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ABSTRACT

Objective(s): Proliferation and migration of pulmonary artery smooth muscle cells (PASMCs)
contribute to hypoxia-induced pulmonary hypertension (HPH). The transcription factor Cbp/
p300-interacting transactivator with Glu/Asp-rich carboxy-terminal domain 2 (Cited2) has been
implicated in the control of tumor cells and mesenchymal stem cell (MSC) and cardiomyocyte growth
or migration. Whether Cited2 is involved in the proliferation and migration of PASMCs and the
underlying mechanisms deserve to be explored.

Materials and Methods: Cited2 expression was detected in rat PASMCs under hypoxia conditions
and HPH rat models. The effect of Cited2 on the proliferation and migration of PASMC was detected
by overexpression or knockdown of the Cited2 gene. After PAMSCs were treated with recombinant
TGF-B1 and the lentivirus vector overexpressing Cited2, expression of peroxisome proliferator-
activated receptor gamma (PPARY) was examined by western blotting.

Results: We revealed that hypoxia down-regulated the expression of Cited2 in PASMCs and rat
pulmonary arteries. Cited2 overexpression inhibited the proliferation and migration of PASMCs
under hypoxia, while Cited2 knockdown induced the proliferation and migration of PASMCs. Cited2
inhibits the negative regulation of the TGF-B1 pathway on PPARYy to inhibit the proliferation and
migration of PASMCs.

Conclusion: These findings suggest that increased Cited2 expression contributes to the inhibition of
PASMCs proliferation and migration by regulating TGF-B1-mediated target gene expression in HPH

and provides a new target for molecular therapy of HPH.

P> Please cite this article as:

Wang HJ, Ma L, Yu Q. Cited2 inhibited hypoxia-induced proliferation and migration of PASMCs via the TGF-B1/Cited2/PPARY pathway. Iran J
Basic Med Sci 2024; 27: 509-517. doi: https://dx.doi.org/10.22038/I)BMS.2023.74455.16178

Introduction

Pulmonary hypertension (PH) is a progressively
worsening disorder, which is characterized by continued
elevation of pulmonary artery pressure, accompanied by
progressive pulmonary vessel remodeling, which results
in subsequent right heart failure (1). Hypoxia-induced
pulmonary hypertension (HPH) is related to lung diseases
and/or hypoxia and regulated by a multitude of molecular
pathways and processes (2). It has been demonstrated
that pulmonary vasoconstriction, vascular remodeling,
and erythrocytosis caused by hypoxia were important
contributors to HPH (3). Abnormal proliferation and
migration of pulmonary artery smooth muscle cells
(PASMCs) are present within the remodeled pulmonary
vessels (4, 5). Although PH treatment is challenging, the
guidelines do not recommend existing effective drugs to
treat HPH. Hence, the development of novel approaches to
improve the worsening outcome and shortened survival in
HPH is required.

CBP/p300-interacting transactivator with glutamic
acid/aspartic acid-rich carboxylterminal domain 2
(Cited2), which belongs to the Cited family, is critical for
organ development, cell growth and differentiation, and
metabolic homeostasis and immunity (6-8). At the cellular
level, Cited2 was found to have a pro-proliferative effect in

cardiac stem cells and HEK293 cells (8, 9). However, Cited2
overexpression in cardiomyocytes, cardiac endothelial
cells and neuronal cells suppresses cell proliferation (10-
12), revealing that Cited2 has a unique function in cell
proliferation. At the molecular level, Cited2 lacks a DNA
binding domain but exhibits a high affinity for the CH1
domain of the transcriptional co-activator CBP/p300 (13).
By binding to the CH1 domain of CBP/ p300, the Cited2
protein regulates the CBP/p300-mediated transactivation of
multiple transcription factors, such as HIF-1a, NF-kB, P53,
TFAP2, STAT, PPARq, and PPARYy (14-18). So, researchers
found that Cited2 may play important roles in cancers,
cardiovascular disease, and other metabolic diseases.

