC 
development and progression [9]. 

Cancer metastasis is a complex process, which 
involves several signal-transduction pathways 
that allow cancer cells to proliferate, remodel 
their surrounding environment, and invade to 
new tissues. In this process, cell invasion is the 
key steps, which plays an important role in can-
cer metastasis. Cellular invasion is governed at 
both the extracellular and intracellular levels by 
several factors, and depends on the cell’s care-
fully balanced dynamic interaction with the 
extracellular matrix (ECM). Increasing evidence 
suggests that hypoxia play an important role in 
cell invasion [10].

In this study, using lncRNA microarray analysis, 
we first searched the lncRNA, which were regu-
lated by hypoxia, and further demonstrated 
that hypoxia could promote RCC cell invasion 
through decreasing the lncRNA-ENST00000- 
574654.1. A novel pathway of hypoxia modula-
tion on cell invasion as well as development 
and progression of RCC was also investigated.

Methods

Cell culture

Human RCC cell lines, SW839 and OSRC-2, 
were obtained from Chinese Academy of 
Science (Chinese Academy of Science, China). 
Cells were maintained in Dulbecco’s modified 
Eagle’s medium (DMEM) supplemented with 
10% fetal bovine serum (FBS). Cells were cul-
tured in RPMI 1640 medium supplemented 
with 10% fetal bovine serum at 37°C in a 
humidified 5% CO2 incubator (normoxia) or 1% 
oxygen (1% O2, 5% CO2, 94% N2: hypoxia) and 
were routinely passaged at 3- or 4-day 
intervals.

Plasmids containing shRNA targeting lncRNA-
ENST00000574654.1 and its transfection

Short hairpin RNAs (shRNAs) were designed 
and their expression vectors were constructed 

by Sangon Biotech company (Sangon Biotech, 
China). Interference plasmid and the negative 
control plasmid (empty plasmid, pLV-THM) were 
transfected to RCC cells with Lipofectamine 
2000 transfection reagent (Invitrogen). After 
48 h transfection, total RNA and protein were 
extracted from the cells, and the expression 
levels of lncRNA, VEGF-A and VEGF-C mRNA as 
well as protein were examined by RT-PCR and 
immunoblotting, respectively.

RNA isolation and real time PCR

Total RNA of SW839 and OSRC-2 cells was 
extracted by Trizol reagent (Life Technologies) 
following the manufacturer’s instructions. 
Concentration and quality of the extracted total 
RNA were determined by measuring OD260 
and the OD260/OD280 ratio. Total RNA was 
treated with DNAse before reverse transcrip-
tion. The reverse transcription of 1 µg RNA into 
cDNA was carried out using Superscript II 
reverse transcriptase (TakaRa, Japan) and 
stored at -80°C until use.

Primers for human lncRNA, VEGF-A, VEGF-C 
and GAPDH were designed with Primer Express 
2.0 software (Applied Biosystems) and synthe-
sized by Sangon. The basic information on 
primers, including gene name, forward primer, 
reverse primer and temperature was presented 
in Table 1. Real-time PCR was done in triplicat-
ed wells for each sample in a 20 µL reaction 
mixture, which consisted of template DNA (2 
μL), primers (1 μL), SYRB premix (10 μL), ddH2O 
(7 μL) (ExScript real-time PCR Kit, TaKaRa). PCR 
was done with a 7900HT Fast real-time PCR 
instrument using the following thermal cycles: 
The cycling variables were 95°C (30 s), 40 
cycles of 95°C (5 s), 60°C (30 s). According to 
the method tested by Pfaffl, the relative expres-
sion ratio of a targeted gene was calculated 
based on efficiency and the Ct compared with a 
reference gene (GAPDH).

Immunoblotting analysis

Cells were lysed with RIPA buffer and proteins 
(30 µg) were separated by 8-10% SDS/PAGE 
gel and then transferred onto PVDF membranes 
(Millipore, Billerica, MA). After blocking, the 
membranes were incubated with 1:200 dilu-
tions of specific primary antibodies, mouse 
anti-human VEGF-A and anti-human VEGF-C 
(Abcam China, Shanghai, China). GAPDH was 
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used as loading control. The blots were then 
incubated with HRP-conjugated secondary anti-
bodies and visualized using ECL system.

Cell invasion assay

The invasion capability of RCC cells was deter-
mined by the transwell assay. The upper tran-
swell chambers (Corning Inc., Corning, NY, USA) 
were pre-coated with diluted growth factor-
reduced matrigel (1:5 serum free RPMI) and 
put into the incubator for 5 h. RCC cells were 
harvested and seeded at 1 × 105 cells/well 
with serum-free DMEM into the upper chamber 
and the lower chamber contained DMEM with 
10% FBS. After 24 h incubation at 37°C, the 
invaded cells attached to the lower surface of 
the membrane were fixed with paraformalde-
hyde and stained with crystal violet. Cell num-
bers were counted in five randomly chosen 
microscopic fields.

