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Abstract
Rationale: Long noncoding RNAs (lncRNAs) are emerging as

important regulators of diverse biological functions. Their role in
pulmonary arterial hypertension (PAH) remains to be explored.
Objectives: To elucidate the role of TYKRIL (tyrosine kinase
receptor–inducing lncRNA) as a regulator of p53/ PDGFRb (plateletderived growth factor receptor b) signaling pathway and to
investigate its role in PAH.
Methods: Pericytes and pulmonary arterial smooth muscle cells

exposed to hypoxia and derived from patients with idiopathic PAH
were analyzed with RNA sequencing. TYKRIL knockdown was
performed in above-mentioned human primary cells and in
precision-cut lung slices derived from patients with PAH.
Measurements and Main Results: Using RNA sequencing data,
TYKRIL was identiﬁed to be consistently upregulated in pericytes and
pulmonary arterial smooth muscles cells exposed to hypoxia and derived
from patients with idiopathic PAH. TYKRIL knockdown reversed the
proproliferative (n = 3) and antiapoptotic (n = 3) phenotype induced
under hypoxic and idiopathic PAH conditions. Owing to the poor
species conservation of TYKRIL, ex vivo studies were performed in

precision-cut lung slices from patients with PAH. Knockdown of
TYKRIL in precision-cut lung slices decreased the vascular remodeling
(n = 5). The number of proliferating cell nuclear antigen–positive cells in
the vessels was decreased and the number of terminal deoxynucleotide
transferase–mediated dUTP nick end label–positive cells in the vessels
was increased in the LNA (locked nucleic acid)-treated group compared
with control. Expression of PDGFRb, a key player in PAH, was found
to strongly correlate with TYKRIL expression in the patient samples
(n = 12), and TYKRIL knockdown decreased PDGFRb expression
(n = 3). From the transcription factor–screening array, it was observed
that TYKRIL knockdown increased the p53 activity, a known repressor
of PDGFRb. RNA immunoprecipitation using various p53 mutants
demonstrated that TYKRIL binds to the N-terminal of p53 (an
important region for p300 interaction with p53). The proximity ligation
assay revealed that TYKRIL interferes with the p53–p300 interaction
(n = 3) and regulates p53 nuclear translocation.
Conclusions: TYKRIL plays an important role in PAH by regulating
the p53/PDGFRb axis.
Keywords: human precision-cut lung slices; long noncoding

RNAs; platelet-derived growth factor receptor b; vascular
remodeling; smooth muscle cells
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At a Glance Commentary
Scientiﬁc Knowledge on the
Subject: Long noncoding RNAs

(lncRNAs) have been shown to have
roles in various diseases and have been
identiﬁed as potential therapeutic
targets. However, the role of lncRNA
in the pathogenesis of pulmonary
arterial hypertension remains largely
unknown.
What This Study Adds to the
Field: This study identiﬁes a novel

lncRNA, TYKRIL (tyrosine kinase
receptor–inducing lncRNA), which
is a checkpoint molecule in p53/
PDGFRb (platelet-derived growth
factor receptor b) signaling with
functional relevance in both
hyperproliferating pulmonary artery
smooth muscle cells and pericytes,
suggesting that it may serve as a novel
therapeutic target in pulmonary
arterial hypertension.
Pulmonary arterial hypertension (PAH,
group 1 pulmonary hypertension) is a
debilitating disease in which remodeled
pulmonary vasculature increases pulmonary
vascular resistance. The resulting increased
afterload leads to right ventricle
hypertrophy and can ultimately result in
right heart failure (1). The maladaptive
inward remodeling of the pulmonary artery
in PAH is characterized mainly by the
hyperproliferation of various resident cells
such as pulmonary artery smooth muscle
cells (PASMCs), although recent studies
have shown that some nonresident cells,
such as pericytes, also contribute (2).
Various treatments for PAH are available,
but as yet none achieve optimal outcomes
(3, 4). The most important cell types that
contribute to vascular remodeling are
PASMCs, ﬁbroblasts, endothelial cells, and