In recent years, much research has been devoted to
inhibiting the activity of HIF to treat PH (19, 20), but with
limited success. Cited2 is a negative regulator of HIF1 by
competing to bind to the same binding domain (CH1) of
CBP/p300, and it has a 33-fold stronger and tighter binding
capacity compared to HIF-1a (21). Cited2 is a very efficient
switch of the hypoxia response, and it is likely to be crucial
in HPH.

As is well known, transforming growth factor-beta
(TGF-B) is involved in pulmonary vascular remodeling and
PH development, and PASMCs are important targets of
TGF-p (22, 23). Cited2 could be down-regulated by TGF-f3
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in different cells (24, 25) through post-transcriptional
regulation (26). However, Cited2 could also modulate
TGF-B-mediated up-regulation of VEGFA and MMP9
in human breast cancer cell lines (27, 28). These studies
revealed that Cited2 may modulate the TGF-P1 signaling
network. However, whether TGF-P1 also down-regulates
Cited2 and thus is implicated in the PASMC proliferation
and migration by this pathway in hypoxia remains unclear.
If this assumption could be clarified, it may be a meaningful
mode of action in HPH therapy. So, the effects of Cited2
in PASMC proliferation and migration were investigated in
this study, and the underlying molecular mechanisms were
further explored.

Materials and Methods
Animals

The Animal Care Committee of Gansu Provincial
Hospital approved all animal experimentation protocols
(Approval number: 2023-595). Sprague-Dawley (SD) rats
(male, 180-220 g) were purchased from Beijing Vital River
Laboratory Animal Technology Co., Ltd. Twelve rats were
randomized into two groups: hypoxia group (n=6) and
normoxia group (n=6). A hypobaric hypoxia chamber with
10% oxygen was used to maintain the hypoxia group for
4 weeks. The normoxia group was kept in room air (21%
oxygen) for the same time as normal controls. The 12-hour
cycles of light and darkness, as well as food and water, were
made freely available to all rats. Four weeks later, the mean
pulmonary arterial pressure (mPAP), right ventricular
hypertrophy index [(right ventricle (RV)/(left ventricle
(LV)+septum weight (S), RVHI], as well as pulmonary
artery wall thickness were measured to confirm successful
modeling.

Hematoxylin and eosin (HE) staining

Rat lung tissues were preserved for 48 hr at room
temperature in 4% paraformaldehyde to create paraffin
sections, and then the paraffin blocks were cut into sections
of 5 um thickness. The pulmonary arterioles’ wall thickness
was measured with HE staining on the sections. After HE
staining was routinely performed, the following formula
was used to determine the percentage of the pulmonary
arteriole’s mean wall thickness (WT%):

WT% = 100 x wall thickness/vessel semi-diameter.

The following formula was used to determine the
percentage of the total area that was made up of the
pulmonary artery wall (WA%):

WA%=100xcross-sectional area of the wall area/total
cross-sectional area of the vessel.

Immunohistochemical (IHC) staining

For the detection of Cited2 protein in rat lungs, the
manufacturer’s instructions of the immunohistochemistry
kit purchased from Solarbio were followed for performing
IHC staining on the paraffin sections. The primary antibody
used was anti-Cited2 (1:100, Affinity). After being dewaxed
to water, antigen retrieval was performed on the slices
using an antigen retrieval solution. Then, the endogenous
peroxidase was eliminated using a 3% H,O, solution. After
being blocked with goat serum, the paraffin sections were

510

N=MS

Cited2 inhibited proliferation and migration of PASMCs

reacted with primary antibody overnight at 4 ‘C. On the
second day, the sections were reacted with biotin-labeled
secondary antibody at 37 °C for 1 hr. After developing these
sections using a DAB solution, the nuclei were then stained
with hematoxylin.

Immunofluorescence (IF)

The primary antibodies used in IF to study the expression
and localization of Cited2 or identify the PASMCs were anti-
Cited2 (1:50, Santa Cruz) and anti-a-smooth muscle actin
antibody (anti-a-SMA, 1:300, Abcam). After being fixed
for 40 min by using 4% paraformaldehyde, the PASMCs
were incubated for 15 min by using 0.3% Triton X-100.
Afterward, goat serum was used to block the cells for 1 hr,
followed by incubation with Cited2 antibody overnight at
4 °C. On the following day, CoraLite594-labeled goat anti-
mouse secondary antibody (1:100, Proteintech) was used to
incubate the cells for 1 hr at room temperature in the dark.
Hoechst 33342 (1:1000, Solarbio) was used to stain the
nuclei for 3 min, and then a fluorescence microscope was
used to observe the cells.