RNA immunoprecipitation (RIP) 

The 293T cells were lysed in RIPA lysis buffer 
(20 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM 
Na2 EDTA, 1 mM EGTA, 1% NP-40, 1% sodium 
deoxycholate, 2.5 mM sodium pyrophosphate, 
1 mM beta-glycerophosphate, 1 mM Na3VO4, 1 
µg/ml leupeptin) supplemented with anti-
RNase, protease inhibitor cocktail. RNase-free 
DNase (NEB) (400 U) was then added to the 
lysates and incubated on-ice for 30 min. The 
cell lysates were diluted in the RIPA buffer and 
50 µl of the supernatant was saved as input  
for PCR analysis. Five-hundreds microliter of 
the supernatant was incubated with 4 µg of 
anti-heterogeneous nuclear ribonucleoproteins 
(anti-hnRNP C1/C2, Santa Cruz, cat#: sc-515- 
938) or IgG antibody. Protein A/G beads were 
pre-blocked by 15 mg/ml BSA in PBS. Then 
pre-blocked beads were added to the antibody-

lysate mixture and incubated for another 2 
hours. The RNA/antibody complex was washed 
four times by RIPA buffer supplemented with 
anti-RNase, protease inhibitor cocktail. The 
RNA was extracted using Trizol (Invitrogen) fol-
lowing the manufacturer’s protocol and sub-
jected to real time RT-PCR analysis. For UV 
cross-linking and RIP, cells were first subjected 
to UV cross-linking (200 mJ/cm2) and then con-
ducted as native RIP protocol.

Statistical analysis

All statistical analyses were carried out with 
SPSS 19.0 (SPSS Inc, Chicago, IL). The data val-
ues were presented as the mean ± SD. Di- 
fferences in mean values between two groups 
were analyzed by two-tailed Student’s t test 
and the mean values of more than two groups 
were compared with one-way ANOVA followed 
by Bonferroni post-correction. P ≤ 0.05 was 
considered as statistically significant.

Results

LncRNA-ENST00000574654.1 was significant-
ly down regulated in RCC under hypoxia

The effect of hypoxia on RCC cell migration was 
first examined and found that hypoxia could 
promote cell migration in both RCC OSRC-2 
(1.00 ± 0.08 of normoxia vs 5.88 ± 0.32 of 
hypoxia, P < 0.05) and SW839 cells (2.38 ± 
0.19 of normoxia vs 7.83 ± 0.38 of hypoxia, P < 
0.05, Figure 1A). Using lncRNA microarray anal-
ysis [11], expression of lncRNAs in SW839 cell 
line in response to hypoxia (1% oxygen level for 
24 h) was assessed by a comparative analysis 
on the expression of 40,000 lncRNAs, and it 
was found that nearly 7,000 lncRNAs were 
increased while nearly 13,000 lncRNAs were 
decreased in response to hypoxia. Total of 20 

Table 1. Nucleotide sequence of primers used in real time PCR
Gene Primers Nucleotide sequence 5’-3’ Temperature (°C)
VEGF-A Forward CTACCTCCACCATGCCAAGT 60

Reverse CCATGAACTTCACCACTTCGT
VEGF-C Forward TGCCAGCAACACTACCACAG 57

Reverse GTGATTATTCCACATGTAATTGGTG
lncRNA (ENST00000574654.1) Forward GAAGCTGCACACCTTTGACA 60

Reverse CGGTTTCTGGAAAGATCCAA
GAPDH Forward AGAAGGCTGGGGCTCATTTG 60

Reverse AGGGGCCATCCACAGTCTTC
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lncRNAs with significant down-regulation were 
further investigated (Figure 1B). Specifically,  
to link those 20 lncRNAs to the cell invasion 
under hypoxia condition, the GEO database 
(GSE96574) were analyzed and found that ex- 
pression of lncRNA-ENST00000574654.1 was 
significantly reduced in the RCC tumor tissue 
(Figure 1C). 

LncRNA-ENST00000574654.1 modulated RCC 
cell migration in response to hypoxia

To examine biological function of lncRNA-
ENST00000574654.1, two shRNAs that spe-
cifically suppressing lncRNA-ENST00000574- 
654.1 was synthesized and a plasmid that 
overexpressing lncRNA-ENST00000574654.1 
was constructed. As shown in Figure 2A, 

lncRNA-ENST00000574654.1 was significant-
ly inhibited by shRNAs, especially by shRNA1.  
In contrast, expression of lncRNA-ENST000- 
00574654.1 was significantly increased in  
the cells transfected with the overexpressing 
plasmid. 

