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Abstract

Background: Pulmonary hypertension (PH) represents a threatening pathophysiologic state that can be induced by chronic hypoxia
and is characterized by extensive vascular remodeling. However, the mechanism underlying hypoxia-induced vascular remodeling is
not fully elucidated.

Methods and Results: By using quantitative polymerase chain reactions, western blotting, and immunohistochemistry, we demon-
strate that the expression of N-myc downstream regulated gene-1 (NDRG1) is markedly increased in hypoxia-stimulated endothelial
cells in a time-dependent manner as well as in human and rat endothelium lesions. To determine the role of NDRG1 in endothelial
dysfunction, we performed loss-of-function studies using NDRG1 short hairpin RNAs and NDRG1 over-expression plasmids. In vitro,
silencing NDRG1 attenuated proliferation, migration, and tube formation of human pulmonary artery endothelial cells (HPAECs) un-
der hypoxia, while NDRG1 over-expression promoted these behaviors of HPAECs. Mechanistically, NDRG1 can directly interact with
TATA-box binding protein associated factor 15 (TAF15) and promote its nuclear localization. Knockdown of TAF15 abrogated the ef-
fect of NDRG1 on the proliferation, migration and tube formation capacity of HPAECs. Bioinformatics studies found that TAF15 was
involved in regulating PI3K-Akt, p53, and hypoxia-inducible factor 1 (HIF-1) signaling pathways, which have been proved to be PH-
related pathways. In addition, vascular remodeling and right ventricular hypertrophy induced by hypoxia were markedly alleviated
in NDRG1 knock-down rats compared with their wild-type littermates.

Conclusions: Taken together, our results indicate that hypoxia-induced upregulation of NDRG1 contributes to endothelial dysfunction
through targeting TAF15, which ultimately contributes to the development of hypoxia-induced PH.

Keywords: N-myc downstream regulated gene-1, TATA-box binding protein associated factor 15, hypoxia-induced pulmonary hyper-

tension, endothelial dysfunction, vascular remodeling

Introduction

Pulmonary hypertension (PH) is a pathophysiological syndrome
characterized by an increase in mean pulmonary arterial pressure
>20 mmHg at rest,’? which can complicate the majority of pri-
mary diseases.® Hypoxia-induced PH (HPH), namely group 3 PH, is
a type of PH associated with chronic lung diseases.* HPH displays
higher morbidity and mortality compared to other PH groups and
causes a heavy economic burden globally>” Long-term oxygen
therapy can prolong survival but only partially meliorate PH.8 The
use of approved drugs for group 1 PH has not been shown to ben-
efit patients with HPH in randomized controlled trials.” Hence, a
better understanding of disease mechanisms might be helpful in
identifying new therapeutic targets for HPH.

The characteristic pathophysiological change in HPH is vascu-
lar remodeling induced by hypoxia.’® PH is a panvasculopathy,
meaning that all layers of the vessel wall are involved,’ and each
of the resident vascular cell types (i.e. endothelial, smooth muscle,
adventitial fibroblast) plays a specific role in the overall remodel-
ing response.'?* Endothelial cells (ECs) form the internal layer

that plays essential roles in sensing the changed oxygen levels;
when activated by different factors, like shear hypoxia, the en-
dothelium secretes different growth factors and cytokines to af-
fect EC and smooth muscle cells proliferation, attract inflamma-
tory cells, and/or affect vasoactivity in order to restore homeosta-
sis.’> As a consequence, the endothelium switches into an overac-
tive state and starts to secrete vasoconstrictive factors,'® result-
ing in properties of aberrant proliferation, intimal EC migration,
and angiogenesis.”’-?° The current treatment is based on the con-
cept of endothelial dysfunction, targeting the endothelin, nitric
oxide, and prostacyclin pathways. However, the fundamental dis-
ease regulation mechanisms are not addressed. Therefore, these
drugs have only resulted in a moderate improvement in morbidity
and mortality.?!

To investigate the molecular mechanism of endothelial dys-
function during hypoxia, we compared pulmonary ECs under nor-
moxia and hypoxia conditions, and identified that N-myc down-
stream regulated gene-1 (NDRG1) was remarkably upregulated in
pulmonary ECs when exposed to hypoxia. NDRG1 belongs to the
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NDRG family containing four members: NDRG1, NDRG2, NDRG3,
and NDRG4. NDRG1 plays multifunctional roles in cell growth,
development, differentiation, and stress responses.?>?> However,
whether NDRG1 associates with endothelial dysfunction during
hypoxia and whether it plays a role in vascular remodeling have
largely not been elucidated. NDRG1 is expressed widely in human
tissues, but is hardly detectable in normal ECs,?* suggesting that
hypoxia might specifically upregulate NDRG1 in these cells and
then facilitate hypoxia-induced PH.

In this study, we demonstrated that the expression of NDRG1
was markedly increased in hypoxia-stimulated ECs in a time-
dependent manner and in human and rat endothelium lesions.
We revealed the potential function of NDRG1 in endothelial dys-
function and vascular remodeling in vivo and in vitro, and then ex-
plored its underlying mechanisms. Our results disclose a critical
role of NDRG1 in the pathogenesis of HPH.

