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Abstract

Nur77 is a member of the NR4A subfamily of orphan nuclear receptors that is expressed and has a function

within the immune system. This study aimed to investigate the role of Nur77 in hypoxic pulmonary hyperten-
sion. SPF male SD rats were exposed in hypobaric chamber simulating 5000 m high altitude for 0, 3, 7, 14, 21
or 28 days. Rat pulmonary artery smooth muscle cells (RPASMCs) were cultured under normoxic conditions
(5% CO,-95% ambient air) or hypoxic conditions (5% O, for 6 h, 12 h, 24 h, 48 h). Hypoxic rats developed
pulmonary arterial remodeling and right ventricular hypertrophy with significantly increased pulmonary arte-
rial pressure. The levels of Nur77, HIF-1a and PNCA were upregulated in pulmonary arterial smooth muscle
from hypoxic rats. Silencing of either Nur77 or HIF-1a attenuated hypoxia-induced proliferation. Silencing
of HIF-1a down-regulated Nur77 protein level, but Nur77 silence did not reduce HIF-10. Nur77 was not con-
immunoprecipitated with HIF-1a. This study demonstrated that Nur77 acted as a downstream regulator of
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the article online HIF-1a under hypoxia, and plays a critical role in the hypoxia-induced pulmonary vascular remodeling, which

is regulated by HIF-1a. Nur77 maybe a novel target of HPH therapy.

Keywords: Orphan nuclear receptor Nur77; Hypoxia-induced factor-1a; Hypoxia; Pulmonary hypertension

1. Introduction

Hypoxic pulmonary hypertension (HPH) is a complex,
multidisciplinary disorder, characterized by pulmonary
artery constriction at early phase and profound pulmo-
nary vascular remodeling. The restricted flow through the
pulmonary arterial circulation results in increased pulmo-
nary vascular resistance, ultimately in right heart failure,
and premature death [1]. The histopathological hallmark
of pulmonary hypertension (PH) is pulmonary vascular
remodeling as well as the complex vascular plexiform le-
sion formation [2]. Hypoxia-induced pulmonary vascular
remodeling is marked by structural alterations in small ar-
teries due to excessive proliferation, migration and apop-
totic resistance of pulmonary artery smooth muscle cells
(PASMCs) [3, 4]. Despite many years of researches about
the effect of hypoxia on the development of PH, the under-
lying molecular mechanisms of HPH are not completely
understood.

Nur77, one of the members of the nuclear receptor 4A
(NR4A) family, is an immediately-early gene that could be

activated by many physiological stimuli [5, 6]. Accumula-
ting evidences have shown that Nur77 plays critical roles
in regulating cell proliferation, differentiation, migration,
and apoptosis [7-10]. It has been verified that Nur77 is
expressed aberrantly in lung cancer cell lines, and ARDS
[11-13]. Moreover, in vascular smooth muscle cells, the
expression of Nur77 was significantly induced by mitoge-
nic stimuli [8, 14]. From two monocrotaline-induced pul-
monary arterial hypertension (PAH) experimental models,
the expression of Nur77 was inconformity [15, 16]. The-
refore, the functional role of Nur77 in the development of
HPH needs further exploration.

Hypoxia-induced factor-1o (HIF-1a), a master regula-
tor of transcriptional responses to hypoxia, plays a smooth-
specific and cell-autonomous role in the pathogenesis of
HPH [17]. The direct downstream regulation of Nur77 by
HIF-1a has been confirmed in renal carcinoma cell lines
[18], and in turn, Nur77 has been reported to stabilize HIF-
la [19, 20]. Hence, we hypothesized that Nur77 mediates
vascular remodeling in hypoxic pulmonary hypertension,
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which is induced by HIF-1a, and expect to explore a novel
potential therapeutic target in the treatment of HPH.

2. Materials and Methods
2.1. Animals

This study was approved by the Institutional Review
Board of the Third Military Medical University. Seven-
ty-eight SPF male Sprague-Dawley (SD) rats (250-300g)
were purchased from the Laboratory Animal Center, Third
Military Medical University. Care and use of the animals
complied with the Chinese Association for Laboratory
Animal Science Policy. All rats were evenly randomized
into six groups: normoxia group and hypoxia groups
maintained at an altitude of 5000 m for 3 days, 7 days, 14
days, 21 days and 28 days.