After transfection of the plasmids containing 
shRNA or sequence of overexpressing lncRNA-
ENST00000574654.1, cell migration under 
normoxia or hypoxia condition was assessed. It 
was fund that, under normoxia or hypoxia con-
dition, suppression of lncRNA-ENST0000057- 
4654.1 by shRNA resulted in increased RCC 
cell invasion, while overexpression of lncRNA 
(ENST00000574654.1) resulted in significant 
reduction in cell invasion in both SW839 and 
OSRC-2 cell lines (Figure 2B). 

Figure 1. LncRNAs were regulated by hypoxia. A: Image and comparison of cell invasion assay in the SW839 and 
OSRC-2 cell lines. Cell invasion assay was performed as described in the methods. Cell number was counted and 
expressed as “Relative fold change over normoxia”. **P < 0.01 compared to normoxia. B: Selection of the 20 down-
regulated lncRNAs in response to hypoxia. C: Expression value (relative amount) of lncRNA-ENST00000574654.1 in 
normal (N) and tumor tissues (T), which was derived data from GEO database (GSE96574). 
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LncRNA-ENST00000574654.1 expression was 
regulated by HIF-1α

To explore the mechanism of hypoxia regulation 
on the expression of lncRNA-ENST0000057- 
4654.1, hypoxia-inducible factor (HIF), a tran-
scriptional complex that plays a central role in 
the regulation of gene expression by oxygen, 
was investigated in the SW839 and OSRC-2 

cell lines by RNA interfering HIF-1α and HIF-2α. 
To accomplish this, cells were transfected with 
plasmid containing shRNA specifically targeting 
HIF-1α or HIF-2α as we have previously pub-
lished [12].

It was found that suppression of HIF-1α by 
shRNA significantly blocked the reduction of 
lncRNA-ENST00000574654.1 expression in- 

Figure 2. Role of lncRNA-ENST00000574654.1 in regulating RCC cell invasion in response to hypoxia. A: Efficiency 
of sh-lncRNA (left) and overexpressing lncRNA plasmid (right) in OSRC-2 cells. Control: cells transfected with control-
shRNA; shRNA1: cells transfected with shRNA1 targeting lncRNA-ENST00000574654.1; shRNA2: cells transfected 
with shRNA2 targeting lncRNA-ENST00000574654.1; Overexpression: cells transfected with over-expressing ln-
cRNA-ENST00000574654.1 plasmid. B: Image and comparison of cell invasion assay in the SW839 cells trans-
fected with shRNA or over-expressing plasmid. pLV-THM: control; sh-lncRNA: cells transfected with shRNA1 tar-
geting lncRNA-ENST00000574654.1; pWPI: control; Overexpression-lncRNA: cells transfected with over-expressing 
lncRNA-ENST00000574654.1 plasmid. **P < 0.01 and #P < 0.05 compared to the cells transfected with pLV-THM. 
C: Image and comparison of cell invasion assay in the OSRC-2 cells transfected with shRNA or over-expressing plas-
mid. pLV-THM: control; sh-lncRNA: cells transfected with shRNA1 targeting lncRNA-ENST00000574654.1; pWPI: 
control; Overexpression-lncRNA: cells transfected with over-expressing lncRNA-ENST00000574654.1 plasmid. **P 
< 0.01 and #P < 0.05 compared to the cells transfected with pLV-THM.
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duced by hypoxia in both SW839 cell line (2.11 
± 0.12 of control shRNA vs 1.13 ± 0.06 of 
shRNA-HIF-1α, P < 0.05) and OSRC-2 cell line 
(2.26 ± 0.08 of control shRNA vs 1.15 ± 0.07 of 
shRNA-HIF-1α, P < 0.05), and it was nearly 
same level as it was under normoxia condition 
(Figure 3A). Suppression of HIF-2α by shRNA, 
however, did not alter the expression of lncRNA-
ENST00000574654.1 under either hypoxia or 
normoxia in either cell lines (Figure 3A). Con- 
sistently, a HIF inhibitor (FG-4592 [ASP1517]) 
could also significantly blocked the down-regu-
lation of lncRNA-ENST00000574654.1 expres-
sion in response to hypoxia in both in SW839 
(2.23 ± 0.13 of control vs 1.08 ± 0.07 of 
FG-4592, P < 0.05) and OSRC-2 cells (2.21 ± 
0.03 of control vs 1.11 ± 0.08 of FG-4592, P < 
0.05, Figure 3B).

in the cells over-expressing the lncRNA (Figure 
4B). Interestingly, however, VEGF-C mRNA and 
protein were not significantly altered in the cells 
regardless of suppressing or over-expressing 
the lncRNA (Figure 4A). 

To explore which motif of lncRNA-ENST00- 
000574654.1 has a function of regulating 
renal cell carcinoma cell invasion, a bioinfor-
matic analysis of likely protein-RNA interactions 
(RBP map) was analyzed and it was found that 
ENST00000574654.1 might be able to interact 
with hnRNP, a protein reported to be a regulator 
of VEGF [14, 15] and a transcriptional factor 
critical for promoting cell invasion. Results from 
RIP assays revealed that lncRNA-ENST0000- 
0574654.1 indeed interacted with hnRNP com-
pared to IgG (Figure 4C).