Materials and methods

Pulmonary surgical specimens

The study was approved by the local ethical committee (KY2016-
396), and written informed consent was obtained from all patients
for donated lung tissues. Surgical specimens of lung tissue were
collected from patients with chronic lung disease-associated PH
(n = 3) or corresponding non-tumor normal tissues without PH
(n = 3). Demographic information of the recruited PH patients and
donor controls is provided in the supplementary materials avail-
able online.

Animal models and in vivo gene knockdown

Adult male Sprague-Dawley rats weighing 150-200 g were pur-
chased from the Shanghai SLAC Laboratory Animal Co. Ltd
(Shanghai, China). All protocols and surgical procedures were ap-
proved by the Ethics Committee of Experimental Research at Fu-
dan University Shanghai Medical College (202210016S) and con-
ducted in the Shanghai Medical College. All animals were housed
under a 12:12 h light/dark cycle and had free access to sterile
food and water. The room temperature was controlled at 22 + 1°C
and relative humidity was maintained at 50% =+ 5%. A rat HPH
model was established based on a previous study.?>?° Briefly, ani-
mals were divided randomly into the following two groups: (i) nor-
moxia and (ii) chronic hypoxia. Rats in the normoxia group were
housed at ambient barometric pressure for 28 days (~718 mmHg,
PO, ~150.6 mmHg). Rats in the hypoxia groups were housed in a
hypobaric hypoxia chamber depressurized to 380 mmHg (PO, was
reduced to ~79.6 mmHg) for 8 h/day for 28 days.

Short hairpin RNA (shRNA) against rat NDRG1 and a nega-
tive control shRNA were designed and synthesized by GenScript,
China. Entranster in vivo transfection reagent (Engreen Biosystem,
China) was used as a vehicle for shRNA delivery according to the
manufacturer’s recommendations. The shRNAs against NDRG1 or
negative control (1 mg/kg) was injected into the tail veins of SD
rats once per week during normoxia or hypoxia treatment.

Echocardiography

Echocardiography was performed under anesthesia (2% isoflu-
rane mixed with air), with the Vevo3100 Ultrasound system (GE
Healthcare) and the 12S rodent probe (GE Healthcare) to deter-
mine pulmonary artery acceleration time (PAAT, in pulsed wave
Doppler mode; eight to ten measurements performed for each
rat), tricuspid annular plane systolic excursion (TAPSE), and heart
rate. Data were analyzed with EchoPAC software (GE Healthcare).

Measurement of haemodynamics and tissue
preparation

Rats were anesthetized with 2% sodium pentobarbital (50 mg/kg
1.p.) after exposure to hypoxia for 28 days. Then, the right ventric-
ular systolic pressure (RVSP) was measured through right jugular
vein puncture to the right ventricle (RV) with a transducer and was
recorded by the PowerLab system (AD Instruments, Australia). Fol-
lowing euthanisation, both the rat lungs and hearts were col-
lected. The weights of the RVs and left ventricle plus septum
(LV + S) were measured separately, and the RV/LV + S weight ratio
was determined to indicate right ventricular hypertrophy. Next,
the lower lung lobes were sectioned into 4-mm-thick slices and
soaked in a 10% formalin solution (pH=7.4). The other tissues
were kept in liquid nitrogen for further experiments.

Hematoxylin and eosin staining

The lung lobes were sliced and embedded in paraffin, and cut
into ~5-um-thick sections using a microtome. Then, the sections
were placed on glass slides, stained with hematoxylin and eosin
(H&E) for morphological analysis, and visualized under an Olym-
pus microscope (Tokyo, Japan). The medial wall thickness was an-
alyzed with ImageJ software (National Institutes of Health, USA)
and is expressed as the ratio of medial area to cross sectional area
(medial/CSA).

Immunohistochemical analysis

Paraffin-embedded tissues were cut into 4-um-thick sections, and
tissue sections were deparaffinized in xylene and rehydrated in
alcohol. Sections were heated for 5 min in a pressure cooker to
repair antigenicity, treated with 3% H,0O, to inactivate endoge-
nous peroxidase activity for 10 min, and incubated with goat
serum for 10 min to block nonspecific antibody binding. Sections
were incubated with the mouse anti-NDRG1 monoclonal anti-
body (1/200, Santa Cruz, CA) overnight at 4°C. After incubation
with the secondary antibody, the signal was developed with 3,3'-
diaminobenzidine.

Cell culture

Human pulmonary arterial endothelial cells (HPAECs) (ScienCell
Research Laboratories, USA) were cultured according to the man-
ufacturer’s instructions. HPAECs (5-8 passages) were cultured in
complete endothelial cell medium (ECM) with 5% fetal bovine
serum (FBS) and 1% penicillin-streptomycin solution. Cells were
used for experiments at 80%-90% confluence. Cells in the nor-
moxia group were maintained at 37 °C in 21% O, and 5% CO»
(Thermo Fisher Scientific, USA). Cells in the hypoxia groups were
cultured at 37 °C in 1% oxygen, 94% Ny, and 5% CO; (Thermo
Fisher Scientific, USA).

Establishment of stable cell clones

Lentiviral vectors for shRNAs targeting NDRG1 or TATA-box bind-
ing protein associated factor 15 (TAF15) and the lentiviral pCDH
vector for NDRG1 overexpression were purchased from Addgene
(Cambridge, MA, USA). These vectors together with the packag-
ing vectors (Addgene) were transfected into HEK293T cells for
preparation of recombinant lentiviruses. HPAECs were infected by
lentiviruses in the presence of polybrene (5 pg/ml). Cells were se-
lected for 1 week using puromycin (2 pg/ml) after infection for
72 h. The selected cell lines were prepared for subsequent exper-
iments.