PASMC isolation

The explant method as previously reported (29) was
used successfully in the present study to separate primary
PASMCs from healthy adult SD rats (180-220 g). The
pulmonary arteries were placed in Dulbecco’s modified
Eagles medium (DMEM, Gibco) with 20% fetal bovine
serum (FBS, Cell-box) at 37 'C and 5% CO,. IF was
performed to identify the PASMCs with anti-a-SMA (1:300,
Abcam). After cell passaging, DMEM with 12% FBS was
used to culture the PASMCs. The subsequent experiments
utilized passages of 2 to 5 cells.

Hypoxia exposure of PASMCs

Serum-free DMEM was used for cell starvation for 24 hr
before all experiments. A hypoxia incubator (1% O,, 94%
N2, and 5% CO,) was used to culture the cells of the hypoxia
group for 0, 24, 48, and 72 hr, separately. Meanwhile, an
incubator with 21% O,, 74% N2, and 5% CO, was used to
culture the cells of the normoxia group.

Cell infection

The lentivirus vector overexpressing Cited2 and the
corresponding no-load lentiviral vector were constructed by
Hanbio. Thelentiviral vector containing siRNA fragments for
inhibiting Cited2 and the corresponding no-load lentiviral
vector were constructed by Genechem. According to the
directions provided by the manufacturer, lentiviral particles
were transfected into PASMCs. They were appended to the
medium for 24 hr. For an additional 24 hr, the media with
lentivirus were switched out for DMEM containing 12%
FBS. Then, the PASMCs were incubated in hypoxia for the
subsequent experiments.

5-Ethynyl-20-deoxyuridine (EDU) assay

PASMC proliferation was detected using the EDU
incorporation assay kit purchased from Beyotime, and
EDU was performed in accordance with the manufacturer’s
instructions.

Transwell migration assay
PASMCs were infused into the Transwell chamber’s upper
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chamber (Corning) after being resuspended in serum-free
DMEM. Media containing 20% FBS filled the lower chamber.
After being cultured for 24 hr in a hypoxia incubator, cells
were fixed for 30 min with 4% paraformaldehyde. Cotton
swabs were used to wipe off the non-migrating cells on the
upper layer of the chamber membrane. Then, 0.1% crystal
violet was used to stain the cells that migrated through for
20 min. Five views per well were selected at random at 100x
magnification to count the number of stained cells.

Quantitative reverse transcription-polymerase chain
reaction (QRT-PCR)

Total RNA was isolated from pulmonary arteries or cells
by using TRIzol reagent (Invitrogen) in accordance with the
manufacturer’s instructions. cDNA was synthesized using a
reverse transcription kit (Tiangen). qQPCR was performed
using the SYBR Green Realtime PCR Master Mix (Tiangen).
B-actin was used as an internal reference. The specific
oligonucleotide primers were as follows: Cited2: forward,
5'-CCGCCCAATGTCATAGACACTGATTTC-3' and
reverse, 5-ATTTCTTTCAGCCGCGAGGTTAACC-3';
B-actin: forward, 5'-CCTAAGGCCAACCGTGAAAA-3’
and reverse, 5'-CAGAGGCATACAGGGACAACAC-3".

Western blot

Tissues and cells were extracted in RIPA lysis buffer
(RO010, Solarbio) containing PMSF and a phosphatase
inhibitor cocktail (P1045, Beyotime) to gain protein.
The protein concentration was detected by using the
bicinchoninic acid (BCA) protein assay kit (Solarbio).
Total tissue or cellular lysate was transferred onto a 0.22 m
polyvinylidene difluoride membrane (Solarbio) after being
separated by 12% SDS-PAGE. A protein-free quick blocking
solution (Boster, AR0041) was used to block the membrane
at room temperature for 1 hr, and then primary antibodies
against Cited2 (1:500, Affinity), anti-PPARy (1:2000,
Proteintech), and anti-B-actin (1:3000, Affinity) were used

to incubate the membranes overnight at 4 °C. On the next
day, HRP-labeled secondary antibody (1:5000, Affinity) was
used to incubate the membranes at room temperature for 1
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hr, and the chemiluminescence method was used for color
development.