Figure 3. LncRNA-ENST00000574654.1 regulation by HIF. A: Expres-
sion of lncRNA-ENST00000574654.1 in the cells following suppression 
HIF-1α and HIF-2α in SW839 (left) and OSRC-2 cell (right). The cells were 
transfected with shRNAs targeting HIF-1α or HIF-2α. Expression of lncRNA-
ENST00000574654.1 was quantified by real time RT-PCR. Vertical axes: 
mRNA expression relative to the pLKO at normoxia; horizontal axes: cells 
transfected with control pLKO, sh-HIF-1α, or sh-HIF-2α. pLKO: cells trans-
fected with scramble shRNA; sh-HIF-1α: cells transfected with shRNA target-
ing HIF1α; sh-HIF-2α: cells transfected with shRNA targeting HIF-2α. **P < 
0.01. B: Expression of lncRNA-ENST00000574654.1 by the SW839 (left) and 
OSRC-2 cell (right) in the presence or absence of HIF inhibitor. The cells were 
treated with HIF inhibitor FG-4592 (ASP1517) followed by exposing to nor-
moxia or hypoxia. Expression of lncRNA-ENST00000574654.1 in the cells 
were quantified by real time RT-PCR. Vertical axes: mRNA expression relative 
to the DMSO treated at normoxia; horizontal axes: cell treatment. **P < 0.01. 
Data presented were an average of three separate experiments.

Mechanism of lncRNA-
ENST00000574654.1 regu-
lation on RCC cell invasion in 
response to hypoxia

Previous studies suggested 
that VEGF-A and VEGF-C were 
associated with cancer me- 
tastasis [13]. Gene expres-
sion as well as protein levels 
of the VEGF-A and VEGF-C in 
the RCC cell lines were, there-
fore, assessed by real time 
PCR and immunoblotting an- 
alyses, respectively. As sh- 
own in Figure 4A, VEGF-A 
mRNA expression was signifi-
cantly up regulated in both 
SW839 and OSRC-2 cells 
lacking lncRNA-ENST00000- 
574654.1 (3.05 ± 0.12 of 
control shRNA vs 1.08 ± 0.16 
of sh-lncRNA, P < 0.05), while 
it was not significantly alter- 
ed in the cells over-express-
ing lncRNA-ENST00000574- 
654.1. Consistently, VEGF-A 
protein was significantly in- 
creased in the cells transfect-
ed with shRNA-lncRNA com-
pared to the cells transfect- 
ed with scramble shRNA 
(3.53 ± 0.09 of control shRNA 
vs 1.02 ± 0.07 of shRNA-
lncRNA, P < 0.05), while it 
was not significantly altered 
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Discussion 

Although detection of small renal masses has 
been improved through recently advanced 
diagnosis techniques, approximately one-third 
of patients still miss the early diagnosis and 
develop metastatic lesions during the course of 
the renal cell cancer development [16]. In addi-
tion, up to 40% of patients with loco regional 
renal cell carcinoma have a relapse with metas-
tasis after nephrectomy given nephrectomy 
(radial or partial) is still the major treatment  
for localized RCC [17]. Recently, strategies tar-
geting critical biological pathways, including 
vascular endothelial growth factor (VEGF) and 
mammalian target of rapamycin (mTOR), have 
produced robust clinical effects and revolution-
ized the treatment of metastatic RCC [18]. 

However, some patients are inherently resis-
tant to these approaches and most, if not all, 
patients acquire resistance over time [19]. 
Therefore, there is still a challenge to urologist 
to treat RCC. The current study found that 
hypoxia-induced RCC migration was significant-
ly suppressed by over expression of lnRNA-
ENST00000574654.1, suggesting ENST0000- 
0574654.1 might be a tumor suppressor in 
RCC. 

The von Hippel-Lindau tumor suppressor, pVHL, 
is a key player in one of the best characterized 
hypoxia signaling pathways, the VHL-hypoxia-
inducible factor (VHL-HIF) pathway. In RCC, 
60-80% of clear cell RCC cases display lo- 
ss-of-function coding mutations in the VHL 
gene, chromosomal aberrations on chromo-