Proliferation assay

Proliferation of HPAECs was measured using a 5-ethynyl-20-
deoxyuridine (EDU) incorporation assay kit (CO07SS, Beyotime
Biotechnology) and Cell Counting Kit-8 (CCK-8) assay (C0041, Be-
yotime Biotechnology), according to the manufacturer’s instruc-
tions. For the EDU assay, the HPAECs were seeded into 24-well
plates at 1 x 10° cells/well and incubated for 24 h under differ-
ent conditions. Cells were washed with phosphate buffered saline
(PBS) for 5 min twice before incubation with 4% paraformaldehyde
for 30 min. After washing with PBS for 5min twice, samples were
permeated with 0.3% TritonX-100 in PBS and dyed with reaction
solution. Images were taken under a laser scanning confocal mi-
croscope (Olympus, Japan) and the percentage of red (EDU) to blue
(Hoechst) cells was calculated. For the CCK-8 assay, the HPAECs
were seeded into 96-well plates at 5 x 10° cells/well in complete
medium under normoxic conditions. Cells were treated under dif-
ferent conditions and then the culture medium was removed. A
total of 110 ul of ECM containing CCK-8 [CCK-8 : ECM (v/v)=1:
10] was added to each well and the cells were incubated for 4 h.
Finally, absorbance at 450 nm was measured using an Epoch Mi-
croplate Spectrophotometer (BioTek, USA).

EC migration

A 24-well transwell plate (8 um pore size, Corning, USA) was used
to measure cell migration. A total of 1 x 10* cells in 250 wul of
serum-free ECM were placed into the upper chamber and 500 ul of
ECM containing 10% FBS was added to the lower chambers. Then
the plates were placed in different conditions for 24 h. Cells on
the top side of each insert were then scraped off and the wells
were fixed in 4% paraformaldehyde, stained by crystal violet, pho-
tographed, and counted under a microscope (Olympus, Japan).

EC tube formation assays

Precooled 48-well plates were coated with 150 ul of Matrigel
(#354 248, Corning, USA) at 37°C for 30 min. The HPAECs treated
under different conditions were seeded at 1 x 10* cells/well and
cultured for 6-8 h. Tube formation was observed under a micro-
scope (Olympus, Japan) and the tube lengths were calculated us-
ing Image J software (National Institutes of Health, USA).

Immunofluorescence staining

The HPAECs treated under different conditions were fixed with
4% paraformaldehyde, permeabilized with 0.5% Triton X-100,
blocked with donkey serum, and incubated with primary an-
tibodies against NDRG1 (#sc-398291) or TAF15 (#CST28409)
at 4°C overnight, followed by incubation with Alexa Fluor-
conjugated secondary antibodies (Jackson ImmunoResearch,
USA) for 2h at 37°C. Cells were then counterstained with 4,6-
diamidino-2-phenylindole (DAPI). Staining was visualized and
photographed via a laser scanning confocal microscope (Olympus,
Japan).

Quantitative real-time PCR

Total RNA was extracted using Trizol reagents (Invitrogen, USA)
from lung tissue or cultured HPAECs. Reverse transcription
was performed using HiScript II SuperMix reverse transcrip-
tase (Vazyme). cDNA was amplified and detected using Hieff g
PCR SYBR Green Master Mix (YEASEN, China). The relative ex-
pression level of mRNA was calculated by the 2744¢T method.
The quantitative real-time (qRT)-PCR primers were designed
and synthesized by Sunny Biotechnology (Shanghai, China), and

Regulation of endothelial dysfunction by NDRG1 | 3

the primer sequences are shown in the online supplementary
materials.

Nuclear and cytoplasmic protein extraction

Cell pellets were prepared and treated according to the in-
structions of a nuclear and cytoplasmic protein extraction kit
(Beyotime Biotechnology, China) to isolate nuclear proteins from
the cytoplasm. The proteins extracted were assessed by western
blotting. B-Actin (Proteintech) and histone-H3 (CST) were used as
loading controls for cytosolic and nuclear proteins, respectively.

Liquid chromatography mass spectrometry
analysis

To investigate the potential proteins binding to NDRG1, a total of
500 pg of cell lysate was extracted from HPAECs with Nonidet P
40 (NP-40) buffer and then centrifuged at 12 000 x g at 4°C for
30 min to remove cell debris. Five percent of the cell lysates were
kept as inputs. The rest was precleared with Protein G Magnetic
Beads (Bio-Rad, USA) for 2 h at 4°C and then immunoprecipitated
with the corresponding antibodies overnight at 4°C. The beads
were harvested, and the bound proteins were then separated by
10% sodium dodecyl sulphate-polyacrylamide gel electrophore-
sis (SDS-PAGE) and stained with mass silver stain (Sangon Biotech
Shanghai Co., Ltd.). The proteins were extracted from the gel, re-
suspended in 100 ul of doble distilled water (ddH,0), and analyzed
by mass spectrometry via high-performance liquid chromatog-
raphy and a Q Exactive Mass Spectrometer (Thermo Scientific,
Waltham, MA, USA) at the Shanghai Applied Protein Technology
Co., Ltd. The original files were transformed with Proteomics Tools
3.1.6 software, and Mascot 2.2 software was used for database
screening.