Statistical analysis

The statistical analysis was performed with GraphPad
Prism 8.0. Data were expressed as the mean+SEM. Statistical
analysis was performed by independent-sample t-test for
two groups. P<0.05 was considered statistically significant.

Results
Successful establishment of HPH rat model and primary
culture of rat PASMCs

Male SD rats were randomized into hypoxia (n=6) and
normoxia groups (n=6). For 4 weeks, the hypoxia group
was exposed to 10% O,, whereas the normoxia group was
housed at 21% O,. After being fed for 4 weeks under hypoxic
or normoxic conditions, the RV/ (LV+S), mPAP, and wall
thickness of the pulmonary arterioles were measured
to assess whether the HPH rat model was successfully
established. These results displayed that the mPAP and
RV/ (LV+S) of HPH rats increased by comparison with the
normoxia group (Figure 1A). Similarly, the wall thickness
of the pulmonary arterioles and the wall area were much
greater by comparison with the normoxia group, whereas
the lumen diameter was significantly reduced (Figure 1B,
C). The PASMCs isolated from the pulmonary arterioles
of healthy adult rats were observed using a fluorescence
microscope, and the results showed that the green
fluorescence after actin was used bound to anti-a-SMA
(Figure 1D). These results indicated that the HPH rat
models were established with success, and the primary rat
PASMC:s were successfully isolated.

Cited2 was down-regulated in the HPH rat model

In most adult tissues and macrophages, hypoxia could
down-regulate Cited2 expression (30, 31), which regulates
cell proliferation and senescence via regulating the
transactivation of various transcription factors mediated by
CBP/p300. However, up to now, the biological role of Cited2
in HPH remains unknown. For clarification of this issue, the
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Figure 1. Hypoxia exposure induced pulmonary hypertension and pulmonary arterial remodeling

?nght ventricle (RV)/(left ventricle (LV)+septum weight (S) (RV/ (LV+S ) and the mean pulmonary arterial pressure (mPAP) of rats in normoxia (n=6) and hypoxia(n=6)
groups.(B) Hematoxylm and eosin(HE) staining of lung tissues in normoxia (n=6) and hyp0x1a (n=6) groups. (C) Percentage of wall thickness of pulmonary arteries (WT) and
wall area (WA) in normoxia (n=6) and hypoxia (n=6) groups. (D) Isolation and culture of primary PASMCs and identification of PASMCs by anti-a-SMA antibody. Data are
means + SEM. **P<0.01 vs normoxia group
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Figure 2. Cbp/p300-interacting transactivator with Glu/Asp-rich carboxy-terminal domain 2 (Cited2) expression was down-regulated in hypoxia-induced
ulmonary hypertension (HPH) rat models

A) Protein expression in rat pulmonary arteries measured by immunohistochemistry (n=6). (B) mRNA expression in rat pulmonary arteries measured by quantitative reverse

transcription-polymerase chain reaction (QRT-PCR)(n=6). (C) Protein expression in rat pulmonary arteries measured by Western blot (n=6). Scale bar, 100 pm. Data are means

+ SEM. **P<0.01 vs normoxia group

effect of hypoxia treatment (4 weeks) on Cited2 expression
was examined in HPH rat pulmonary arteries. The analysis
of Cited2 expression by IHC demonstrated that the hypoxia
group had markedly decreased Cited2 protein levels (Figure
2A) by contrast with the normoxia group. The total RNA
or protein was isolated from the pulmonary arteries of the
hypoxia and normoxia groups. The results of Cited2 mRNA
(Figure 2B) and protein level (Figure 2C) displayed similar
results to the IHC experiment. The results revealed that
Cited2 may participate in the development of HPH.

