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Abstract
Our study explored the effects of lncRNA UCA1 on the proliferation and apoptosis in hypoxic human pulmonary artery smooth
muscle cells (HPASMCs) and highlighted the endogenous relationship between UCA1, ING5, and hnRNP I in cell proliferation.
Hypoxia-induced HPASMCs were used to simulate pulmonary arterial hypertension in vitro. Microarray assay was adopted to
screen the dysregulated expressed lncRNAs in HPASMCs to find out the target gene of our study. And RT-qPCR was performed
to detect the expression of lncRNA UCA1 under hypoxia and normoxia. After transfection, the relationship between UCA1 and
cell proliferation in HPASMCs under hypoxia were determined by cell proliferation assay and relative expression of PCNA.
Next, ELISA assays were conducted to measure the protein levels of PCNA and ING5. What’s more, flow cytometry was
employed to measure the apoptosis rate in differentially UCA1-expressed HPASMCs. RIP assays were conducted to further
clarify the endogenous relationship between UCA1 and ING5 in hypoxic HPASMCs. Finally, the effects of ING5 to HPASMCs
were detected after transfection of ING5 and UCA1 to figure out the role of ING5 in HPASMCs. Hypoxia was revealed to induce
proliferation and inhibited apoptosis in HPASMCs. Besides, UCA1 was confirmed to be highly expressed under hypoxia
compared with normoxia. UCA1 boosted cell proliferation under hypoxia in HPASMCs. However, the apoptosis was suppressed
in the hypoxic HPASMCs transfected with pcDNA3.1-UCA1. Further, mechanism studies found that UCA1 competed with
ING5 for hnRNP I, so that upregulating UCA1 inhibited the protein levels of ING5. And finally we found that ING5 restrained
cell viability, but promoted cell apoptosis in hypoxic HPASMCs, which was reversed by UCA1 over-expression. In summary,
our findings manifested that UCA1 promoted proliferation and restrained apoptosis by competing with ING5 for hnRNP I in
HPASMCs induced by hypoxia, indicating their potential roles for the cure of hypoxic pulmonary hypertension.
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Introduction

Pulmonary arterial hypertension (PAH) is an intractable disorder
primarily characterized by pulmonary vascular remodeling in
PAH pathology [15]. In particular, pulmonary vascular

remodeling is mainly composed of several cancer-like variations
such as abnormal vascular proliferation, veering apoptosis and
enhancedmigration in vascular smoothmuscle cells [3]. Despite
the identification of several molecular pathways of vascular re-
modeling, the pathogenesis of vascular remodeling remains ob-
scure. Pulmonary hypertension (PH) is known as a disease re-
lated to miscellaneous causes [16, 19]. Furthermore, Semenza
et al. reported that hypoxic condition was regarded as a domi-
nating origin [20]. However, the latent endogenous factors are
not understood in PAH pathogenesis.

Long noncoding RNAs lack for protein coding capability
with full length of over 200 nt [2]. An increasing number of
findings have demonstrated that lncRNAs is marked by mani-
fold biological functions such as excessive cell growth [32], cell
differentiation [8], and apoptosis [13]. In addition to being fa-
mous as tumor promoters or suppressors, abnormal expressed
lncRNAs shown by several studies play a pivotal role in human
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cancer and diseases containing colorectal cancer [34], schizo-
phrenia [1], and cardiovascular disease as well [12, 14].
Particularly, lncRNAs are correlated with vascular functions.
LncRNAs are revealed to be largely found in vascular cells
and make contributions to the contractility of smooth muscle
cells [2]. Besides, the proliferation and apoptosis of vascular
muscle cells are regulated by lncRNAs [28].

LncRNA urothelial carcinoma associated 1 (UCA1) is com-
posed of three exons that encode three isoforms containing
1.4 kb, 2.2 kb, and 2.7 kb in length separately [10, 33]. UCA1
is firstly observed to be upregulated and acted as an oncogenic
biomarker in bladder carcinoma [10, 17, 25]. Of note, lncRNA
UCA1was reported to be hypoxia responsive for expediting cell
proliferation in bladder carcinoma under hypoxia [30]. Despite
that, it is not obvious whether lncRNA UCA1 is directly asso-
ciated with the regulation of other non-tumor diseases such as
PAH under hypoxia. Hence, the expression levels, functions,
and its endogenous factors of UCA1 under hypoxia in pulmo-
nary vascular remodeling need to be well clarified.