pericytes. Therefore, there is a need to
identify and to target common molecules in
these cell types that drive the vascular
remodeling and to explore their therapeutic
potential.
Human genome analysis has
shown that 80% of the human genome
is transcribed into noncoding RNAs, of
which the majority are long noncoding
RNAs (lncRNAs), with transcripts .200
nucleotides in length. lncRNAs, which lack
protein coding ability, are expressed in a
wider diversity of species than other RNAs
such as mRNA, microRNA, or small
nucleolar RNA. Despite their poor species
conservation and low abundance, lncRNAs
play signiﬁcant roles in various biological
processes, including X chromosome
inactivation, genomic imprinting, cell
differentiation, and developmental
patterning (5–8). They regulate various
molecular pathways by, for example, acting
as an RNA decoy, microRNA sponge, or
ribonucleoprotein component, or by the
recruitment of chromatin modiﬁers,
inhibition of translation, or splicing (9–13).
lncRNAs have been shown to have roles in
various diseases and have been identiﬁed
as potential therapeutic targets (14–16).
However, the role of lncRNAs in the
pathogenesis of PAH remains largely
unknown.
The most common cell types known to
be involved in vascular remodeling are
PASMCs, ﬁbroblasts, endothelial cells, and
pericytes; thus, delineating and targeting a
common molecule in these cell types is
important. In this process, we have
identiﬁed a novel lncRNA, TYKRIL
(tyrosine kinase receptor–inducing
lncRNA), which is commonly upregulated
in human PASMCs (hPASMCs) and
pericytes under hyperproliferative
conditions. The aims of this study were to
elucidate the role of TYKRIL as a regulator
of the p53/PDGFRb (platelet-derived
growth factor receptor b) signaling

pathway and to investigate its role in
idiopathic PAH (IPAH) by using in vitro
and ex vivo models. Some of the results of
these studies have been previously reported
in the form of an abstract (17).

Methods
Cell Isolation

PASMCs and human lung pericytes were
isolated as described previously (18, 19).
Lung pericytes were cultured in pericyte
growth medium (ScienCell), and hPASMCs
were cultured in smooth muscle cell growth
medium 2 (PromoCell).
RNA Sequencing

RNA deep sequencing was performed by
analyzing ribosomal-depleted total RNA
from human pericytes and hPASMCs. The
RNA was isolated using a RNeasy Mini Kit
(Qiagen) according to the manufacturer’s
instructions. A HiSeq 2000 ﬂow cell
(Illumina) was used for the sequencing.
RNA-guided Gene Activation

Human pericytes were transduced with
a constitutive dCas9-VP64 lentiviral
expression vector. Guide RNAs (gRNAs)
directed against the putative TYKRIL
promoter region were designed using the
CRISPR (clustered regularly interspaced
short palindromic repeats) design tool
(Zhang Lab; http://crispr.mit.edu/). gRNA
blocks expressing the respective gRNA
sequences (IDT) were ampliﬁed by
PCR according to the manufacturer’s
instructions and expressed in human
pericytes.
Proximity Ligation Assay

The proximity ligation assay was
performed using a Duolink In Situ Red
Starter Kit Mouse/Rabbit (DUO92101;
Sigma), according to the manufacturer’s
instructions.
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Proliferation and Apoptosis Assays

The effects of TYKRIL knockdown on the
proliferation and apoptosis of hPASMCs
from donors and patients with IPAH
were assessed, respectively, with a
calorimetric BrdU (5-bromo-2’-deoxyuridine)
incorporation assay kit and a Cell Death
Detection ELISA kit (both from Roche),
according to the manufacturer’s
instructions.
Precision-Cut Lung Slices

Samples of lung tissue were obtained from
patients with IPAH. Tissue sections 400-mm
thick were sectioned using a vibratome
(Leica Biosystems). GapmeRs (singlestranded oligonucleotides for silencing
lncRNA, Exiqon) were transfected using
Lipofectamine 3000 (Thermo Fisher
Scientiﬁc). The medial wall thickness was
measured for all the vessels 20–150 mm
in size within the lung sections. Sections
were stained for medial wall thickness,
proliferating cell nuclear antigen (PCNA),
and terminal deoxynucleotide transferase–
mediated dUTP nick end label.
RNA Fluorescence In Situ Hybridization

The Stellaris probe design tool (LGC
Biosearch Technologies) was used to design
RNA ﬂuorescence in situ hybridization
(RNA-FISH) probes. Cells were incubated
with Quasar 570 dye–labeled RNA-FISH
oligos against TYKRIL (LGC Biosearch
Technologies), according to the manufacturer’s
instructions. The imaging was performed
using a Zeiss epiﬂuorescent microscope at
1003 magniﬁcation with an oil objective.
RNA Immunoprecipitation of p53
Mutants

p53 was immunoprecipitated using a
p53 C-term-Trap_A kit (ChromoTek),
according to the manufacturer’s
instructions. The agarose or nickel beads
were further processed for either
immunoblotting or qRT-PCR.