Cited2 was down-regulated by TGF-f1 in hypoxic PASMCs

PASMCs were presented in hypoxia for 0, 24, 48, and
72 hr (1% O,) separately to further determine the Cited2
expression in these cells in hypoxia. The outcomes displayed
that at the protein and mRNA levels, hypoxia also inhibited
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Cited2 expression in PASMCs (Figures 3A and B). Cited2
expression was further confirmed by IF, which also displayed
that Cited2 was located in the nucleus and down-regulated
by hypoxia (Figure 3C). This observation revealed that
Cited2 may have an important role in regulating cellular
responses to hypoxia.

Cited2 was clarified to be down-regulated by hypoxia in
the PASMCs and HPH rat model, but the mechanism was
unclear. TGF-B1 could negatively regulate Cited2 in breast
cancer cells, epithelial cells, and leiomyoma cells (26, 32,
33), and TGF-P1 expression is up-regulated in hypoxia,
which is related to pulmonary vascular remodeling and the
PH development (22, 34). In the present study, PASMCs
were treated with SB431542 (TGF-pB1 inhibitor, 10 gmol/l)
for 24 hr in hypoxia and after serum starvation for 24 hr
to further explore whether TGF-P1 is also involved in the
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Figure 3. Cbp/p300-interacting transactivator with Glu/Asp-rich carboxy-terminal domain 2 (Cited2) expression was down-regulated in pulmonary artery
smooth muscle cells (PASMCs) in hypoxia

(A) PASMCs were exposed to hypoxia for 0, 24, 48 and 48 hr, respectively, and Cited2 protein expression in PASMCs measured by Western blot (WB)(n=3 experiments). (B)
PASMCs were exposed to hypoxia for 0, 24, 48 and 48 hr, respectively, and Cited2 mRNA expression in PASMCs measured by quantitative reverse transcription-polymerase chain
reaction (QRT-PCR)(n=3 experiments). (C) Cited2 expression of PASMCs was examined Ey immunofluorescence after being exposed to normoxia or hypoxia for 48 hr (n=3
experiments). (D) Effects of SB431542 on protein expressions of Cited2 in PASMCs in hypoxia. PASMCs were exposed to hypoxia for 48 hr, and in the last 24 hr, SB431542 was
used to treat PASMCs (n=3 experiments). (E)Transforming growth factor-betal (TGF-p1) modulates the expression of Cited2 in PASMCs in hypoxia. PASMCs were exposed to
hypoxia for 48 hr, and in the last 24 hr, TGF-p1 was used to treat PASMCs (n=3 experiments). Data are means+SEM, *P<0.05, **P<0.01 vs contral
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Figure 4. Effects of Cbp/p300-interacting transactivator with Glu/Asp-rich carboxy-terminal domain 2 (Cited2) overexpression on pulmonary artery
smooth muscle cells (PASMCs)

(A) Expression of Cited2 protein was detected in ad-NC and ad-Cited2 groups (n=3 experiments). (B) Transwell migration experiment to detect the migration of PASMCs in ad-
NC and ad-Cited2 groups in hypoxia (n=3 experiments). (C) 5-Ethynyl-20-deoxyuridine assay (EDU) assays to detect the proliferation of PASMCs in ad-NC and ad-Cited2 groups
in hypoxia (n=3 experiments). ad-Cited2: Cited2 overexpressin, ad-NC: negative control. Data are means+SEM, **P<0.01 vs ad-NC

regulation of Cited2 in PASMCs in hypoxia. The results
demonstrated that SB431542 treatment increased the Cited2
protein expression in PASMCs in hypoxia (Figure 3D),
indicating that inhibiting the TGF-B1 pathway could restore
the expression of Cited2 in hypoxia. To further confirm that
TGF-p1 modulates the expression of Cited2, TGF-p1 (10
ng/ml) was used in PASMCs in hypoxia. We also observed
that 24 hr after TGF-p1 stimulation, the Cited2 protein level
was down-regulated (Figure 3E). This result confirmed that
Cited2 is a TGF-P1-responsive gene in hypoxia.