2.2. Hemodynamic Measurement

SD rats were anesthetized with an intraperitoneal in-
jection of chloral hydrate (300 mg/kg). A PE-50 pressure
catheter (OD 0.9 mm, ID 0.5 mm, length 15 cm) was in-
serted via the right jugular vein, adjusted through the right
atrium and the right ventricle and ultimately positioned at
the pulmonary artery. The pulmonary artery pressure and
right ventricular pressure were measured with a presso-
transducer connected to the catheter by a NO.7 syringe
needle.

2.3. Histology Analysis and Immunostaining

After hemodynamic assessment, the lungs of all rats
were harvested for histology analysis and immunostaining.
The paraffin-embedded lung section was stained with anti-
Nur77 antibody (1:100; #sc-365113; Santa Cruz, Santa
Cruz, CA, USA), anti-HIF-1a antibody (1:200; #ab2185;
Abcam, Cambridge, MA, USA), anti-proliferating cell nu-
clear antigen (PCNA) (1:200; #2586; CST, Danvers, MA,
USA), and anti-smooth muscle actin (SMA). The stain
sections were visualized with light microscopy (Nikon,
Tokyo, Japan).

2.4. Right Ventricular Hypertrophy Index

To assess the degree of right ventricular hypertrophy,
the right ventricle (RV) was dissected from the left ven-
tricle (LV) and the septum (S), and weighed separately.
The right ventricular hypertrophy index (RVHI) was cal-
culated by the ratio of RV/(LV+S).

2.5. Cell Culture and Experiments

The primary rat pulmonary artery smooth muscle
cells (RPASMCs) were purchased from the Beijing Bena
Culture Collection Biotechnology Research Institute. All
cells were cultured in smooth muscle cell medium contai-
ning smooth muscle cell growth supplement. Cells were
maintained under normoxic conditions (5% CO,-95%
ambient air) or hypoxic conditions (5% O, for 24 h). The
small interfering RNAs (siRNAs) against Nur77 (human
5'-GGGCATGGTGAAGGAAGTT-3") or HIF-1a (human
5'-GCUGAUUUGUGAACCCAUUTT-3") and the non-
target control siRNA were designed and synthesized by
GenePharma (China).

2.6. Cell Proliferation Experiment

Cell proliferation was assessed by a Counting Kit
(CCK-8) assay (Dojindo Laboratories, Kumamoto, Japan),
and the RPASMCs were exposed to normoxia or hypoxia

for 6 h, 12 h, 24 h and 48 h according to the manufacturer’s
instruction.

2.7. RNA Isolation and RT-qPCR Analysis

For RT-qPCR analysis, total RNA was extracted
from the separated pulmonary artery tissues and cultured
RPASMC:s using TRIzol reagent (TaKaRa, Dalian, China)
following the manufacturer’s instruction. mRNA levels
were measured using an SYBR Green real-time quantita-
tive PCR kit (TaKaRa, Dalian, China) and analyzed by an
ABI Prism Fast 7500 system (Applied Biosystems, Foster
City, CA, USA). 18s rRNA mRNA served as an internal
control. For pulmonary arteries tissues, the sequences of
the primers are as follows: Rat Nur77 forward 5'-GCT-
CATCTTCTGCTCAGGCCT-3'and reverse 5'-CAGACG-
TGACAGGCAGCTGGC-3"; HIF-la forward 5'-GGA-
CAAGTCACCACAGGACA-3' and reverse 5'-GGGA-
GAAAATCAAGTCGTGC-3"; PCNA forward 5'-ATCC-
TGAAGAAGGTGCTGGA-3' and reverse 5'-GCTG-
CACTAAGGAGACGTGA-3"; 18 rRNA forward
5-TGAGAAACGGCTACCACATCC-3' and reverse
5'-GCACCAGACTTGCCCTCCA-3'. And for RPASM-
Cs, the sequences of the primers are as follows: human
Nur77 forward 5'-AACCCAAGCAGCCTCCAGAT-3'
and reverse 5'-CTGCCCACTTTCGGATAACG-3'; HIF-
lo forward 5'-GGACAAGTCACCACAGGACA-3' and
reverse 5'-GGGAGAAAATCAAGTCGTGC-3'; PCNA
forward 5-ACACTAAGGGCCGAAGATAACG-3' and
reverse 5'-ACAGCATCTCCAATATGGCTGA-3'; 18s
rRNA forward 5'-CGGCTACCACATCCAAGGAA-3'
and reverse 5'-CTGGAATTACCGCGGCT-3".