Figure 4. Role of lncRNA-ENST00000574654.1 in regulating VEGF-A and VEGF-C. A: Expression of VEGF-A (left) 
and VEGF-C (right) mRNA in the cells. Following transfection of sh-lncRNA or over-expressing lncRNA, the cells were 
exposed to normoxia or hypoxia. Expression of VEGF-A (left) and VEGF-C (right) mRNA was quantified by real time 
RT-PCR. Vertical axes: mRNA expression relative to the control at normoxia; horizontal axes: cell lines. **P < 0.01. 
Data presented were an average of three separate experiments. B: Expression of VEGF-A (left) and VEGF-C (right) 
proteins in the cells. Following transfection of sh-lncRNA or over-expressing lncRNA, the cells were exposed to nor-
moxia or hypoxia. Expression of VEGF-A (left) and VEGF-C (right) proteins were assessed by immunoblotting. C: RNA 
immunoprecipitation (RIP) assy. The 293T cells were co-transfected with oe-hnRNP and oe-lncRNA, RIP detected the 
interaction between hnRNP and lncRNA. 
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some 3p25 that affect the VHL locus, or hyper-
methylation of the VHL promoter [9]. In addi-
tion, previous study demonstrated that nearly 
80% RCC are under hypoxia [7], and that hypox-
ia also play a role in chemotherapy resistant 
and cancer stem cell accumulation in RCC [19, 
20]. Consistently, the current study demon-
strated that hypoxia promoted RCC cell migra-
tion and invasion. 

Recently, whole transcriptome sequencing has 
revealed a large number of putative lncRNAs 
that seem to be involved in a variety of biologi-
cal processes, including cell-cycle regulation 
[21], embryonic stem cell (ESC) pluripotency 
[22, 23], and cancer progression [24]. Studies 
have revealed that lncRNAs play important 
roles in RCC pathogenesis. In this regard, Hong 
et al reported that lncRNA (HOTAIR) played as 
an oncogene, while miR-217 played as a sup-
presser in the growth of RCC [25]. They found 
miR-217 was remarkably down regulated in 
RCC tissues and cells, and that miR-217 expres-
sion was negatively correlated with HOTAIR 
level in RCC tissues [25]. Here, ENST0000- 
0574654.1 was identified as a first example of 
a lncRNA that was critical for the hypoxia-regu-
lated RCC cell invasion. Mechanistic studies 
indicated that lncRNA-ENST00000574654.1 
was regulated by HIF-1α. Furthermore, we 
found that effect of hypoxia on RCC migration 

they found that PTBP1 silencing resulted in 
down regulation of HIF-1α and VEGF, and over-
expression of HIF-1α could rescue decreased 
VEGF expression following PTBP1 suppression 
by siRNA [29]. Consistently, the current study 
found that VEGF-A was up regulated in the cells 
lacking lncRNA-ENST00000574654.1, but dra-
matically suppressed in the cells over-expr- 
essing lncRNA-ENST00000574654.1. Further- 
more, the current study found that VEGF-A was 
down regulated in the cells over-expressing 
lncRNA-ENST00000574654.1 under normox-
ia, but it was up regulated in the cells lack  
of lncRNA-ENST00000574654.1 by shRNA-
lncRNA. However, while we found that lncRNA-
ENST00000574654.1 might interact with 
hnRNP, motif of lncRNA-ENST00000574654.1 
that was responsible for regulating VEGF 
through interacting with hnRNP remains to be 
identified in the future study. These findings 
established the foundation to enhance sup-
pression of RCC invasion through regulating 
lncRNA expression and targeting VEGF pathway 
in RCC treatment. 

Transcription factor HIF is a heterodimer con-
sisted of one of three alpha (α) subunits and a 
beta (ß) subunit. While HIF-ß is constitutively 
expressed, HIF-α is induced by hypoxia. HIF-α 
family includes HIF-1α, -2α, and -3α [30-33]. 
While HIF-1α is the most well-established and 

Figure 5. Schematic illustration on the role of HIF1α and lncRNA-ENST00- 
000574654.1 in regulating VEGF-A and cell migration in RCC cells. 

was more significant than  
that of silencing lncRNA-EN- 
ST00000574654.1, suggest-
ing lncRNA-ENST00000574- 
654.1 be partially responsible 
for the hypoxia-induced cell 
migration and other mecha-
nisms might also be involved 
in mediating hypoxia-induce 
cell migration (Figure 5).

Increasing evidence has sug-
gested that VEGF-A is up re- 
gulated in numerous cancer 
cell types, including RCC [26]. 
VEGF-A has been revealed to 
be involved in angiogenesis, 
cell proliferation, migration, 
invasion and tumor angiogen-
esis [27, 28]. Shan et al re- 
ported that polypyrimidine 
tract-binding protein 1 (PT- 
BP1) regulated HIF-1α and 
VEGF expression. Specifically, 
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extensively investigated in variety kinds of cell 
types, recently, HIF-2α has also been an attrac-
tive therapeutic target in renal cell cancer [34], 
and several reports described the antitumor 
effects of a small-molecule HIF-2α antagonist 
that binds to a hydrophobic binding pocket dis-
covered in HIF-2α PAS-B domain [35-37] as 
well as siRNA targeting HIF-2α in the renal cell 
cancer [38]. In the current study, however, nei-
ther shRNA-HIF-2α nor the HIF inhibitor (FG-
4592) could significantly alter expression of 
lncRNA-ENST00000574654.1 in RCC cells, 
suggesting HIF-2α may not be involved in regu-
lating lncRNA-ENST00000574654.1 in RCC 
cells.