phenotypes (Figures 1A–1H). RNA
sequencing of both cell types was
performed to identify lncRNAs with the
greatest physiological importance under
these hyperproliferative conditions. Among
the top 50 upregulated lncRNAs, TYKRIL
was found to be commonly upregulated
across all conditions (Figure 1I and Tables
E1–E4 in the online supplement). qRT-PCR
analyses performed on nuclear and
cytoplasmic fractions showed that TYKRIL
was present in both fractions (Figure 1J),
which was conﬁrmed by RNA-FISH
(Figure E1A). Apart from estimated
secondary structure and genomic sequence
coverage, Northern blotting has shown that
TYKRIL has only one known transcript
variant (Figures 1I and E1B and E1C). The
upregulation of TYKRIL expression was
validated in hypoxia and IPAH using qRTPCR (Figures 1K–1N).
To study the functional relevance of
TYKRIL in hPASMCs and lung pericytes
under these hyperproliferative conditions,
two distinct LNA (locked nucleic acid)
GapmeRs (single-stranded oligonucleotides
for silencing lncRNA in cell cultures) were
used to knock down TYKRIL (Figures
2A–2D). Silencing TYKRIL resulted in a
reduction in proliferation (Figures 2E–2H)
and the induction of a proapoptotic
phenotype (Figures 2I–2L).
Furthermore, we studied the molecular
regulation of TYKRIL that controls its
upregulation in hypoxia and IPAH.
Analyzing the TYKRIL promoter region
using the eukaryotic promoter database has
shown that 21,000 kb upstream of TSS of
TYKRIL has six HRE-binding regions,
suggesting the possibility of TYKRIL
regulation by HIF1a (Figure E2A).
Silencing of HIF1a under hypoxia
downregulated the TYKRIL expression
in hPASMCs and pericytes (Figures
E2B and E2C). Interestingly, TYKRIL
was induced upon treatment with several
pro–pulmonary hypertension (PH) factors
such as PDGF, IL18, and TGFb in
hPASMCs (Figure E2D).

Results
Under Hyperproliferative Conditions,
TYKRIL Was Upregulated and
Functionally Relevant in hPASMCs
and Pericytes

Human PASMCs and lung pericytes
exposed to hypoxia and derived
from patients with IPAH exhibited
hyperproliferative and apoptosis-resistant

TYKRIL Knockdown Reduces
Vascular Remodeling in an Ex Vivo
Model of the Lungs of Patients with
IPAH

An expression analysis of microdissected
vessels from the lungs of patients with IPAH
showed signiﬁcant upregulation of TYKRIL
expression compared with that in vessels
from healthy donors (Figure E3A).

Zehendner, Valasarajan, Werner, et al.: TYKRIL Controls p53/PDGFRb Axis in PH

Importantly, effective silencing of TYKRIL
(Figures 3A–3C) in the viable precision-cut
lung slices (PCLS) from the lungs of
patients with IPAH was performed using
LNA GapmeRs; this resulted in decreased
medial wall thickness (Figures 3D and 3E)
similar to the paclitaxel-treated IPAH
PCLS used as a positive control and
sildenaﬁl as a negative control (Figures E3B
and E3C), reduced the number of PCNApositive cells (Figures 3D and 3F), and
increased the terminal deoxynucleotide
transferase–mediated dUTP nick end
label–positive cells (Figures 3D and 3G) in
pulmonary vessels of 20–150 mm in size.
TYKRIL Plays Signiﬁcant Roles in
Pericyte Survival and Functioning by
Regulating PDGFRb Expression