Cited2 overexpression inhibited proliferation and
migration of PASMCs in hypoxia

For demonstration of the above assumption, the Cited2
overexpressed by lentivirus carrying Cited2 gene (ad-Cited2)
and negative control (ad-NC) were transfected into PASMCs,
and the levels of Cited2 were assessed at protein level (Figure

4A). The Transwell migration assay showed that compared
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with ad-NC, ad-Cited2 suppressed the PASMCs migration
(Figure 4B) in hypoxia. According to the result of the EDU
assay, the quantity of EDU-positive cells (Figure 4C) in the
ad-Cited2 group decreased by contrast with the ad-NC
group. These results revealed that Cited2 overexpression
reversed hypoxia-induced cell proliferation and migration,
which contributed to vascular remodeling in HPH.

Cited2 down-regulation induced proliferation and
migration of PASMCs in hypoxia

The above experiments confirmed that overexpression
of Cited2 could inhibit the proliferation and migration
of PASMCs in hypoxia. For further understanding of the
function of Cited2 in PASMCs proliferation and migration,
Cited2 knockdown (si-Cited2) was performed in hypoxia,
and Cited2 expression was evaluated at the protein level
(Figure 5A). According to the result of EDU assay, the
quantity of EDU-positive cells (Figure 5B) in the si-Cited2

si-Gited2
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w

SWNE  shCited2

Figure 5. Effects of Cbp/p300-interacting transactivator with Glu/Asp-rich carboxy-terminal domain 2 (Cited2) knockdown on pulmonary artery smooth
muscle cells (PASMCs)

(A) Expression of Cited2 protein was detected in si-NC and si-Cited2 groups (n=3 experiments). (B) Transwell migration experiment to detect the migration of PASMCs in si-NC
and si-Cited2 groups in hypoxia (n=3 experiments). (C) 5-Ethynyl-20-deoxyuridine assay (EDU) assays to detect the proliferation of PASMCs in si-NC and si-Cited2 groups in
hypoxia (n=3 experiments). si-Cited2: Cited2 knockdown. si-NC: negative control. Data are means+SEM, **P<0.01 vs si-NC
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group was elevated by contrast with the negative control (si-
NC) group. The Transwell migration assay also displayed
that si-Cited2 promoted the migration of PASMCs (Figure
5C) by contrast with si-NC in hypoxia. These results
indicated that Cited2 knockdown induced the proliferation
and migration of PASMCs in hypoxia.

Cited2 inhibited the negative regulation of the TGF-f1
pathway on PPARy to inhibit the proliferation and
migration of PASMCs

This study demonstrated that Cited2 inhibited PASMCs
proliferation and migration, and TGF-p1 played a key
regulatory role in Cited2 expression in hypoxia. TGF-p1
(10 ng/ml) was used in Cited2-overexpressed PASMCs after
serum starvation for 24 hr to further confirm that TGF-p1
may promote cell proliferation and migration by inhibiting
Cited2. These results displayed that the pro-proliferation
and pro-migration effects of TGF-f1 on PASMCs were
reversed by (Figures 6A and B) Cited2 overexpression,
suggesting that TGF-p1 may promote cell proliferation and
migration by inhibiting Cited2.

Peroxisome proliferator-activated receptor-y (PPAR-y)
has been shown to prevent hypoxia-induced pulmonary
vascular remodeling, indicating that PPAR-y has a
vasoprotective role under chronic hypoxic conditions (35).
By inhibiting PPAR-y expression at the transcriptional
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Figure 6. Cbp/p300-interacting transactivator with Glu/Asp-rich carboxy-
terminal domain 2 (Cited2) reversed Transforming growth factor-betal
(TGF-B1)-induced proliferation and migration of pulmonary artery
smooth muscle cells (PASMCs)