Conclusions

Ф-1α was up regulated under hypoxia in RCC 
cells, which mediated up regulation of VEGF 
and promoted RCC cell migration through 
down-regulation of lnRNA-ENST000005746- 
54.1. Findings of the current study suggested 
that hypoxia-induced RCC cell invasion may  
be modulated by HIF-1α/lncRNA (ENST000- 
00574654.1)/hnRNP/VEGF-A pathway. Target- 
ing this pathway could potentially improve RCC 
therapeutic outcomes.

Acknowledgements

This work was supported in part or in whole by 
the National Natural Science Foundation of 
China (No. 81802518). The funders had no role 
in study design, data collection and analysis, 
decision to publish, or preparation of the manu-
script. No additional external funding received 
for this study.

Disclosure of conflict of interest

None.

Abbreviations 

ECM, extracellular matrix; ESC, embryonic stem 
cell; HIF, hypoxia inducible factor; LncRNA, long 
non-coding RNA; RCC, renal cell carcinoma; 
shRNAs, short hairpin RNAs; VEGF, vascular 
endothelial growth factor; VHL, Von Hippel-
Lindau; VHL-HIF, VHL-hypoxia-inducible factor.

Address correspondence to: Changcheng Guo, 
Department of Urology, Shanghai Tenth People’s 
Hospital, Tongji University, No. 301 Middle Yan’an 

Road, Shanghai 200072, China. Tel: +86-21-
66307058; E-mail: greatwall063030@126.com;  
Junhua Zheng, Department of Urology, Shanghai 
General Hospital, Shanghai Jiaotong University, No. 
100 Haining Road, Hongkou District, Shanghai 
200080, China. Tel: +86-21-63240090; E-mail: 
zhengjh0471@sina.com

References

[1] Rini BI, Campbell SC and Escudier B. Renal cell 
carcinoma. Lancet 2009; 373: 1119-1132.

[2] King SC, Pollack LA, Li J, King JB and Master 
VA. Continued increase in incidence of renal 
cell carcinoma, especially in young patients 
and high grade disease: united states 2001 to 
2010. J Urol 2014; 191: 1665-1670.

[3] Ljungberg B, Bensalah K, Canfield S, Dabestani 
S, Hofmann F, Hora M, Kuczyk MA, Lam T, 
Marconi L, Merseburger AS, Mulders P, Powles 
T, Staehler M, Volpe A and Bex A. EAU guide-
lines on renal cell carcinoma: 2014 update. 
Eur Urol 2015; 67: 913-924.

[4] Linehan WM and Ricketts CJ. Decade in re-
view-kidney cancer: discoveries, therapies and 
opportunities. Nat Rev Urol 2014; 11: 614-
616.

[5] Hood JD and Cheresh DA. Role of integrins in 
cell invasion and migration. Nat Rev Cancer 
2002; 2: 91-100.

[6] Gilkes DM, Semenza GL and Wirtz D. Hypoxia 
and the extracellular matrix: drivers of tumour 
metastasis. Nat Rev Cancer 2014; 14: 430-
439.

[7] Minervini A, Di Cristofano C, Gacci M, Serni S, 
Menicagli M, Lanciotti M, Salinitri G, Rocca CD, 
Lapini A, Nesi G, Bevilacqua G, Minervini R and 
Carini M. Prognostic role of histological necro-
sis for nonmetastatic clear cell renal cell carci-
noma: correlation with pathological features 
and molecular markers. J Urol 2008; 180: 
1284-1289.

[8] Choudhry H, Harris AL and McIntyre A. The tu-
mour hypoxia induced non-coding transcrip-
tome. Mol Aspects Med 2016; 47-48: 35-53.

[9] Schodel J, Grampp S, Maher ER, Moch H, 
Ratcliffe PJ, Russo P and Mole DR. Hypoxia, 
hypoxia-inducible transcription factors, and re-
nal cancer. Eur Urol 2016; 69: 646-657.

[10] Zhang Q, Lou Y, Zhang J, Fu Q, Wei T, Sun X, 
Chen Q, Yang J, Bai X and Liang T. Hypoxia-
inducible factor-2alpha promotes tumor pro-
gression and has crosstalk with Wnt/beta-
catenin signaling in pancreatic cancer. Mol 
Cancer 2017; 16: 119.

[11] Qin C, Han Z, Qian J, Bao M, Li P, Ju X, Zhang S, 
Zhang L, Li S, Cao Q, Lu Q, Li J, Shao P, Meng X, 
Zhang W and Yin C. Expression pattern of long 



Hypoxia promoted renal cell carcinoma cell migration through regulating lncRNA

3893 Am J Transl Res 2020;12(7):3884-3894

non-coding RNAs in renal cell carcinoma re-
vealed by microarray. PLoS One 2014; 9: 
e99372.