Coimmunoprecipitation and immunoblotting

Cells were lysed in NP-40 buffer (1 mM Phenylmethylsulfonyl
Fluoride) for 1 h on ice, and were then centrifuged at 12 000 x g
at 4°C for 30 min to remove cell debris. Five percent of the cell
lysates were kept as inputs. The rest was precleared with Pro-
tein G Magnetic Beads (Bio-Rad, USA) for 2 h at 4°C and then im-
munoprecipitated with the corresponding antibodies overnight at
4°C. The beads were harvested, and the bound proteins were re-
solved by SDS-PAGE and analyzed by western blotting. For west-
ern blotting, cells were lysed in Radio Immunoprecipitation As-
say (RIPA) buffer for 1 h on ice and centrifuged at 12 000 x g
at 4°C for 30 min to remove cell debris. Protein samples were
subjected to SDS-PAGE and transferred onto polyvinylidene flu-
oride membranes, followed by blocking and probing with the
indicated antibodies for detection. Incubation with appropriate
secondary antibodies (Jackson Immuno Research Laboratories,
USA) was also performed. A chemiluminescence ECL kit (Yeasen,
China) was used to detect the protein bands of interest and
band density was quantified by Image ] software (National Insti-
tutes of Health, USA). The antibodies used for immunoprecipi-
tation (IP) and the primary antibodies for western blotting were
as follows: NDRG1 (1 : 5000, Abcam, ab124689), TAF15 (1 : 1000,
#CST28409), p-actin (1 : 8000, #66009-1-1g, ProteinTech, USA),
histone-H3 (1:2000, #4499, CST), and «-tubulin (1 : 8000, # Abmart
T40103).

Bioinformatics analysis

Raw gene expression data GSE11341 were downloaded from the
Gene Expression Omnibus (GEO) (http://www.ncbi.nlm.nih.gov/
geo/) of the National Center for Biotechnology Information (NCBI).
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Figure 1. Expression of NDRG1 is increased in HPAECs. (A, B) Heat maps of differentially expressed genes in HPAECs under hypoxia (1% O,) for 24 and
48 h, respectively. (C) HPAECs were exposed to hypoxia for the different time points as indicated, and expression of NDRG1 was determined by
quantitative real time polymerase chain reaction (QRT-PCR); data are presented as fold-change relative to the 0-h group. (D) HPAECs were stimulated
with hypoxia for different times as indicated, and expression of NDRG1 was determined by western blot and quantitated by densitometric analysis (E).
Data are presented as fold-change relative to the 0-h group. (F) Immunofluorescent staining of NDRG1 in HPAECs under hypoxia for 0 to 72 h. Scale

bar, 20 um. *P < 0.05, *P < 0.01, **P < 0.001; ns, not significant.

GSE11341, deposited by Costello et al.,”” was from the following
GPL96 platform: Affymetrix Human Genome U133A Array, con-
taining microvascular ECs (n = 3) in normoxia (21% O,) or hypoxia
(1% O,) for 24 and 48 h.

We analyzed the change in the mRNA profiles between con-
trol HPAECs and those subjected to TAF15 knockdown. Total RNA
was isolated and cDNA library preparation was performed ac-
cording to the manufacturer’s instructions. For the QC step, an
Agilent 2100 Bioanalyzer and an ABI StepOnePlus Real-Time PCR
System were used to qualify and quantify the sample library. Each
cDNA library was amplified once before sequencing. Sequencing
was performed on an lllumina HiSeq X Ten at Biotecan Co., Ltd se-
quencer (Shanghai, China). Differential expression analysis was
performed by using the “limma” R package, and the expression
profiles were compared to identify the differentially expressed
genes (DEGs). P values and adjusted P values were calculated us-
ing t-tests. Genes meeting the following criteria were further an-
alyzed: (i) an absolute log? (fold-change) > 1 and (ii) an adjusted
P < 0.05. DEGs with log? (fold-change) < O were considered down-
regulated, whereas those with log? (fold-change) > 0 were con-
sidered up-regulated. The heatmap plots for the DEGs were il-
lustrated by using RStudio software. The functional enrichment
analysis of DEGs was performed using the Database for Anno-
tation, Visualization, and Integrated Discovery (DAVID). Gene on-
tology (GO), including biological process (BP), cellular component
(CC), and molecular function (MF), were used to predict protein
functions. Kyoto encyclopedia of genes and genomes (KEGG) path-
way analysis was used to assign sets of DEGs to specific pathways
to enable the construction of the molecular interaction, reaction,
and relationship networks.

Statistical analysis

GraphPad Prism software (version 5.01, USA) and Hiplot Platform
(https://hiplot.com.cn) were used for statistical analyses and data
visualization. Data are presented as the mean =+ standard error of
mean (SEM). The two-tailed Student’s t-test was used for compar-
isons of two independent groups. One-way ANOVA was used to
evaluate the statistical significance among three or more groups.
Two-tailed P values < 0.05 were considered statistically signifi-
cant.