2.8. Western Blot Assay and Coimmunoprecipitate

For protein expression analysis, the frozen separated
pulmonary arteries tissues [21] and cultured RPASMCs
were lysed in ice-cold RIPA lysis buffer (1% Triton X-100,
1% deoxycholate, 0.1%SDS). For coimmunoprecipitate
analysis, the RPASMCs were isolated by 1% NP-40 lysis
buffer. The primary antibodies were used as follows: anti-
Nur77 antibody (1:500; #sc-365113; Santa Cruz, Santa
Cruz, CA, USA), anti-HIF-1a antibody (1:1000; #04-
1006; Millipore, Billerica, MA, USA), anti-PCNA antibo-
dy (1:1500; #2586; CST, Danvers, MA, USA) and anti-f3-
actin antibody (1:500; Santa Cruz, Santa Cruz, CA, USA).

2.9. Statistical Analysis

Quantitative data are presented as mean + SD (stan-
dard deviation). Statistical analysis was carried out using
Statistic Package for Social Science (SPSS) 22.0 (IBM,
Armonk, NY, USA) and GraphPad Prism 5.0 (La Jolla,
CA, USA). Comparisons between 2 groups were analyzed
with Student’s t-test, and one-way analysis of variance
with Dunnett’s was used to analyse multiple groups. Dif-
ferences were considered to be significant at P<0.05.

3. Results
3.1. Hypobaric hypoxia increases the pulmonary artery
pressure and induces pulmonary vascular remodeling
To verify that the hypoxic pulmonary hypertension rat
model was established and get the degree of pulmonary
hypertension, we used a catheter to measure the pulmonary
artery pressure. Mean pulmonary artery pressure (mPAP)
and pulmonary artery systolic pressure (PASP) were ele-
vated significantly after 7 days of exposure to hypoxia
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(Figure 1A). Pathological staining showed that pulmonary
artery walls were thickened after 7 days of exposure to
hypoxia (Figure 1B).

Hypoxia-induced pulmonary artery hypertension was
indirectly verified by right ventricular remodeling. The
mean right ventricular pressure (mRVP) also was elevated
significantly after 7 days (Figure 1C), and right ventricular
systolic pressure was elevated after 14 days exposed to
hypoxia. Right ventricle weight was increased remarkably
after 14 days of exposure to hypoxia. Right ventricular hy-
pertrophy index (RVHI) was increased significantly after
14 days of exposure to hypoxia (Figure 1C).

3.2. Hypobaric hypoxia upregulated Nur77 expression
in pulmonary

The protein and mRNA levels of Nur77 were increased
in pulmonary after 3 days of exposure to hypoxia (Figure
2A, B). However, the mRNA levels of Nur77 were de-
creased after 28 days in hypoxic pulmonary hypertension
rats (Figure 2C). The protein and mRNA levels of PCNA
were increased after 3 days and 7 days exposed to hypoxia.
The same with Nur77, the protein and mRNA expressions
of HIF-1a increased after 3 days of exposure to hypoxia.
However, the mRNA expression decreased after 28 days
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Fig. 1. Effect of hypoxia on pulmonary artery pressure and pulmonary
vascular wall. (A) Mean pulmonary artery pressure (mPAP) and pul-
monary artery systolic pressure (PASP) elevate as hypoxia time pro-
longs. (B) Pathological change of pulmonary artery walls thickens as
hypoxia time prolongs (stained for hematoxylin-eosin, magnification,
x40). (C) Mean right ventricular pressure (mRVP) and right ventri-
cular hypertrophy index (RVHI) elevate as hypoxia time prolongs.
Data are expressed as mean + SD; n = 13. *P < 0.05. mPAP, mean
pulmonary artery pressure; PASP, pulmonary artery systolic pressure;
mRVP, mean right ventricular pressure; RVHI, right ventricular hy-
pertrophy index.
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Fig. 2. Effect of hypoxia on HIF-1a, Nur77 and PCNA expression.
(A) and (B) The protein expressions of HIF-1a, Nur77 and PCNA as
hypoxia time prolongs. (C) The mRNA expressions of HIF-1a, Nur77
and PCNA as hypoxia time prolongs. Data are expressed as mean +
SD; n = 13. *P < 0.05. HIF-10, hypoxia-induced factor-la; PCNA,
proliferating cell nuclear antigen.
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Fig. 3. The correlation between Nur77 protein level and mPAP in 0, 3,
7, 14, 21, 28 days after exposure in hypobaric chamber. mPAP, mean
pulmonary artery pressure. R, coefficient of determination.
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Fig. 4. HIF-10, Nur77 and PCNA expression in RPASMCs as hypoxia
time prolongs. Data are expressed as mean + SD; n = 13. ¥*P < 0.05.