The inhibitor of growth (ING) proteins (ING1-ING5) have
been identified and characterized as candidate tumor suppres-
sors. All ING proteins share a highly conserved carboxy-
terminal plant homeodomain (PHD) and are involved in the
control of cell growth, senescence, apoptosis, DNA repair, and
chromatin remodeling [4, 18, 21]. ING5 acts as tumor sup-
pressor gene because of suppression in cell growth and
promotion in cell apoptosis in certain cancers such as gastric
carcinogenesis, human head and neck squamous cell
carcinoma and oral squamous cell carcinoma [6, 22, 24, 29].
As PAH is mainly composed of several cancer-like
variations such as abnormal vascular proliferation, veering
apoptosis, and enhanced migration in vascular smooth muscle
cells [3], we conjectured that ING5 may play a vital role in
PAH.

Here, our observations manifested that lncRNA UCA1
promoted proliferation and prevented apoptosis in hypoxic
pulmonary artery smooth muscle cells (HPASMCs).
Remarkably, UCA1 was highly expressed in HPASMCs un-
der hypoxia compared with normoxia. Furthermore, the en-
dogenous mechanism underlying the cell proliferation was
explored. Therefore, our results illustrated the mechanism that
lncRNA UCA1 promoted HPASMCs growth by competing
with ING5 for hnRNP I under hypoxia, giving an insight into
the potential therapy for PAH.

Materials and methods

Cells culture

Human pulmonary artery smooth muscle cells (HPASMCs)
were acquired from BeNa Culture Collection (BNCC338614,
Beijing, China). HPASMCs were grown in high-glucose

Dulbecco’s modified Eagle’s medium (DMEM) containing
4 mM L-glutamine and sodium pyruvate plus 10% fetal bo-
vine serum (FBS). Cells were cultured at 37 °C with 95% air
and 5% CO2 in humidified incubator. And for the hypoxic
induction, PASMCs were incubated in the hypoxic condition
with a gas mixture containing 92% N2, 5% CO2, 3% O2 for
72 h. Passages 2–3 were used for the further experiments.
Before each experiment, the PASMCs were quiesced for
24 h in the DMEM medium without serum.

Cell proliferation assay

Cell counting kit-8 assays were executed ranging from differ-
ent time points to detected cell proliferation. Cells were placed
in 96-well plates and incubated under different circumstances
such as hypoxia and normoxia. At 0, 24, 48, and 72 h, cell
viability was measured by quantifying the optical density
(OD) value at 450 nm using cell counting kit-8 (Beyotime,
Shanghai, China). The whole experiments were made sepa-
rately in triplicate.

Flow cytometry

Flow cytometry was conducted to analyze cell apoptosis un-
der normoxia or hypoxia with the treatment in accordance
with the protocol of annexin V-FITC/PI kit (Sigma-Aldrich,
St. Louis, MO, USA). HPASMCs were trypsinized and later
centrifuged for 5 min. After washing twice with PBS for
5 min, the cells were resuspended in a concentration of
200 μl binding buffer. Subsequently, 10 μl FITC-conjugated
annexin Vand 5 μl PI were placed into the cells and fixed for
15 min in the dark at 37 °C. Post staining within 1 h was
conducted to analyze the cell lines. Hypoxic HPASMCs were
stained with annexin V-FITC (green) shown in x axis and red
propidium iodide (PI, red) shown in y axis. The apoptosis rate
was counted as the early apoptosis percentage in bottom right
quadrant plus the late apoptosis percentage in top right quad-
rant by flow cytometry.