Results

Expression of NDRG1 is increased in endothelial
cells under hypoxia

To investigate the molecular mechanism of endothelial dysfunc-
tion during hypoxia, we utilized the GEO database to screen for
genes differentially expressed in microvascular ECs (n = 3) under
normoxia (21% O,) or hypoxia (1% O,) (Dataset No. GSE11341). A
total of 138 and 111 genes were obtained after assessing the RNA-
seq data in hypoxic exposure for 24 and 48 h, respectively. Of note
is NDRG1, which, albeit known to be hardly detectable in EC, was
significantly upregulated in both 24 and 48 h hypoxia at the RNA
level (Fig. 1A and B). Moreover, in vitro experiments demonstrated
that NDRG1 expression increased in a time-dependent manner in
HPAECs upon exposure to hypoxia (Fig. 1C). Consistent with the
changes in NDRG1 mRNA levels, NDRG1 protein levels were ele-
vated in hypoxia-treated HPAECs (Fig. 1D and E). Further cellular
immunofluorescent staining verified that NDRG1 was mainly ex-
pressed in both the nucleus and the cytoplasm (Fig. 1F). These
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Figure 2. NDRG1 is highly expressed in pulmonary vessels of patients with HPH and HPH model rats. (A) Expression of NDRG1 in lung homogenates of
HPH measured by qRT-PCR; data are presented as fold-change relative to donors (n = 3, respectively). (B) Expression of NDRG1 in lung homogenates of
HPH model rats measured by qRT-PCR; data are presented as fold-change relative to the control group (n = 6, respectively). (C) Expression of NDRG1 in
lung homogenates of HPH determined by western blot and quantitated by densitometric analysis (D). (E) Expression of NDRG1 in lung homogenates of
HPH model rats determined by western blot and quantitated by densitometric analysis (F). (G) IHC showing expression of NDRG1 in the tissues from
normal subjects and patients with HPH (upper panels), or from control and HPH model rats (lower panels). Scale bar, 20 um. *P < 0.05, **P < 0.01,

***P < 0.001 versus donors.

results revealed that NDRG1 expression is induced by hypoxic ex-
posure time-dependently in HPAECs.

NDRG1 expression is markedly upregulated in
HPH lung samples

To investigate the involvement of NDRG1 in the progression from
normal lung to HPH, we firstly measured NDRG1 mRNA expres-
sion in representative human lung samples from normal individ-
uals and patients with HPH, as well as normoxia rats and hypoxia-
treated rats. In contrast to control donors, NDRG1 was signifi-
cantly upregulated in the lung of patients and hypoxia-treated
rats at mRNA level (Fig. 2A and B). In line with our findings at
mRNA level, NDRG1 protein expression significantly increased
in the lung of patients and hypoxia-treated rats compared with
those of controls (Fig. 2C-F). To further confirm this result, we per-
formed immunohistochemistry (IHC) staining in the same tissue
sample section. The IHC results showed that a strong immunore-
activity of NDRG1 was observed in the intimal layer of pulmonary
arteries of subjects with HPH compared with those from normal
donors (n = 3 for each), as well as in those of HPH model rats when
compared with normal rats (n = 6 for each) (Fig. 2G, supplemen-
tary Fig. S1, see online supplementary material). These data sug-
gest that NDRG1 might play a regulatory role in the pathogenesis
of HPH.

Effect of NDRG1 knockdown and overexpression
on proliferation, migration, and angiogenic
response of HPAECs

To explore the role of NDRG1 in endothelial dysfunction,
we firstly knocked down endogenous NDRG1 in HPAECs

through infection with lentiviruses containing three specific
shRNAs (supplementary Fig. S2, A-D, see online supplemen-
tary material). The desired gene knockdown was achieved
in hypoxia-exposed cells after expression of NDRGI1-targeted
(NDRG1-KD2 and NDRG1-KD3) but not control (NDRG1-NC)
shRNAs (supplementary Figure S2B-D). We next evaluated the
effects of NDRG1 silencing on the proliferation of HPAECs via EDU
and CCK-8 assays. The results showed that NDRG1 knockdown
decreased the ratios of EDU-positive HPAECs and the viability of
cells (Fig. 3A-C). Transwell assays showed that it also reduced
the migration of HPAECs (Fig. 3D and E). Finally, tube formation
assays were performed to evaluate the effect of NDRG1 deficiency
on angiogenesis. As a result, NDRG1 knockdown significantly
reduced branching and tubule length of HPAECs (Fig. 3F-H). We
next examined the effect of NDRG1 overexpression on prolifera-
tion, migration, and angiogenic response of HPAECs. Abundant
gene expression was observed after lentivirus-based delivery of
NDRG1 (supplementary Figure S3A-D, see online supplementary
material). NDRG1 overexpression led to a substantial increase in
proliferation (Fig. 4A-C), migration (Fig. 4D and E) and angiogenic
response of HPAECs (Fig. 4F-H). Taken together, these results
clearly demonstrated that NDRG1 promotes the proliferation,
invasion, and tube formation of HPAECs.