in hypoxic pulmonary hypertension rats (Figure 2A, B, C).

3.3. Hypoxia-induced Nur77 expression was relevant
to pulmonary vascular remodeling and hypoxia pul-
monary hypertension

The protein levels of Nur77 were related to mPAP in 7,
14, and 21 days after exposed in hypobaric chamber, but
not in 0 and 28 days (Figure 3).

3.4. Hypoxia-induced Nur77 expression was synchro-
nized with PCNA in RPASMCs

Cultured RPASMCs expressed Nur77, and which was
increased after culturing in 5%0, chamber for 6 hours (Fi-
gure 4A, B), so were HIF-1a and PCNA (Figure 4A, B).
The change of Nur77 was synchronized with PCNA and
HIF-1a (Figure 4B).

3.5. Nur77 played a downstream regulator of HIF-1a
in hypoxic pulmonary hypertension

Coimmunoprecipitation analysis showed that Nur77
and HIF-1a did not directly combine in vivo (Figure 5A).
Further, under hypoxic conditions, the expression of Nur77
was decreased when silencing HIF-1a by siRNA, and the
expression of PCNA was decreased as well in RPASMCs
(Figure 5B). On the contrary, the expression of HIF-1a
was changed little when silencing Nur77 by siRNA, while
the expression of PCNA was decreased going with the
deregulation of Nur77 (Figure 5C).

4. Discussion

This study determined that Nur77 mediates vascular
remodeling in hypoxic pulmonary hypertension, which is
induced by HIF-1a. In our experiment, we demonstrated
that hypoxia could induce pulmonary artery hypertension.
We successfully established the pulmonary hypertension
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Fig. 5. The relationship of HIF-1o and Nur77 in hypoxic pulmonary
hypertension. (A) Coimmunoprecipitation analysis shows that Nur77
and HIF-1a did not directly combinate. (B) and (C) The expression
of HIF-1a, Nur77 and PCNA when silencing HIF-1a or Nur77. Anti-
HIF-10, HIF-1o antibody; Anti-Nur77, Nur77 antibody; Nc, normal
control; si-HIF-1a, siRNA against HIF-1a; si-Nur77, siRNA against
Nur77.

rats model by hypoxic conditions, since mean pulmonary
artery pressure elevated and right ventricular thickened as
hypoxia time prolonged.

4.1. Nur77 and proliferation

Then, we found that Nur77 mediated vascular remo-
deling in hypoxic pulmonary hypertension, which was
characterized by excessive proliferation of RPASMCs.
Hypoxia-induced the high expression of Nur77 in the
hypoxic pulmonary hypertension rats and RPASMCs. The
silence of Nur77 decreased the proliferation of RPASMCs.
At the same time, pathological changes showed that pul-
monary artery wall thickened and remodeled, along with
increased PCNA expression as hypoxia time prolongs.