Knocking down TYKRIL effectively reduced
the expression of TYKRIL in primary
human pericytes (Figure 4A). This resulted
in a similar phenotypical shift to that
observed in the lung pericytes and
hPASMCs, with reduced proliferation
(Figure 4B), impaired recruitment to the
endothelial cells (Figure 4C), and reduced
pericyte survival (Figure 4D). To identify
the downstream targets of TYKRIL, RNA
sequencing was performed on primary
human pericytes after the knockdown of
TYKRIL. This showed downregulation of
the expression of various tyrosine kinase
receptors (Figure 4E). The tyrosine kinase
receptor PDGFRb is known to play
important roles in pericyte survival and
functioning, as well as in PAH, so this was
investigated further. TYKRIL showed a
strong correlation with PDGFRb
(Figure 4F), and knocking down TYKRIL
signiﬁcantly reduced the expression of
PDGFRb (Figure 4G). PDGF stimulation
experiments further demonstrated that the
TYKRIL-dependent reduction of PDGFRb
expression impaired downstream signaling,
as shown by the reduced phosphorylation
of AKT and ERK1/2 (Figures E4A–E4C).
To conﬁrm these observations, an
overexpression study of TYKRIL was
performed using the CRISPR-dCas9-VP64
system (Figure 4H), which allows to
upregulate genes in their endogenous
context. The RNA-guided gene activation
of TYKRIL resulted in signiﬁcant
upregulation of both TYKRIL and
PDGFRb (Figures 4I and 4J). Importantly,
cotransfection of LNA GapmeRs with guide
RNA abrogated the upregulation of
1447

ORIGINAL ARTICLE

–1
–2
–3

–1.0
on

0
–1
–2
–3
–4

*

–2.0

–2.5

–3.0
or

IP

on
D

or

I

–1.5

AH

Lung pericytes,
Apoptotic Index [Log(OD)]

**

D

N

H

N

ox

–4

–0.9

AH

–3

–0.8

D

or
D

–2

ox

–3

–1

1

on

–2

0

–0.7

H
hPASMCs,
Apoptotic Index [Log(OD)]

–1

*

ox

0

G

1

H

*

1

hPASMCs,
Apoptotic Index [Log(OD)]

F

2

ox

Lung pericytes,
Apoptotic Index [Log(OD)]

J
Hox_PASMCs
47
0
0
1
0

0.0

1

IPAH_PASMCs

0.5

Hox_Pericytes

N

2
1
0

Lung pericytes,
TYKRIL relative expression

3

AH

0

4

IP

H
ox

N
ox

0

2

**

or

2

4

5

D
on

4

N
hPASMCs,
TYKRIL relative expression

6

*

H
ox

***

M
6

N
ox

8

hPASMCs,
TYKRIL relative expression

L
Lung pericytes,
TYKRIL relative expression

K

4

*

3
2
1
0
AH

0

TYKRIL

IP

1

2

MALAT1

1.0

ox

0

47

P0

10

ox

40

0

20

H

6

AP001046.5 (TYKRIL)
Chr: 21
Transcript size: 2800 bp
Class: intergenic
Exons: 2

or

42

30
RNA Expression
[Nucleus vs. Cytosol]

IPAH_Pericytes

D
on

E

*

–0.6

or
IP
AH

0

H

ox
N

ox

–3

Lung pericytes,
Proliferation Index [Log(OD)]

–2

H

N

ox

–3

–1

**

IP
AH

–2

0

1

IP

–1

**

on

0

D
hPASMCs,
Proliferation Index [Log(OD)]

*

1

ox

2
1

C
hPASMCs,
Proliferation Index [Log(OD)]

B
Lung pericytes,
Proliferation Index [Log(OD)]

A
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pulmonary arterial smooth muscle cells (hPASMCs) exposed to hypoxia compared with normoxia and in (C and G) hPASMCs and (D and H) lung pericytes
from patients with IPAH compared with controls (n = 3). (I) Venn diagram generation of upregulated lncRNAs in various vascular cells with the
hyperproliferative phenotype and identification of TYKRIL as a commonly upregulated lncRNA under hyperproliferative conditions and description
of TYKRIL (n = 2–5). (J) Expression analyses of TYKRIL in cytosolic and nuclear fractions demonstrated that TYKRIL was present in both cellular
compartments in pericytes (n = 8). (K–N) The upregulation of TYKRIL under hypoxia and idiopathic PAH conditions was confirmed using quantitative PCR
analyses (n = 3–5). Paired t test, *P , 0.05, **P , 0.01, and ***P , 0.001 compared with control. Hox = hypoxia; IPAH = idiopathic pulmonary arterial
hypertension; MALAT1 = metastasis-associated lung adenocarcinoma transcript 1; Nox = normoxia; P0 = ribosomal protein lateral stalk subunit P0.