NDRG1 directly interacts with TAF15 and
regulates the subcellular localization of TAF15

To further explore the regulatory network of NDRG1, we per-
formed an IP assay to identify its potential interacting partners.
Further mass spectrometry analysis (IP-MS) indicated that TAF15,
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indicated times (hours on the x-axis) and subjected to CCK-8 assay. (D) Control and NDRG1 knockdown HPAECs were exposed to hypoxia for 24 h and
cell migration was measured by transwell assay. Scale bar, 200 um. (E) Cells migrating to the lower chambers were counted. (F) Control and NDRG1
knockdown HPAECs were exposed to hypoxia for 6-8 h and the angiogenic response was measured by tube formation. Scale bar, 200 um. The results
are shown as relative length of tubules (G) and relative number of branches (H) formed by HPAECs. *P < 0.05, **P < 0.01, **P < 0.001.

a component of RNA polymerase II, was among the candidate pro-
teins binding to NDRG1 (Fig. 5A). We further confirmed the direct
binding of TAF15 with NDRG1 via IP analysis. As expected, NDRG1
efficiently co-immunoprecipitated with TAF15 in HPAECs (Fig. SB).
Immunofluorescence staining results showed that NDRG1 co-
localized with TAF15 in the nuclei of HPAECs (Fig. 5C-E). Since
NDRG1 knockdown or overexpression failed to affect the protein
levels of TAF15 (supplementary Figure S4A and B, see online sup-
plementary material), we explored whether the subcellular local-
ization of TAF15 was regulated by NDRG1. Indeed, western blot
analysis of separated nuclear and cytoplasmic proteins showed
that the levels of TAF15 decreased in the nucleus after NDRG1
knockdown, while NDRG1 overexpression promoted the nuclear
localization of TAF15 (Fig. 5F-I). On the other hand, the levels of
TAF15 increased in the cytoplasm after NDRG1 knockdown, while
NDRG1 overexpression decreased the cytoplasm localization of
TAF15 (supplementary Figure SSA and B, see online supplemen-
tary material). Regulation of the subcellular localization of TAF15
by NDRG1 was further verified by immunofluorescence staining
(Fig. SK and L). Thus, NDRG1 binding facilitates nuclear accumu-
lation of TAF15 in hypoxic HPAECs.

NDRG1 regulates endothelial dysfunction
through TAF15

To the best of our knowledge, our results demonstrated that
TAF15 is a new interaction protein of NDRG1. To validate whether
TAF15 is necessary for NDRG1 to regulate endothelial dysfunc-
tion, we knocked down TAF15 in HPAECs (supplementary Figure
S6A and B, see online suppplementary material) and performed

EDU and CCK-8 assays, transwell assays, and tube formation as-
says. We observed that TAF15 silencing counteracted the prolifer-
ation (Fig. 6A-C) and migration (Fig. 6D and E) of HPAECs induced
by NDRG1 overexpression. TAF15 knockdown also abrogated the
effect of NDRG1 on in vitro tube formation of HPAECs, as evi-
denced by reduced branches and tubule length of HPAECs (Fig. 6F—
H). Taken together, these results indicated that NDRG1 causes
endothelial dysfunction through inducing nuclear translocation
and activation of TAF15. To further explore the downstream sig-
nalling pathway of TAF15 in HPAECs, we silenced TAF15 and per-
formed RNA-seq to screen for DEGs. The DEGs were then analyzed
by GO and KEGG pathway enrichment analysis (supplementary
Fig. S7, see online supplementary material). GO analysis showed
that TAF15 may be involved in the regulation of cell migration,
angiogenesis, and proliferation (Fig. 6I). KEGG pathway enrich-
ment analysis of DEGs showed significant association of TAF15
with PI3K-Akt, p53, and hypoxia-inducible factor 1 (HIF-1) signal-
ing pathways (Fig. 6]). Therefore, TAF15 activation is likely to im-
pair endothelial homeostasis through regulation of classic path-
ways related to PH.

Knockdown of NDRG1 alleviates
hypoxia-induced vascular remodeling and right
ventricular hypertrophy

To further validate its role in hypoxia-induced PH, we knocked
down NDRG1 in normoxia (N4W) or chronic hypoxia (H4W) ex-
posed rats via i.v. administration of the shRNAs (supplementary
Figure S8A and B, see online supplementary material). Echo-
Doppler scans showed greater PAATSs (Fig. 7A and C) and a smaller
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TAPSEs (Fig. 7B and D) in hypoxia-exposed rats subjected to
NDRG1 knockdown than in those injected with a control shRNA,
although no difference was observed between control and NDRG1
knockdown groups in rats raised in normoxic conditions. As
shown in Fig. 7E and F, knockdown of NDRG1 markedly atten-
uated hypoxia-induced PH and right ventricular hypertrophy as
measured by RVSP and RV/LV + S weight ratio. Consistently, hy-
poxia induced <100 pm intrapulmonary arteriole remodeling,
while NDRG1 knockdown alleviated hypoxia-induced pulmonary
vascular remodeling, as evidenced by decreased pulmonary vas-
cular wall thickness and muscularization, and the ratio of medial
area to CSA (medial/CSA) (Fig. 7G-I). These results confirmed the
promoting role of NDRG1 in the pathogenesis of HPH by regulating
haemodynamic changes and pulmonary vascular remodeling.