4.2. Hypoxia and Nur77

Nur77 is highly expressed in multiple cancer cell lines
and tumors, including lung, colon, bladder, and pancrea-
tic tumors [11, 22]. Conversely, investigations of hema-
tologic neoplasms have indicated that Nur77 promotes
cell apoptosis [23], implying that Nur77 has cell-specific
bidirectional functions. Although the expression of Nur77
was inconformity as reported above [15, 16], in our study,
hypoxia increased Nur77 protein and mRNA levels in both
isolated pulmonary arteries and cultured RPASMCs. As
was shown in the present study, hypoxia-induced excessive
proliferation of RPASMCs, which was consistent with the
significantly increased expressions of PCNA in the pul-
monary arteries and cultured RPASMC:s. In turn, siRNAs
against Nur77 attenuated the increased protein and mRNA
levels and decreased the proliferation of RPASMCs. These
findings suggest that Nur77 is involved in the development
of HPH by promoting pulmonary vascular proliferation.

4.3. HIF-1 and proliferation

In consistency with Nur77 expression, we demonstra-
ted that HIF-1a was upregulated in the hypoxic pulmo-
nary hypertension rats and RPASMCs. And the silence of
HIF-1a decreased the proliferation of RPASMCs. HIF-1a,
a master transcription factor in hypoxia, regulates multiple
genes responsible for energy metabolism, proliferation,
migration and apoptosis [24, 25]. In HPH, HIF-1a acted as
a regulator of vascular remodeling [18].

4.4. Nur77 and HIF-1

Interestingly, protein and mRNA levels of Nur77,
HIF-1a and PCNA decreased in the 28" day rather than
increased. High-altitude adaptation to hypoxia might be

responsible for the phenomenon. A high-frequency mis-
sense mutation in the EGLN1 gene, which encodes pro-
lyl hydroxylase 2 (PHD2) contributes to high-altitude
adaptation. PHD2 triggers the degradation of HIFs, which
mediate many physiological responses to hypoxia [26-28].
Certain mechanism still needs further investigation.

At the end of the experiment, we verified that Nur77
played a downstream regulator of HIF-la in hypoxia-
induced RPASMCs by gene silencing. HIF-1a did not
directly interact with Nur77 as was shown in coimmu-
noprecipitate, demonstrating a possibly third substance
between the HIF-1a and Nur77. And HIF-1a upregulated
the expression of Nur77 in RPASMCs. The knockdown of
Nur77 with siRNA did not affect the expression of HIF-1a,
while siRNA against HIF-1a decreased the expression of
Nur77 in the RPASMCs. Deregulation of Nur77 or HIF-
la decreased the expression of PNCA. Therefore, Nur77
plays a critical role in hypoxia-induced vascular remo-
deling, which was regulated by HIF-1a. The interaction
between Nur77 and HIF-1a has been investigated firstly
in renal carcinoma cell lines [18], indicating that Nur77
acted as a transcription target of HIF-1a. Recently, a study
involving non-small cell lung cell lines revealed that hy-
poxia-induced down-regulation of Nur77 was mediated by
HIF-1a [11].

5. Conclusion

Our findings provide experimental evidence for the role
of Nur77 in hypoxia-induced vascular remodeling. In the
future, Nur77 may become a novel target of HPH therapy.

Ethical approval

All animal housing and experiments were conducted in
strict accordance with the institutional guidelines for care
and use of laboratory animals. and certify that the study
was performed in accordance with the ethical standards as
laid down in the 1964 Declaration of Helsinki.

Data availability

The datasets used and analyzed during the current study
were available from the corresponding author on reaso-
nable request.

Author Contributions

Congzheng Mao: design of the work; project administra-
tion; data acquisition; writing original draft. Jian Huang:
data acquisition; writing original draft; methodology; wri-
ting review and editing; Haichao Liu: methodology and
statistical analysis, writing and editing. Yi Liu: methodo-
logy and data curation; validation. Zhenhong Hu: statisti-
cal analysis, writing and editing; Ruijuan Xu: methodo-
logy and data curation; validation. All authors approved
the submitted version.

Funding
The study is supported by funds from the Natural Science
Foundation of Hubei Province (2017CFC876).

Acknowledgement
We sincerely thank colleagues from the Third Military
Medical University for their technical support.

Conflict of interest
On behalf of all co-authors, we declare no competing fi-

236



Nur77 and HIF-1a in hypoxic pulmonary hypertension

Cell. Mol. Biol. 2024, 70(6): 233-237

nancial interests in the submission of this manuscript, and
manuscript is approved by all authors for publication.