(A) 5-Ethynyl-20-deoxyuridine assay (EDU) assays to detect the proliferation of
PASMCs in each group in hypoxia (n=3 experiments). (B) Transwell migration
experiment to detect the migration of PASMCs in each group in hypoxia (n=3
experiments). (C) Western blot was used to detect the inhibition of Cited2 on the
negative regulation of TGF-B1 on peroxisome proliferatoractivated receptor gamma
(PPARy) in PASMCs in hypoxia (n=3 experiments). Data are means+SEM, * P<0.05,
# P<0.01, **P<0.01 vs Control
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Figure 7. Peroxisome proliferatoractivated receptor gamma (PPARYy)
cooperates with Cbp/p300-interacting transactivator with Glu/Asp-rich
carboxy-terminal domain 2 (Cited2) to inhibit the proliferation and
migration of pulmonary artery smooth muscle cells (PASMCs)

(A) 5-Ethynyl-20-deoxyuridine assay (EDU) assays to detect the proliferation of
PASMCs in each grouﬁ in hypoxia (n=3 experiments). (B) Transwell migration
experiment to detect the migration of PASMCs in each group in hypoxia (n=3
experiments). Data are means+SEM, #P<0.05, P<0.01, **P<0.01 vs Control

level, TGF-P1 mediates hypoxia-induced PPAR-y down-
regulation (36), whereas the TGF-p1 pathway was inhibited
by PPARY activation in human PASMCs (37). Cited2 has
been proven to activate PPARy (10, 38). In the present
study, whether Cited2 inhibits the negative regulation of the
TGF-p1 pathway on PPARY to inhibit PASMC proliferation
and migration was explored. Through the use of TGF-p1
recombinant protein (10 ng/ml) in Cited2-overexpressed
PASMCs, TGF-B1 was found to inhibit the expression of
PPARY, but Cited2 overexpression resulted in the recovery
of PPARY expression (Figure 6C). This result indicated that
Cited2 regulated PASMC proliferation and migration by
mediating the negative regulation of the TGF-B1 pathway
on PPARYy.

PPARYy cooperates with Cited2 to inhibit the proliferation
and migration of PASMCs

PPARY are nuclear receptors with transcriptional activity
that have been implicated in altered gene expression
and cell signaling in PH pathogenesis (39). Interestingly,
Cited2 is known to be a coactivator of PPARy (10, 38).
To better demonstrate that PPARy cooperates with
Cited2, PPARy inhibitor T0070907 (10 pM) was used in
Cited2-overexpressed PASMCs in hypoxia. The results
demonstrated that the anti-proliferation and anti-migration
effect of Cited2 on PASMCs were reversed by the inhibition
of PPARy (Figures 7A and B), suggesting that PPARy
cooperates with cited2 to inhibit cell proliferation and
migration.

Discussion

Hypoxic pulmonary vasoconstriction, pulmonary arterial
remodeling, and other cases result in HPH (40). Pulmonary
vascular remodeling, which is related to pathological
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changes, such as dysfunction of PASMCs, fibroblast, and
pulmonary artery endothelial cells, is a pathological feature
of HPH (2). The increased proliferation and migration
of PASMCs considerably enhance the process leading to
pulmonary artery remodeling (41).

Current studies have proven the functions of Cited2
in the apoptosis and proliferation of endothelial cells,
cardiomyocytes, cancer cells, neuronal cells, and
hematopoietic stem cells (9, 12, 42). However, no research
has been conducted on the expression of Cited2 in HPH
and its effect on PASMC physiological function in hypoxia.
In this study, Cited2 was speculated to possibly regulate the
migration and proliferation of hypoxia-induced PASMCs.
So, the connection between Cited2 and cell migration and
proliferation in hypoxia, as well as the possible signaling
pathways were investigated. The central findings were as
follows: (i) Cited2 expression was inhibited in hypoxia,
(ii) Cited2 inhibited the proliferation and migration of
PASMCs in hypoxia, (iii) TGF-f1 negatively regulated the
expression of Cited2, (iv) Cited2 reversed the TGF-P1-
induced proliferation and migration of PASMCs in hypoxia,
(v) Cited2 inhibited the negative regulation of the TGF-p1
pathway on PPARYy in hypoxia, and (vi) PPARY cooperates
with Cited2 to inhibit the proliferation and migration of
PASMCs. Collectively, these findings showed that Cited2
regulates the proliferation and migration of PASMCs by
inhibiting the negative regulation of the TGF-B1 pathway
on PPARY.