Discussion

In the present study, we demonstrate that the expression of
NDRG1 is markedly upregulated in hypoxia-stimulated HPAECs
as well as in the endothelium of pulmonary arteries from patients
and HPH model rats. Specific knockdown of NDRG1 expression in
HPAECs substantially inhibits the dysfunction such as prolifera-
tion, migration, and angiogenic response in HPAECs. Furthermore,
we found that shRNA-mediated knockdown of NDRG1 attenuates
the hypoxia-induced elevation of RVSP, right ventricular hypertro-
phy, and medial wall thickness of muscularized distal pulmonary
arterioles in rats. Mechanistically, we found that NDRG1 function-
ally interacts with TAF15 and promotes its nuclear localization.
Bioinformatics study showed that TAF15 was involved in regulat-

ing PI3K-Akt, p53, and HIF-1 signaling pathways, which have been
proved to be PH-related pathways. Taken together, our results in-
dicate that hypoxia-induced up-regulation of NDRG1 contributes
to endothelial dysfunction through targeting TAF15, which ulti-
mately contributes to the development of HPH.

Omics technology holds great promise to identify new biomark-
ers and thereby improve the diagnosis and treatment of PH.?® In
this study, we searched a GEO dataset (GSE11341),%” and found
that NDRG1, known to be absent in normal ECs, was highly ex-
pressed in ECs stimulated by hypoxia, indicating that NDRG1
may be involved in the response to acute and chronic hypoxia
in ECs. As a gene related to hypoxia stress, NDRG1 could be
transcriptionally activated by HIF-1a and ETS proto-oncogene 1
(ETS1).% HIF-1 was reported to drive the initial response to acute
hypoxia (2-24 h) and HIF-2 is a key player in the chronic re-
sponse (48-72 h).*° Our study found that NDRG1 is still highly
expressed after hypoxia exposure for 24 h, with a similar trend
to HIF-2a expression at protein level (data not shown), sug-
gesting that NDRG1 may be regulated by both HIF-le and HIF-
2a. Nontheless, further studies are required to determine how
NDRG1 is upregulated in HPAECs during the pathogenesis of
HPH.

The involvement of NDRG1 in HPH was demonstrated by
our studies, which showed that NDRG1 was markedly up-
regulated in the pulmonary vasculatures of both patients
and rats with HPH. Consistent with our study, Grigoryev et
al. identified elevated Ndrgl in lung tissue of 10 h hypoxic
mice’! Hu et al. first established that pulmonary arteries
from human and bovine PH lungs exhibit markedly increased
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Figure 5. NDRG1 interacts with TAF15 and regulates the subcellular localization of TAF15 in HPAECs. (A) The lysates of HPAECs were
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with the indicated antibodies. (C) HPAECs were exposed to normoxia or hypoxia for the indicated times, and were subjected to immunofluorescence
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NDRG1 (D) and TAF15 (E) immunostaining in the nucleus were measured and statistically analyzed. HPAECs were subjected to hypoxia exposure
and/or knockdown of NDRG1, followed by preparation of nuclear extracts of cells. Western blot analysis of the nuclei for NDRG1 knockdown (F) and
NDRG1 overexpression (H) of HPAECs proteins was then performed. Histone H3 was blotted as the loading control for the nuclear proteins (G, I). (J)
Ratio of nuclear/cytoplasmic TAF15 was measured and statistically analyzed. (K) HPAECs were treated as described in (A), and were subjected to
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and (J) KEGG pathway enrichment analysis.

expression of direct HIF target genes, including NDRG1.>? Addi-
tionally, we observed that increased NDRG1 expression occurred
in the endothelium of HPH vessels compared to donor vessels,
suggesting that NDRG1 might be involved in endothelial dysfunc-
tion. Hence, further study confirmed that NDRG1 positively reg-
ulates the proliferation, migration, and angiogenic response of
HPAECs. NDRG1 plays multifunctional roles in cell growth, devel-
opment, differentiation, and stress response of various cells in-
cluding ECs.?%23 Knockdown of NDRG1 decreased hemangioma
EC proliferation and downregulated the c-MYC oncoprotein.?® Ab-
lation of NDRG1 attenuated endothelial inflammation, throm-
botic responses, and vascular remodeling ** Repression of NDRG1
decreased migration of ECs and impaired neoangiogenesis under
intermittent hypoxia conditions.*> In addition, NDRG1 deficiency
in ECs prevented aorta angiogenesis and the activation of phos-
pholipase Cy1 (PLCy1) and extracellular regulated protein kinases
(ERK)1/2 by vascular endothelial growth factor (VEGF)-A.*® To as-
certain the inherent effect of NDRG1 in the progression of PH,

we used an in vivo model of knockdown of NDRG1 in HPH rats.
As shown by multiple detection methods, knockdown of NDRG1
significantly prevented the progression of hypoxia-induced PH
and right ventricular hypertrophy, as demonstrated by the de-
creased RVSP and RV/LV + S weight ratio. Consistent with hemo-
dynamics, histopathology proved that NDRG1 knockdown alle-
viated hypoxia-induced pulmonary vascular remodeling, as ev-
idenced by decreased pulmonary vascular wall thickness and
muscularization, and medial/CSA ratio. Consist with our study,
another research reported that adeno-associated virus (AAV)-
mediated NDRGI silencing played a protective role in hypoxia-
induced pulmonary hypertension via dynamin-related protein
(DRP)1 and PI3K/Akt/mTOR signaling pathways in pulmonary
artery smooth muscle cells*” Hypoxia inhibits testis-expressed
261 (Tex261), a protein-coding gene, to promote hPASMC pro-
liferation through Ndrgl-Akt-induced Sec23 downregulation.®®
Interestingly, digoxin, an inhibitor of Na*/K* ATPase, has also
been reported to downregulate NDRG1 through the inhibition
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Figure 7. Knockdown of NDRG1 attenuates vascular remodeling and right ventricular hypertrophy in rat. Echocardiography was carried out on rats
and PAAT (A,C) and TAPSE (B,D) of the rats were monitored and plotted (n = 5). The RVSP (E) and RV/(LV + S) (F) were calculated. (G) H&E staining of
paraffin-fixed lung sections prepared from rats for the morphological analysis of pulmonary arteries (scale bar, 20 um), followed by calculation of the
ratio of medial area to cross sectional area (medial/CSA) (H) as well as the diameter of pulmonary arteries (PA) (I). The data are expressed as the

means + SEMs. * P < 0.05, **P < 0.01, **P < 0.001; ns, not significant.