1448

American Journal of Respiratory and Critical Care Medicine Volume 202 Number 10 | November 15 2020

ORIGINAL ARTICLE

–3

–0.5
–1.0
–1.5

C
LN trl
A#
LN 1
A#
2

–2.0

1
0

**
**

–1
–2
–3
–4
C
LN trl
A#
LN 1
A#
2

0.0

***
**

Hypoxia_hPASMCs,
Apoptotic Index [log(OD)]

0.5

*

C
LN trl
A#
LN 1
A#
2

IPAH_hPASMCs,
TYKRIL relative expression

*

0.0
–0.5
–1.0

K

J
Hypoxia_Lung pericytes,
Apoptotic Index [log(OD)]

I

–2

0.5

1
0

***
**

–1
–2
–3
C
LN trl
A#
LN 1
A#
2

C
LN trl
A#
LN 1
A#
2

–4

–1

***
***

L
1
0

**
**

–1
–2
–3
–4

1
0

***
***

–1
–2
–3
–4
C
LN trl
A#
LN 1
A#
2

–2

0

***
***

IPAH_hPASMCs,
Proliferation Index [log(OD)]

0

1

3
2
1
0
–1
–2
–3
–4

H

IPAH_hPASMCs,
Apoptotic Index [log(OD)]

***
***

C
LN trl
A#
LN 1
A#
2

2

*

G
Hypoxia_hPASMCs,
Proliferation Index [log(OD)]

F
Hypoxia_Lung pericytes,
Proliferation Index [log(OD)]

E

$

C
LN trl
A#
LN 1
A#
2

–4

2.0
1.5
1.0
0.5
0.0
–0.5
–1.0
–1.5

C
LN trl
A#
LN 1
A#
2

–2

***
***

C
LN trl
A#
LN 1
A#
2

0

3
2
1
0
–1
–2
–3
–4

IPAH_Lung pericytes,
Proliferation Index [log(OD)]

***

C
LN trl
A#
LN 1
A#
2

Hypoxia_hPASMCs,
TYKRIL relative expression

**

C
LN trl
A#
LN 1
A#
2

Hypoxia_Lung pericytes,
TYKRIL relative expression

2

D
IPAH_Lung pericytes,
TYKRIL relative expression

C

B

IPAH_Lung pericytes,
Apoptotic Index [log(OD)]

A

Figure 2. TYKRIL (tyrosine kinase receptor–inducing long noncoding RNA) induced the proproliferative and antiapoptotic phenotype in lung pericytes and
human pulmonary arterial smooth muscle cells (hPASMCs) under idiopathic pulmonary arterial hypertension (IPAH) and hypoxic conditions. (A–D)
Knockdown of TYKRIL using GapmeRs in both lung pericytes and hPASMCs. (E–H) The proproliferative phenotype induced under these conditions was
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test, $P = 0.08, *P , 0.05, **P , 0.01, and ***P , 0.001 compared with control. Ctrl = control; LNA = locked nucleic acid.

TYKRIL and blunted the increase in
PDGFRb expression (Figures 4I and 4J).
TYKRIL Acts as a Protein Decoy,
Thereby Reducing p53–p300 Complex
Formation

To obtain further insights into the molecular
mechanism of TYKRIL, a transcription
factor assay proﬁling analysis was
performed to assess the impact of the loss of
TYKRIL on transcription factor activity.
The tumor suppressor p53 was observed
to be most prominently activated after
silencing TYKRIL (Figure 5A). This was

conﬁrmed by luciferase reporter constructs
that contained p53 regulatory elements or
promoter sequences of the known p53
targets p21 and BAX (an apoptosis
regulator) (Figure E5A). Pathway analysis
from the RNA sequencing have shown that
p53 signaling pathway was regulated upon
TYKRIL knockdown in both IPAH
PASMCs and IPAH pericytes (Figures
E5B–E5D). It is known that p53 regulates
the expression of lncRNAs (20, 21), but
there is little information about the
lncRNA-dependent regulatory mechanism
of its activity.