Microarray

The normoxia-treated HPASMCs and relative hypoxia-treated
HPASMCs were prepared for lncRNAs microarray. After ex-
traction of the whole RNA via TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) and quantification, electrophoresis was
used to denature the RNA integrity. Subsequently, double-
stranded cDNA was synthesized and hybridized by Human
LncRNA 4 × 180 K Expression Microarray (Agilent
Technologies, Santa Clara, CA, USA). R language was uti-
lized for analyzing the differentially expressed lncRNAs. The
threshold used to screen the overexpression or knockdown of
lncRNAs was fold change (FC) > 2 and P < 0.05, separately.
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RT-qPCR

Total RNAs were isolated from HPASMCs by TRIzol
reagent (Invitrogen, Carlsbad, CA, USA). Subsequently,
cDNA was synthesized by reverse transcription with
PrimeScript RT reagent kit (Takara, Dalian, China) and ana-
lyzed by SYBR-Green kit (Takara, Dalian, China). GAPDH
was an internal control. Relative quantification levels were
revealed by the 2−ΔΔCt method. All the premier sequences
were as follows: UCA1 (forward) 5′-CTCTCCTATCTCCC
TTCACTGA-3 ′, (reverse) 5 ′-CTTTGGGTTGAGGT
TCCTGT-3′; ING5 (forward) 5′-TCCAGAACGCCTAC
AGCAAG-3′, (reverse) 5′-TGCCCTCCATCTTGTCCTTC-
3′; GAPDH (forward) 5′-AGTGGCAAAGTGGAGATT-3′,
(reverse) 5′-GTGGAGTCATACTGGAACA-3′.

Cell transfection

The HPASMCs were placed in 6-well dishes 24 h before trans-
fection. Full length of UCA1 cDNA sequence was cloned into
pCMV vector (GenePharma Co., Ltd., Shanghai, China) to con-
struct UCA1 overexpression plasmid (p-UCA1), while sh-
UCA1 was also cloned into pCMV vector to construct UCA1
downregulation plasmid (p-sh-UCA1). All of the plasmids were
transfected into HPASMCs by lipofectamine 2000 reagent
(Invitrogen, Carlsbad, CA,USA) under the guidance of protocol.

Enzyme-linked immunosorbent assay

PCNA and ING5 levels in the lysis of HPASMCs under
normoxia or hypoxia were determined using the enzyme-
linked immunosorbent assay (ELISA) kits (abcam,
Cambridge,MA, USA) in accordance with the manufacturer’s
instructions. The 100 μl serial dilution samples were put into
the plate for 2 h incubation at 37 °C. Subsequently, the aspi-
rated samples were washed with phosphate buffered saline
with Tween 20 (PBST) for four times. Then each well was
added with 100 μl antibody against PCNA and ING5 for 1 h
incubation. After rinsing for four times, the plate was supple-
mented with 100 μl secondary antibodies conjugated with
horseradish peroxidase (HRP) for 30 min incubation. With
100 μl substrate inoculated in the dark for 15 min, the optical
density was determined using an ELISA reader (TECAN,
Salzburg, Austria) at 450 nm.

RNA immunoprecipitation assays

To determine the endogenous relationship between UCA1 and
ING5 for cell proliferation, RNA immunoprecipitation (RIP) as-
says were implemented adopting Magna RIP™ RNA-Binding
Protein Immunoprecipitation Kit (Merck Millipore, Billerica,
MA, USA). HPASMCs were harvested and lysed with RIP lysis
buffer plus protease inhibitor (Thermo Fisher Scientific,

Waltham, MA, USA) and RNase inhibitor (Thermo Fisher
Scientific). Cell extracts were incubated with RIP buffer includ-
ing magnetic beads conjugated with antihuman hnRNP I anti-
body (ab133734, abcam) for 1 h. At last, following the digestion
of proteinase K, RNA was extracted for RT-qPCR. Signals of
UCA1 and ING5 RNAs precisely binding to hnRNP I were
certified by observing simultaneously input controls of total
RNA and negative controls of rabbit IgG (ab190475, abcam).

Statistical analyses

The Graphpad Prism (Version 6.0, GraphPad software Inc.,
LA Jolla, CA, USA) was employed for statistical analyses.
Data were presented as the standard deviation of the mean
(mean ± SD) for studies in triplicate. Student’s t test was made
to identify the differences between two groups.

Availability of data and materials The datasets used and ana-
lyzed during the current study are available from the corre-
sponding author on reasonable request.