References

1. Abraham NS, Hlatky MA, Antman EM, Bhatt DL, Bjorkman DJ,
Clark CB et al (2010) ACCF/ACG/AHA 2010 expert consensus
document on the concomitant use of proton pump inhibitors and
thienopyridines: a focused update of the ACCF/ACG/AHA 2008
expert consensus document on reducing the gastrointestinal risks
of antiplatelet therapy and NSAID use. A Report of the American
College of Cardiology Foundation Task Force on Expert Consen-
sus Documents. J] Am Coll Cardiol 56:2051-2066. doi: 10.1016/;.
jacc.2010.09.010

2. Tuder RM, Archer SL, Dorfmuller P, Erzurum SC, Guignabert
C, Michelakis E et al (2013) Relevant issues in the pathology
and pathobiology of pulmonary hypertension. ] Am Coll Cardiol
62:D4-D12. doi: 10.1016/j.jacc.2013.10.025

3. LiX, HeY, XuY, Huang X, Liu J, Xie M et al (2016) KLF5
mediates vascular remodeling via HIF-1alpha in hypoxic pulmo-
nary hypertension. Am J Physiol-Lung C 310:1L299-L310. doi:
10.1152/ajplung.00189.2015

4.  Stenmark KR, Fagan KA, Frid MG (2006) Hypoxia-induced pul-
monary vascular remodeling: cellular and molecular mechanisms.
Circ Res 99:675-691. doi: 10.1161/01.RES.0000243584.45145.3f

5. Pearen MA, Muscat GE (2010) Minireview: Nuclear hormone
receptor 4A signaling: implications for metabolic disease. Mol
Endocrinol 24:1891-1903. doi: 10.1210/me.2010-0015

6.  SafeS,Jin UH, Morpurgo B, Abudayyeh A, Singh M, Tjalkens RB
(2016) Nuclear receptor 4A (NR4A) family - orphans no more. J
Steroid Biochem 157:48-60. doi: 10.1016/j.jsbmb.2015.04.016

7. Wang RH, He JP, Su ML, Luo J, Xu M, Du XD et al (2013) The
orphan receptor TR3 participates in angiotensin II-induced car-
diac hypertrophy by controlling mTOR signalling. Embo Mol
Med 5:137-148. doi: 10.1002/emmm.201201369

8. Arkenbout EK, de Waard V, van Bragt M, van Achterberg TA,
Grimbergen JM, Pichon B et al (2002) Protective function of
transcription factor TR3 orphan receptor in atherogenesis: de-
creased lesion formation in carotid artery ligation model in TR3
transgenic mice. Circulation 106:1530-1535. doi: 10.1161/01.
¢ir.0000028811.03056.bf

9. Chen LF, Greene WC (2003) Regulation of distinct biological ac-
tivities of the NF-kappaB transcription factor complex by acety-
lation. J Mol Med 81:549-557. doi: 10.1007/s00109-003-0469-0

10. Pawlak A, Strzadala L, Kalas W (2015) Non-genomic effects of
the NR4A1/Nur77/TR3/NGFIB orphan nuclear receptor. Steroids
95:1-6. doi: 10.1016/j.steroids.2014.12.020

11. Lee SO, Andey T, Jin UH, Kim K, Singh M, Safe S (2012) The
nuclear receptor TR3 regulates mTORCI1 signaling in lung can-
cer cells expressing wild-type p53. Oncogene 31:3265-3276. doi:
10.1038/0onc.2011.504

12.  Wohlkoenig C, Leithner K, Olschewski A, Olschewski H, Hrzen-
jak A (2017) TR3 is involved in hypoxia-induced apoptosis resis-
tance in lung cancer cells downstream of HIF-1alpha. Lung Can-
cer 111:15-22. doi: 10.1016/j.lungcan.2017.06.013

13. Jiang Y, Zeng Y, Huang X, Qin Y, Luo W, Xiang S et al (2016)
Nur77 attenuates endothelin-1 expression via downregulation of
NF-kappaB and p38 MAPK in A549 cells and in an ARDS rat

14.

15.