of HIF-1a under hypoxic conditions.*® Previous research found
that digoxin could attenuate hypoxia-induced increases in mean
pulmonary arterial pressure and right ventricular hypertrophy
compared with those of the hypoxic mice/rats.**4! This phe-
nomenon can be explained by the function of NDRG1 we ob-
served in vivo to some extent, however, digoxin downregulates
NDRG1 mainly through the inhibition of HIF-l«, hence, more
precise targeting of NDRG1 may be a promising intervention
in HPH.

Notably, our IP assay and mass spectrometry analysis in-
dicated that TAF15 is a new binding protein of NDRG1, and
immunofluorescence results showed that NDRG1 co-localized
with TAF15 in the nucleus of HPAECs. TAF15 is a member of
the ten-eleven translocation (TET) family of RNA-binding pro-
teins, and previous studies have found that TAF15 showed
both cytoplasmic and nuclear expression in almost all hu-
man tissues.*” We found here that NDRG1 regulates the sub-
cellular localization of TAF15 in HPAECs. The mechanism by
which NDRG1 assists TAF15 in nuclear translocation has not
been elucidated. Zhang et al. reported that NDRG1 was highly
upregulated by Kaposi's sarcoma-associated herpes virus in the
nuclei of ECs, forming a complex as a scaffold protein*® An-
other study showed that the DNA-binding domain (DBD) of or-
phan Nur77 (nuclear receptor) was responsible for the binding of
NDRG1, and then functionally inhibited the transcriptional activ-
ity of Nur77.* Previous investigations also identified the arginine
and glycine rich (RGG) domains of TAF15 as responsible for the
subcellular localisation or shuttle between the nucleus and the

cytoplasm, which is required for the ability of TAF15 to regulate
the expression of endogenous TAF15-target genes.*> Further in-
vestigation is warranted to determine whether NDRG1 promotes
nuclear accumulation of TAF15 through direct interaction with
the RGG domain in HPAECs.

As a transcription factor and a component of RNA polymerase
I, TAF1S5 licenses the transcription of a large cohort of genes.
Hence, we conducted RNA-seq assay to detect genes affected by
TAF15 knockdown in HPAECs. GO analysis confirmed that TAF15
participated in cell migration, angiogenesis, and proliferation.
Consistent with this, we found that silencing of TAF15 restored
the increased proliferation, migration, and tube formation caused
by overexpression of NDRG1. Notably, pathway enrichment as-
says showed significant associations with key regulatory path-
ways in PH, including PI3K-Akt, p53, and HIF-1 signaling pathways.
PI3K/Akt signaling is one of the most extensively studied signal-
ing pathways fundamental to most biological processes,* regu-
lating cell survival and cell invasion.” Inflammation contributes
to the pathogenesis of PH, and our previous study found that
crosstalk between the Akt/mTORC1 and nuclear factor kappa-B
(NF-«B) signaling pathways promotes hypoxia-induced PH by in-
creasing dipeptidyl peptidase-4 (DPP4) expression in PASMCs.?
PI3K/Akt signaling is the most typical pathway to regulate en-
dothelial nitric oxide synthase (eNOS) phosphorylation, and the
activation of PI3K/AKT/eNOS pathway is important to nitric oxide
(NO) production and EC proliferation.*®:*° Tumor suppressor p53 is
a transcription factor that mediates downstream gene regulation
of bone morphogenetic protein type 2 receptor (BMPR2) in ECs, and



BMPR2-p53 axes are dysregulated in association with endothelial
dysfunction in PH.>>! In addition, restoration of p53 signaling in
the pulmonary vasculature prevents experimental PH.>>>3 Cells
protect against the consequences of hypoxia by expressing genes
that conserve cellular homeostasis, and the most important tran-
scription factors driving these genes are the HIFs. Previous studies
demonstrated that HIF-1 contributed to the vascular remodeling
response and PH, and provided an appealing candidate mediator
of HPH.>*>* Interestingly, NDRG1 could be transcriptionally acti-
vated by HIF-1e, indicating that HIF-1/NDRG1/TAF15 may form a
closed loop and vicious circle under hypoxia.

In summary, our work demonstrated that endothelial aberrant
expression of NDRG1 is a common pathological feature of HPH
and is critically involved in endothelial dysfunction through nu-
clear localization of TAF15, which is further transcriptionally in-
volved in regulating PI3K-Akt, p53, and HIF-1 signaling pathways.
NDRGT1 also positively functioned in PH development in response
to chronic hypoxia in normal animals. Although further studies
are needed, these findings undoubtedly provide a new determi-
nant pathological factor and a promising therapeutic target for
HPH.
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