Results

UCA1 was overexpressed in hypoxic HPASMCs

Hypoxia-induced HPASMCs were used to simulate PAH
in vitro. Firstly, hypoxia promoted HPASMCs proliferation
compared with normoxia by cell proliferation assay (Fig. 1a,
P < 0.05). There was significant difference of cell viability
under hypoxia at 72 h opposed to normoxia. Subsequently,
flow cytometric annexin V assay revealed that hypoxia
inhibited apoptosis in contrast with nomoxia under hypoxia
at 72 h (Fig. 1b, c; P < 0.05). Hence, hypoxia promoted pro-
liferation and reduced cell apoptosis in HPASMCs, suggesting
that hypoxia-induced HPASMCmodels were constructed suc-
cessfully. Then microarray assay of HPASMCs was adopted
to screen the dysregulated expressed lncRNAs, which were
shown in Fig. 1d. There were six lncRNAs that were upregu-
lated in the hypoxia group and downregulated in the normoxia
group. Then, we chose UCA1 as the research object because it
had much higher expression induced by hypoxia compared
with normoxia (Fig. 1d). The RT-qPCR results further
conformed that UCA1 was highly expressed under hypoxia
in HPASMCs (Fig. 1e, P < 0.001). Therefore, UCA1 was in-
volved in the hypoxic HPASMCs.

UCA1 promoted cell growth under hypoxia
in HPASMCs

Furthermore, to identify the role of UCA1 in HPASMCs,
UCA1 was firstly downregulated by transfecting p-sh-
UCA1 to hypoxic HPASMCs and overexpressed by
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transfecting p3.1-UCA1 to hypoxic HPASMCs (Fig. 2a,
P < 0.05). Cell proliferation assay showed that the growth
curve of the p-UCA1 group increased sharply from 48 to
72 h. Knockdown of UCA1 remarkably suppressed the
cell growth while overexpression of UCA1 greatly
boosted cell viability (Fig. 2b, P < 0.05). PCNA and
ING5 levels were further measured to assess HPASMCs
proliferation by ELISA assays. Protein level of PCNA
was dramatically reduced and ING5 level was greatly el-
evated in p-sh-UCA1 group, suggesting that cell viability
was restrained (Fig. 2c, d; all P < 0.05). After upregula-
tion of UCA1, PCNA protein level rose substantially
while ING5 protein level declined sharply, which demon-
strated that cell viability was enhanced in p-UCA1 group.
Thus, UCA1 induced cell proliferation in hypoxic
HPASMCs.

UCA1 inhibited cell apoptosis in hypoxic HPASMCs

Cell apoptosis rate was dramatically increased in p-sh-
UCA1 group, revealing that the knockdown of UCA1
expedited cell apoptosis (Fig. 3a, b, all P < 0.05).
However, cell apoptosis rate was restrained in the p-
UCA1 group, suggesting that overexpressed UCA1
prevented cell apoptosis. Taken together, UCA1 restrained
cell apoptosis in hypoxic HPASMCs.

UCA1 promoted hypoxic HPASMCs proliferation
by competing with ING5 mRNA for hnRNP I

What’s more, we then explored the underlying mechanism
of the UCA1 involving in proliferation in hypoxic
HPASMCs. Results above demonstrated that the protein lev-
el of ING5 was negative regulated by UCA1, and consider-
ing the example of the endogenous mechanism of UCA1
competing with p27 for hnRNP I, we suspected that
UCA1 may negatively connect with ING5 under the same
mechanism, which was confirmed by the further RIP assay.
RIP assay revealed that hypoxia enhanced the interaction
between UCA1 and hnRNP I in contrast with normoxia
(Fig. 4a, P < 0.01). However, the interaction between ING5
mRNA level and hnRNP I significantly weakened under
hypoxia compared with normoxia (Fig. 4b, P < 0.01).
Hence, we hypothesized that competition exists between
UCA1 and ING5 for hnRNP I binding. Subsequently, to test
the hypothesis whether the interaction of hnRNP I with
UCA1 suppresses the hnRNP I binding activity of ING5, a
competition assay was carried out in HPASMCs. As expect-
ed, more UCA1 pulldown by hnRNP I antibody was found
in the p-UCA1 group than the NC group (Fig. 4c, P < 0.01).
In the meantime, UCA1 remarkably attenuated the capability
of hnRNP I for pulling down ING5 (Fig. 4d, P < 0.01).
Taken together, these results demonstrated that UCA1 com-
peted with ING5 mRNA for hnRNP I.