[12] Zhai W, Sun Y, Jiang M, Wang M, Gasiewicz TA, 
Zheng J and Chang C. Differential regulation of 
LncRNA-SARCC suppresses VHL-mutant RCC 
cell proliferation yet promotes VHL-normal RCC 
cell proliferation via modulating androgen re-
ceptor/HIF-2alpha/C-MYC axis under hypoxia. 
Oncogene 2016; 35: 4866-4880.

[13] Hirai M, Nakagawara A, Oosaki T, Hayashi Y, 
Hirono M and Yoshihara T. Expression of vas-
cular endothelial growth factors (VEGF-A/
VEGF-1 and VEGF-C/VEGF-2) in postmenopa- 
usal uterine endometrial carcinoma. Gynecol 
Oncol 2001; 80: 181-188.

[14] Ikeda T, Yoshitomi Y, Saito H, Shimasaki T, 
Yamaya H, Kobata T, Ishigaki Y, Tomosugi N, 
Yoshitake Y and Yonekura H. Regulation of 
soluble Flt-1 (VEGFR-1) production by hnRNP D 
and protein arginine methylation. Mol Cell 
Biochem 2016; 413: 155-164.

[15] Ray PS, Jia J, Yao P, Majumder M, Hatzoglou M 
and Fox PL. A stress-responsive RNA switch 
regulates VEGFA expression. Nature 2009; 
457: 915-919.

[16] Staehler M, Rohrmann K, Haseke N, Stief CG 
and Siebels M. Targeted agents for the treat-
ment of advanced renal cell carcinoma. Curr 
Drug Targets 2005; 6: 835-846.

[17] Ravaud A, Motzer RJ, Pandha HS, George DJ, 
Pantuck AJ, Patel A, Chang YH, Escudier B, 
Donskov F, Magheli A, Carteni G, Laguerre B, 
Tomczak P, Breza J, Gerletti P, Lechuga M, Lin 
X, Martini JF, Ramaswamy K, Casey M, Staehler 
M, Patard JJ and Investigators ST. Adjuvant 
sunitinib in high-risk renal-cell carcinoma after 
nephrectomy. N Engl J Med 2016; 375: 2246-
2254.

[18] Coppin C, Kollmannsberger C, Le L, Porzsolt F 
and Wilt TJ. Targeted therapy for advanced re-
nal cell cancer (RCC): a Cochrane systematic 
review of published randomised trials. BJU Int 
2011; 108: 1556-1563.

[19] Rini BI and Atkins MB. Resistance to targeted 
therapy in renal-cell carcinoma. Lancet Oncol 
2009; 10: 992-1000.

[20] De Francesco EM, Maggiolini M, Tanowitz HB, 
Sotgia F and Lisanti MP. Targeting hypoxic can-
cer stem cells (CSCs) with Doxycycline: implica-
tions for optimizing anti-angiogenic therapy. 
Oncotarget 2017; 8: 56126-56142.

[21] Sun M, Gadad SS, Kim DS and Kraus WL. Dis-
covery, annotation, and functional analysis of 
long noncoding RNAs controlling cell-cycle 
gene expression and proliferation in breast 
cancer cells. Mol Cell 2015; 59: 698-711.

[22] Yin Y, Yan P, Lu J, Song G, Zhu Y, Li Z, Zhao Y, 
Shen B, Huang X, Zhu H, Orkin SH and Shen X. 

Opposing roles for the lncRNA haunt and its 
genomic locus in regulating HOXA gene activa-
tion during embryonic stem cell differentiation. 
Cell Stem Cell 2015; 16: 504-516.

[23] Ramos AD, Andersen RE, Liu SJ, Nowakowski 
TJ, Hong SJ, Gertz C, Salinas RD, Zarabi H, 
Kriegstein AR and Lim DA. The long noncoding 
RNA Pnky regulates neuronal differentiation of 
embryonic and postnatal neural stem cells. 
Cell Stem Cell 2015; 16: 439-447.

[24] Pandey GK, Mitra S, Subhash S, Hertwig F, 
Kanduri M, Mishra K, Fransson S, Ganeshram 
A, Mondal T, Bandaru S, Ostensson M, Akyurek 
LM, Abrahamsson J, Pfeifer S, Larsson E, Shi L, 
Peng Z, Fischer M, Martinsson T, Hedborg F, 
Kogner P and Kanduri C. The risk-associated 
long noncoding RNA NBAT-1 controls neuro-
blastoma progression by regulating cell prolif-
eration and neuronal differentiation. Cancer 
Cell 2014; 26: 722-737.