Zehendner, Valasarajan, Werner, et al.: TYKRIL Controls p53/PDGFRb Axis in PH

To identify the binding site, we
performed pulldown experiments with
histidine-tagged p53 mutants. These
showed that TYKRIL binds to the
full length p53 and p53 lacking the
C-terminus (Mutants I, II; Figure 5B).
However, TYKRIL was not enriched in p53
mutants that lack the N-terminus of p53
(Mutants III, IV; Figure 5B) that contains
transcriptional activation domains. These
results illustrate that TYKRIL binding
requires the N-terminus of p53. RNA
immunoprecipitation studies additionally
showed that human TYKRIL does not
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interact with the mouse p53, possibly owing
to its lack of conserved N-terminus with the
human p53 (Figures E5E and E5F), which is
required for the TYKRIL interaction. p53 is
tightly regulated by posttranslational
modiﬁcations, such as acetylation and
phosphorylation (22). Coactivators,
such as acetyltransferase p300, mediate
p53 acetylation and bind to the p53
transcriptional activation domains, resulting
in p53 stabilization and translocation of the
p53–p300 complex into the nucleus (23, 24).
We therefore used a proximity ligation assay
(25) to analyze the p53–p300 interaction
following TYKRIL knockdown. The
inhibition of TYKRIL expression was
associated with a signiﬁcant increase in the
formation of nuclear p53–p300 complexes
(Figures 5C–5D), whereas RNA-guided
TYKRIL overexpression resulted in a
reduction of p53–p300 levels in the
nucleus (Figure 5E). These results
demonstrated that TYKRIL acts as a p53
decoy molecule that prevents p53 activation
by blocking p53–p300 interaction. These
ﬁndings were further corroborated by
immunoblotting using nuclear extracts,
which demonstrated enhanced nuclear p53
protein levels in TYKRIL knockdown
conditions (Figure 5F).
To conﬁrm the causal involvement of
p53 as a mediator of the TYKRIL-dependent
decrease in pericyte viability, we silenced
p53 and showed that this prevented the
TYKRIL-dependent loss of pericyte viability
(Figure 5G). The doxorubicin-induced
activation of endogenous p53 further
conﬁrmed the p53-dependent PDGFRb
repression (Figure 5H).
PDGFRb Expression Was Regulated
by TYKRIL and TYKRIL Expression
Positively Correlated with PDGFRb in
Patients with IPAH

To further evaluate the TYKRIL-mediated
regulation of PDGFRb expression under
the disease condition, the expression of
TYKRIL and PDGFRb in the human lung
homogenates were measured. TYKRIL and

PDGFRb showed a signiﬁcant positive
correlation in lung tissues from healthy
controls and patients with IPAH
(Figure 6A). Knockdown studies were
performed in hPASMCs and lung pericytes
exposed to hypoxia and isolated from
patients with IPAH. Silencing TYKRIL
resulted in decreased PDGFRb in
hPASMCs and pericytes exposed to
hypoxia (Figures 6B and 6C) and isolated
from the patients with IPAH (Figures 6D
and 6E). In line with the results from the
brain-derived pericytes, the regulation of
PDGFRb expression by TYKRIL was also
observed in both hPASMCs and lungderived pericytes under hyperproliferative
conditions.
TYKRIL under PAH Conditions
Regulates Non-p53/PDGFRb
Signaling Pathways

RNA sequencing data have shown that
TYKRIL regulates 354 genes commonly
upon TYKRIL knockdown in both IPAH
pericytes and IPAH PASMCs. It was also
observed that TYKRIL distinctly regulates
4,392 genes in IPAH PASMCs and 1,246
genes in IPAH pericytes (Figures E6A and
E6B). Pathway analysis revealed that
calcium signaling, estrogen signaling,
tryptophan metabolism, and various other
pathways were commonly targeted by
TYKRIL in both PASMCs and pericytes
under disease conditions (Figures E6C and
E6D). Several distinct pathways such as
ABC transporters, adrenergic signaling, and
Rap1 signaling pathways were regulated
by TYKRIL only in IPAH pericytes
(Figures E7A and E7B). In IPAH PASMCs,
TYKRIL speciﬁcally regulates various
signaling pathways such as AMPK signaling,
cancer-related pathways, and Wnt signaling
(Figures E8A and E8B). In addition to
proproliferative pathways, TYKRIL
controlled various vasoconstriction
pathways by regulating genes such as
PDE5A and GUCY1A1 in PASMCs (Figures
E9A and E9B). Functionally, TYKRIL
knockdown in IPAH PASMCs reduced the

gel contraction compared with control
(Figure E9C), suggesting that TYKRIL
mediated vasomodulation.