Fig. 1 UCA1 was overexpressed in hypoxic HPASMCs. a Cell viability
under hypoxia or normoxia for 0, 24, 48, and 72 h in HPASMCs was
measured by CCK-8 assay. Observation was made at 450 nm. b, c Flow
cytometry assay revealed that hypoxia inhibited cell apoptosis and the
total apoptosis rates (Q2 + Q3) were calculated. Q1: Annexin V-FITC
negative + PI positive, Q2: Annexin V-FITC positive + PI positive, Q3:

Annexin V-FITC positive + PI negative, Q4: Annexin V-FITC negative +
PI negative. d Microarray data of the aberrant expressed lncRNAs were
evaluated under normoxia or hypoxia. e Hypoxia increased relative
UCA1 levels compared with normoxia. (*P < 0.001, ***P < 0.001,
compared with normoxia)
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ING5 restrained cell viability and proliferation,
but promoted cell apoptosis, which was reversed
by UCA1

Figure 5a indicated that there were corresponding changes of
protein level of ING5 after transfection with pCMV-ING5 (p-

ING5) and pCMV-sh-ING5 (p-sh-ING5) in hypoxic
HPASMCs (P < 0.05). Overexpression ING5 decreased the
expression of UCA1 and knockdown ING5 increased the ex-
pression of UCA1 in HPASMCs, which further verified the
conclusions above (Fig. 5b, P < 0.05). As shown in Fig. 5c,
overexpression of ING5 remarkably suppressed the cell

Fig. 2 UCA1 induced
proliferation in hypoxic
HPASMCs. a Relative UCA1
level was measured by RT-qPCR
through transfection with
pCMV-UCA1 (p-UCA1) and
pCMV-sh-UCA1 (p-sh-UCA1) in
hypoxic HPASMCs. b Cell
proliferation assay was
implemented to assess the cell
viability after altered UCA1
expression through transfection in
HPASMCs under hypoxia. c, d
PCNA and ING5 protein levels
were observed by ELISA kits in
HPASMCs. (*P < 0.05,
**P < 0.01, compared with NC)

Fig. 3 UCA1 restrained apoptosis in HPASMCs under hypoxia. a, b The total apoptosis rates (Q2 +Q3) were calculated by Flow cytometry assay.
(*P < 0.05, **P < 0.01, compared with NC)
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viability, which was reversed by the overexpression of UCA1
(P < 0.05). And then the protein level of PCNAwas detected
to measure cell proliferation. We found that overexpression
ING5 significantly reduced the expression of PCNA and over-
expression UCA1 reversed the reduction (Fig. 5d). Cell apo-
ptosis rate was dramatically increased in the p-ING5 group,
revealing that the overexpression ING5 expedited cell apopto-
sis (Fig. 5e, f; all P < 0.05). However, cell apoptosis rate was
restrained by UCA1. Taken together, ING5 restrained cell
viability and proliferation, but promoted cell apoptosis in hyp-
oxic HPASMCs, which were reversed by UCA1.

Discussion

In the present study, a series of experiments proved that
lncRNA UCA1 was overexpressed and played a critical role
in the proliferation and apoptosis of HPASMCs under hypoxia
inducing through regulating the expression of ING5.

LncRNAs were reported to play a pivotal part in cell pro-
liferation, differentiation, and apoptosis in a set of studies
recently [9, 23, 26]. Furthermore, aberrant expression of
lncRNAs were connected with a list of human diseases such
as cardiovascular disorders [7]. For instance, lncRNA CHRF
was revealed to be a novel regulator for cardiac hypertrophy
by miR-489 [27]. In HPASMCs, hypoxia-induced lncRNA
MALAT1 was revealed by Brock et al. to be of great impor-
tance in regulation of cell proliferation [3]. LncRNA lnRPT
modulated the proliferation in HPASMCs under exposure to
PDGF-BB treatment [31]. Zhu et al. also reported that the
knockdown of lncRNA MEG3 enhanced cell proliferation

and migration through depressing PTEN by miR-21 in
hypoxia-induced PASMCs [35]. PAH featured progressive
development in pulmonary vessel resistance mainly because
of vascular contraction, or hypoxic pulmonary vascular re-
modeling [5, 11]. In particular, the excessive growth of
PASMCs was a key characteristic of pulmonary vascular re-
modeling in PAH [3]. Our result demonstrated that lncRNA
UCA1 was the most highly expressed one under hypoxia.
Thus, we speculated that lncRNA UCA1 would serve as a
regulator in the proliferation and apoptosis in HPASMCs.