[25] Hong Q, Li O, Zheng W, Xiao WZ, Zhang L, Wu 
D, Cai GY, He JC and Chen XM. LncRNA HOTAIR 
regulates HIF-1alpha/AXL signaling through 
inhibition of miR-217 in renal cell carcinoma. 
Cell Death Dis 2017; 8: e2772.

[26] Hou Q, Li MY, Huang WT, Wei FF, Peng JP, Lou 
MW and Qiu JG. Association between three 
VEGF polymorphisms and renal cell carcinoma 
susceptibility: a meta-analysis. Oncotarget 
2017; 8: 50061-50070.

[27] Zhuang Y and Wei M. Impact of vascular endo-
thelial growth factor expression on overall sur-
vival in patients with osteosarcoma: a meta-
analysis. Tumour Biol 2014; 35: 1745-1749.

[28] Wiszniak S, Mackenzie FE, Anderson P, Kab-
bara S, Ruhrberg C and Schwarz Q. Neural 
crest cell-derived VEGF promotes embryonic 
jaw extension. Proc Natl Acad Sci U S A 2015; 
112: 6086-6091.

[29] Shang Y, Zhang F, Li D, Li C, Li H, Jiang Y and 
Zhang D. Overexpression of UQCRC2 is corre-
lated with tumor progression and poor progno-
sis in colorectal cancer. Pathol Res Pract 
2018; 214: 1613-1620.

[30] Kumar H and Choi DK. Hypoxia inducible factor 
pathway and physiological adaptation: a cell 
survival pathway? Mediators Inflamm 2015; 
2015: 584758.

[31] Tian H, McKnight SL and Russell DW. Endothe-
lial PAS domain protein 1 (EPAS1), a transcrip-
tion factor selectively expressed in endothelial 
cells. Genes Dev 1997; 11: 72-82.

[32] Ema M, Taya S, Yokotani N, Sogawa K, Matsu-
da Y and Fujii-Kuriyama Y. A novel bHLH-PAS 
factor with close sequence similarity to hypox-
ia-inducible factor 1alpha regulates the VEGF 
expression and is potentially involved in lung 
and vascular development. Proc Natl Acad Sci 
U S A 1997; 94: 4273-4278.



Hypoxia promoted renal cell carcinoma cell migration through regulating lncRNA

3894 Am J Transl Res 2020;12(7):3884-3894

[33] Gu YZ, Moran SM, Hogenesch JB, Wartman L 
and Bradfield CA. Molecular characterization 
and chromosomal localization of a third alpha-
class hypoxia inducible factor subunit, HIF3al-
pha. Gene Expr 1998; 7: 205-213.

[34] Cho H and Kaelin WG. Targeting HIF2 in clear 
cell renal cell carcinoma. Cold Spring Harb 
Symp Quant Biol 2016; 81: 113-121.

[35] Chen W, Hill H, Christie A, Kim MS, Holloman E, 
Pavia-Jimenez A, Homayoun F, Ma Y, Patel N, 
Yell P, Hao G, Yousuf Q, Joyce A, Pedrosa I, Gei-
ger H, Zhang H, Chang J, Gardner KH, Bruick 
RK, Reeves C, Hwang TH, Courtney K, Frenkel 
E, Sun X, Zojwalla N, Wong T, Rizzi JP, Wallace 
EM, Josey JA, Xie Y, Xie XJ, Kapur P, McKay RM 
and Brugarolas J. Targeting renal cell carcino-
ma with a HIF-2 antagonist. Nature 2016; 539: 
112-117.

[36] Cho H, Du X, Rizzi JP, Liberzon E, Chakraborty 
AA, Gao W, Carvo I, Signoretti S, Bruick RK, Jo-
sey JA, Wallace EM and Kaelin WG. On-target 
efficacy of a HIF-2alpha antagonist in preclini-
cal kidney cancer models. Nature 2016; 539: 
107-111.

[37] Wallace EM, Rizzi JP, Han G, Wehn PM, Cao Z, 
Du X, Cheng T, Czerwinski RM, Dixon DD, Gog-
gin BS, Grina JA, Halfmann MM, Maddie MA, 
Olive SR, Schlachter ST, Tan H, Wang B, Wang 
K, Xie S, Xu R, Yang H and Josey JA. A small-
molecule antagonist of HIF2alpha is effica-
cious in preclinical models of renal cell carci-
noma. Cancer Res 2016; 76: 5491-5500.

[38] Wong SC, Cheng W, Hamilton H, Nicholas AL, 
Wakefield DH, Almeida A, Blokhin AV, Carlson J, 
Neal ZC, Subbotin V, Zhang G, Hegge J, Bertin 
S, Trubetskoy VS, Rozema DB, Lewis DL and 
Kanner SB. HIF2alpha-targeted RNAi thera-
peutic inhibits clear cell renal cell carcinoma. 
Mol Cancer Ther 2018; 17: 140-149.