Discussion
This study demonstrated that TYKRIL, a
previously unknown lncRNA, plays a vital
role in maintaining the hyperproliferative
phenotype of PASMCs and pericytes,
thereby contributing to the pathological
inward remodeling of vessels in PAH. It acts
as a novel checkpoint molecule in the
tyrosine kinase signaling pathway by acting
as a p53 decoy, thereby modulating the
expression of PDGFRb. This interpretation
is based on ﬁve results. First, RNA
sequencing data from screening PASMCs
and pericytes showed that TYKRIL
was widely upregulated under all the
hyperproliferative conditions. Second,
silencing TYKRIL resulted in a signiﬁcant
reduction in the proproliferative and
antiapoptotic phenotypes in both PASMCs
and pericytes; together with the ﬁrst result,
this shows that TYKRIL plays a signiﬁcant
role in maintaining the hyperproliferating
phenotype. Third, correlation analyses and
expression studies showed that TYKRIL
regulated PDGFRb expression, with a
strong correlation between TYKRIL and
PDGFRb in the patient samples, suggesting
that TYKRIL has a signiﬁcant role in
regulating tyrosine kinase signaling. Fourth,
transcription factor array and pulldown
studies showed that TYKRIL bound
strongly to p53 and regulated its activity by
disrupting the formation of p53–p300
complexes, suggesting its role as a p53
decoy. Fifth, ex vivo studies using PCLS
derived from the lungs of patients with
IPAH demonstrated that silencing TYKRIL
using LNA GapmeR technology reversed
the pulmonary vascular remodeling.
This suggested that TYKRIL may have
therapeutic potential for PAH and hypoxiaassociated PH.
Previous studies have shown that
lncRNAs are involved in and functionally

Figure 4. (Continued). correlated with PDGFRb expression under both normoxic (n = 3) and hypoxic (n = 3) conditions. (G) The knockdown of TYKRIL
downregulated PDGFRb in pericytes. (H) Representation of the RNA-guided gene activation CRISPR (clustered regularly interspaced short palindromic
repeats) system. TYKRIL overexpression using CRISPR dCAS9-VP64 system significantly increased the expression of (I) TYKRIL and (J) PDGFRb, which was
blunted by knocking down TYKRIL. One-way ANOVA followed by Dunnett’s and Tukey’s multiple comparison test, $P = 0.06, #P = 0.053, ɸP = 0.07,
*P , 0.05, **P , 0.01, and ***P , 0.001 compared with control. Ctrl = control; dCAS9 = dead Cas9; EGFR = epidermal growth factor receptor; FGFR1 =
fibroblast growth factor receptor 1; FPKM = fragments per kilobase million; gRNA = guide RNA; HA = HATag; hPC = human pericytes; IGF1R = insulin-like
growth factor 1 receptor; LNA = locked nucleic acid GapmeR; MTT = 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; PAM = protospacer
adjacent motif; Ki67 = antibody against Ki67 antigen; VP64 = VP64 tag.
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lung pericytes and human pulmonary arterial smooth muscle cells (hPASMCs) exposed to hypoxia and from patients with idiopathic pulmonary arterial
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relevant to a spectrum of biological events.
They regulate signaling pathways by acting
as an RNA decoy, microRNA sponge, or
ribonucleoprotein component, or by the
recruitment of chromatin modiﬁers,
translation inhibition, or splicing (26–29).
Recent studies have shown the involvement
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of lncRNAs in various lung diseases,
including H19 in idiopathic pulmonary
ﬁbrosis (30, 31), SCAL1 in chronic
obstructive pulmonary disease (32),
MALAT1 in lung cancer (33), and H19 and
MANTIS in PH (34, 35). In addition, the
present study identiﬁed and investigated