Ectopic expression of UCA1 had been observed in many
cancers such as prostate cancer [2], gastric cancer [3], hepatocel-
lular carcinoma [19], and ovarian cancer [3]. Moreover, UCA1
levelswere knockdown underH2O2 treatment in cardiomyocytes
after cardiac ischemia reperfusion injury [2]. Similarly, we ob-
served that UCA1 was highly expressed in HPASMCs under
hypoxia. This is the first study of lncRNA UCA1 in PAH.

LncRNAUCA1 elevated cell viability and refrained H2O2-
exposed apoptosis in cardiomyocytes [3]. What’s more, ac-
cording to Xue et al., UCA1 could expedite bladder cancer

Fig. 4 UCA1 restrained ING5
protein level by competing for
hnRNP I. a Relative UCA1 level
bound by hnRNP I under
normoxia or hypoxia were
uncovered by RIP assay. b ING5
mRNA level was interacted
with hnRNP I, as observed by
RIP assay under normoxia or
hypoxia. c, d RIP assay was
performed under hypoxia to
explore the suppressed interaction
of ING5 mRNAwith hnRNP I by
UCA1. (**P < 0.01, compared
with normoxia or the NC group)

�Fig. 5 The effect of ING5 to UCA1 level, cell viability and apoptosis. a
Relative protein level of ING5 was measured by ELISA kit through
transfection with pCMV-ING5 (p-ING5) and pCMV-sh-ING5 (p-sh-
ING5) in hypoxic HPASMCs. b UCA1 level was measured by RT-
qPCR in HPASMCs. c Cell proliferation assay was implemented to
assess the cell viability after altered UCA1 and ING5 expression
through transfection in HPASMCs under hypoxia. d Relative protein
level of PCNA was measured by ELISA kit through transfection with
pCMV-ING5 (p-ING5) and pCMV-UCA1 (p-UCA1) in hypoxic
HPASMCs. (E and F) The total apoptosis rates (Q2 + Q3) were
calculated by Flow cytometry assay. (*P < 0.05, **P < 0.01, compared
with NC; #P < 0.05, compared with both p-ING5 and p-UCA1)
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proliferation and prevent apoptosis by hypoxia [19], which
was similar to our findings. Our observation revealed that

lncRNAUCA1 promoted cell viability, proliferation, and sup-
pressed apoptosis under hypoxia in HPASMCs.
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Heterogeneous nuclear ribonucleoprotein I (hnRNP I) pos-
sessed certain RNA-binding domains and functions as a pro-
tein for biding RNA and splicing mRNA [3]. Hung et al.
demonstrated that UCA1 promoted cell growth by competi-
tion with p27 for hnRNP I and UCA1 negatively connected
with p27 [2]. Similar with the endogenous mechanism, our
study considered hnRNP I as a significant player between
UCA1 and ING5 mRNA in the competition for hnRNP I
because overexpression of UCA1 led to a decline in the com-
plex of ING5 mRNA and hnRNP I. Of note, one of our sig-
nificant results was the detection of ING5 as a UCA1 com-
petitor for the interaction with hnRNP I. ING5 acted as tumor
suppressor gene because of suppression in cell growth and
promotion in cell apoptosis in certain cancers such as gastric
carcinogenesis, human head and neck squamous cell carcino-
ma, and oral squamous cell carcinoma [6, 22, 24, 29]. These
findings supported our result that the complex of ING5
mRNA and hnRNP I declined under hypoxia, indicating that
viability was boosted under hypoxia in HPASMCs.

While our study uncovered comprehensive insight into the
function of UCA1 in PH in vitro with a series of experiments
being conducted, whether UCA1 plays the same role in pa-
tients with PH was not investigated, which deserved further
study.

In general, we showed that lncRNA UCA1 was
overexpressed in PAH. UCA1 enhanced proliferation and
refrained apoptosis in HPASMCs under hypoxia.
Remarkably, competition assay revealed that UCA1 competed
with ING5 for the interaction with hnRNP I in HPASMCs
under hypoxia. Therefore, lncRNA UCA1 enhanced cell via-
bility and restrained cell apoptosis by competing with ING5
for hnRNP I and shedding lights on the part of UCA1 in the
diagnosis of PH.
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