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

model. Am J Physiol-Lung C 311:L1023-L1035. doi: 10.1152/
ajplung.00043.2016

Pires NM, Pols TW, de Vries MR, van Tiel CM, Bonta PI, Vos M
et al (2007) Activation of nuclear receptor Nur77 by 6-mercapto-
purine protects against neointima formation. Circulation 115:493-
500. doi: 10.1161/CIRCULATIONAHA.106.626838

Liu Y, Zhang J, Yi B, Chen M, Qi J, Yin Y et al (2014) Nur77
suppresses pulmonary artery smooth muscle cell proliferation
through inhibition of the STAT3/Pim-1/NFAT pathway. Am J
Resp Cell Mol 50:379-388. doi: 10.1165/rcmb.2013-01980C
Sun LY, Cai ZY, Pu J, Li J, Shen JY, Yang CD et al (2017) 5-Ami-
nosalicylic Acid Attenuates Monocrotaline-Induced Pulmonary
Arterial Hypertension in Rats by Increasing the Expression of
Nur77. Inflammation 40:806-817. doi: 10.1007/s10753-017-
0525-5

Ball MK, Waypa GB, Mungai PT, Nielsen JM, Czech L, Dud-
ley VJ et al (2014) Regulation of hypoxia-induced pulmonary
hypertension by vascular smooth muscle hypoxia-inducible
factor-lalpha. Am J Resp Crit Care 189:314-324. doi: 10.1164/
rcem.201302-03020C

Choi JW, Park SC, Kang GH, Liu JO, Youn HD (2004) Nur77 ac-
tivated by hypoxia-inducible factor-1alpha overproduces proopio-
melanocortin in von Hippel-Lindau-mutated renal cell carcinoma.
Cancer Res 64:35-39. doi: 10.1158/0008-5472.can-03-0145

Yoo YG, Yeo MG, Kim DK, Park H, Lee MO (2004) Novel func-
tion of orphan nuclear receptor Nur77 in stabilizing hypoxia-indu-
cible factor-1alpha. J Biol Chem 279:53365-53373. doi: 10.1074/
jbc.M408554200

Kim BY, Kim H, Cho EJ, Youn HD (2008) Nur77 upregulates
HIF-alpha by inhibiting pVHL-mediated degradation. Exp Mol
Med 40:71-83. doi: 10.3858/emm.2008.40.1.71

Wisutthathum S, Demougeot C, Totoson P, Adthapanyawanich
K, Ingkaninan K, Temkitthawon P et al (2018) Eulophia macro-
bulbon extract relaxes rat isolated pulmonary artery and protects
against monocrotaline-induced pulmonary arterial hypertension.
Phytomedicine 50:157-165. doi: 10.1016/j.phymed.2018.05.014
Beard JA, Tenga A, Chen T (2015) The interplay of NR4A recep-
tors and the oncogene-tumor suppressor networks in cancer. Cell
Signal 27:257-266. doi: 10.1016/j.cellsig.2014.11.009

Wenzl K, Troppan K, Neumeister P, Deutsch AJ (2015) The nu-
clear orphan receptor NR4A1 and NR4A3 as tumor suppressors
in hematologic neoplasms. Curr Drug Targets 16:38-46. doi: 10.2
174/1389450115666141120112818

Ke Q, Costa M (2006) Hypoxia-inducible factor-1 (HIF-1). Mol
Pharmacol 70:1469-1480. doi: 10.1124/mol.106.027029
Shimoda LA, Semenza GL (2011) HIF and the lung: role of hy-
poxia-inducible factors in pulmonary development and disease.
Am J Resp Crit Care 183:152-156. doi: 10.1164/rccm.201009-
1393PP

Lorenzo FR, Huff C, Myllymaki M, Olenchock B, Swierczek S,
Tashi T et al (2014) A genetic mechanism for Tibetan high-alti-
tude adaptation. Nat Genet 46:951-956. doi: 10.1038/ng.3067
Bigham AW, Lee FS (2014) Human high-altitude adaptation:
forward genetics meets the HIF pathway. Gene Dev 28:2189-
2204. doi: 10.1101/gad.250167.114

Juan H, Qijun W, Yuanheng H, Yangfang L (2012) A study of
high-altitude hypoxia-induced cell stress in murine model. Cell
Biochem Biophys 64:85-88. doi: 10.1007/s12013-012-9374-x

237