Cited2 has been shown to be involved in regulating
hypoxia response in certain diseases (43-45). A study also
reported that Cited2 levels apparently decreased after 4 hr of
hypoxia (46). The same results were obtained in mammalian
macrophages and blunt snout bream adult tissues (30, 31).
Meanwhile, this study proved that hypoxia down-regulated
the Cited2 level in PASMCs and the pulmonary arteries of
rats, indicating that Cited2 may be crucial for controlling
cellular responses to hypoxia.

Cited2 serves as a molecular switch of cytokine-induced
proliferation and apoptosis in various cells (10, 25, 47). It
plays also a meaningful role in lung development (48). In
this study, lentivirus was used to overexpress or knock down
Cited2 to further explore the relationship between Cited2
and PASMC proliferation and migration. The outcomes
showed that PASMCs migration and proliferation were
significantly inhibited by Cited2 overexpression in hypoxia,
but the effect was reversed when Cited2 was knocked
down. These findings revealed that Cited2 is a hypoxia-
responsive gene, and Cited2-mediated inhibition of PASMC
proliferation and migration probably plays a significant
role in the suppression of pulmonary arterial remodeling,
thereby providing evidence for Cited2 as a novel treatment
target for HPH in the future.

Although Cited2 may participate in the development of
HPH, its expression was inhibited in hypoxia. Literature
was reviewed to further confirm the reasons for Cited2
down-regulation under prolonged hypoxia, and the
Endings displayed that TGF-f1 could down-regulate
Cited2 expression. TGF-B1 is involved in PH origin and
development by inducing the proliferation and migration of
PASMCs (49, 50). Interestingly, Cited2 down-regulation was
associated with elevated TGF-B1 expression in hypoxias.
This result indicated that Cited2 is a TGF-p1-responsive
gene in hypoxia and may regulate the TGF-P1 signaling
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pathway. The effect of TGF-P1 on the formation of HPH
may also be related to the inhibition of Cited2 expression.

This study importantly showed that Cited2 reversed
the TGF-Pl-induced proliferation and migration of
PASMCs. However, the precise mechanism by which Cited2
regulates these cellular processes of PASMCs is unclear
and needs further exploration. The results displayed that
TGF-B1 down-regulated Cited2 expression, and Cited2
inhibited the proliferation and migration of PASMCs in
hypoxia, revealing that it may be involved in TGF-p1 signal
transduction to regulate cell proliferation and migration.
According to previous studies, Cited2 was co-expressed
with PPARa and PPARY in mouse tissues and was required
for PPARY activation (31, 38, 51). PPARY has been proven
to exert the anti-proliferative function of PASMCs (52),
and it was down-regulated in HPH animal models and
hypoxic PASMCs (36, 52). TGF-B1 could promote PASMC
proliferation by inhibiting the activation of the downstream
target gene PPARy (53). Moreover, PPARy could
transrepressed TGF-B1 (54) and inhibit TGF-B1-induced
VSMC proliferation (37). Thus, the present study speculated
that during hypoxia, Cited2 could inhibit the negative
regulation of the TGF-B1 pathway on PPARYy. Following
Cited2 overexpression in PASMCs, the inhibitory effect of
TGF-P1 on PPARy was found to be partially eliminated. To
further demonstrate that PPARYy cooperates with Cited2
to inhibit the proliferation and migration of PASMCs, we
used PPARY inhibitor in Cited2-overexpressed PASMCs in
hypoxia. The results revealed that the ability of Cited2 to
inhibit cell proliferation and migration was attenuated by
PPARY deficiency. In summary, Cited2 inhibits the negative
regulation of the TGF-p1 pathway on PPARY and cooperates
with PPARYy, consequently affecting the proliferation and
migration of PASMCs in hypoxia.

Conclusion

This study showed that Cited2 has the function of
inhibiting the proliferation and migration of PASMCs in
hypoxia through the TGF-p1/Cited2/PPARy pathway. The
results may have a certain guiding importance for targeted
therapy of patients with HPH in the future.
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