the role of the novel lncRNA TYKRIL in
IPAH.
PH is a multifactorial disease
characterized mainly by elevated pulmonary
pressure caused by excessive remodeling of
the pulmonary vasculature (1) as a result
of the hyperproliferating phenotype of
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resident and nonresident cells in the
vasculature. Studies have shown that the
dysregulated expression of lncRNAs can
result in the hyperproliferative phenotype
under various pathological conditions and
that targeting the lncRNAs reverses this
phenotype (36–41). The most common cell
types known to be involved in vascular
remodeling are PASMCs, ﬁbroblasts,
endothelial cells, and pericytes; thus,
delineating and targeting a common
molecule in these cell types is important
(4). We identiﬁed TYKRIL to be strongly
induced and functionally relevant under
various hyperproliferating conditions in
both PASMCs and pericytes. In addition,
our studies indicate that pro-PH factors
such as HIF, growth factors (PDGF and
TGFb), and proinﬂammatory cytokines
(IL18) play an important role in the
induction of TYKRIL. TYKRIL was also
upregulated in endothelial cells exposed to
hypoxia and in adventitial ﬁbroblasts
isolated from patients with IPAH (data not
shown). In addition, we observed that
TYKRIL exerted pathophysiological
relevant functions in commercially
available primary human pericytes, where it
modulated differentiation, proliferation,
and recruitment to endothelial cells. These
ﬁndings suggest TYKRIL induction as one
of the common downstream mechanism of
PH pathogenesis.
Notably, the investigation of molecular
mechanisms revealed that TYKRIL interacts
with p53, thereby interfering with the p300
interaction that modulates PDGFRb
expression. To the best of our knowledge,
TYKRIL is the ﬁrst lncRNA to be observed
to regulate the p53/PDGFRb axis. It has
previously been reported that p53 is a
major regulator of PDGFRb and that
it downregulates PDGFRb expression
(42, 43); conversely, mutants of p53 have
been found to drive PDGF signaling in
various malignant diseases (44). Studies
have shown that p53 also regulates the
expression of various other lncRNAs (19,
45); however, few studies have addressed
the regulation of p53 functionality by
lncRNAs. Li and colleagues (46) recently
showed that the lncRNA PURPL
suppressed basal levels of p53 and
promoted tumor growth. Speciﬁcally, they
demonstrated that PURPL inhibited
p53–MYBBP1A interactions by direct
binding to MYBBP1A. Another lncRNA,
PANDAR, has been shown to block
CDKN1A gene transcription in gastric

cancer by competing with the p53 binding
site (45). These studies have demonstrated
that lncRNAs are capable of modulating
p53 activity by binding to its interaction
partners or to the p53 target site. We
found that TYKRIL interacts with p53;
speciﬁcally, histidine-tagged mutant
experiments identiﬁed the binding site
as the N-terminus of p53. Similar to
the ﬁndings of Li and colleagues (46),
TYKRIL blocks the interaction with a
p53 coactivator, namely, p300. The
present study showed, using nuclear
immunoblotting and proximity ligation
assays, that the binding of TYKRIL to the
N-terminus of p53 blocked p53–p300
interactions. We therefore propose that
TYKRIL acts as a p53 decoy molecule,
thereby regulating PDGFRb, a known
direct target of p53. We would like to clarify
that our data demonstrate a binding of
TYKRIL to p53; however, our data do not
rule out the possibility that other molecules
or proteins may also be involved in the
TYKRIL–p53 complex formation.
Zhang and colleagues (43) reported
that increased levels of p53 resulted
in the downregulation of PDGFRb
on protein level. Consistent with that
ﬁnding, we observed that the activation of
endogenous p53 by doxorubicin treatment
resulted in the upregulation of p53 and
downregulation of PDGFRb, whereas the
knockdown of p53 rescued cell viability loss
upon TYKRIL silencing; this suggested a
similar regulatory p53–PDGFRb pathway
in pericytes. Our ﬁnding that TYKRIL had
an ultimate impact on PDGFRb expression
was further supported by CRISPR Cas9mediated overexpression and TYKRIL lossof-function experiments; these showed that
the loss of PDGFRb in pericytes under
TYKRIL knockdown conditions were
accompanied by disrupted AKT and ERK
downstream signaling. It is well established
that p53 and PDGFRb both play important
roles in the pathogenesis of PAH (47, 48),
even though data on their expression and
transcriptional activity are scarce. Notably,
our study revealed that TYKRIL regulated
PDGFRb expression in both PASMCs and
pericytes isolated from patients with IPAH
and exposed to hypoxia. Apart from
p53/PDGFRb signaling, TYKRIL also
modulates several known PH pathways
such as calcium signaling, estrogen
signaling, inﬂammatory, metabolic,
cancer, and vasomodulatory pathways
in a cell type–speciﬁc context. In line,

Zehendner, Valasarajan, Werner, et al.: TYKRIL Controls p53/PDGFRb Axis in PH

TYKRIL knockdown resulted in reduced
contractility of IPAH-PASMCs. These
ﬁndings suggest that TYKRIL, via
regulation of P53 and other transcription
factors (Smad2/3, Stat3, etc.), modulates
various signaling pathways driving both
vascular remodeling and vasomodulation,
and inhibition of TYKRIL may therefore
offer a therapeutic option for PH.
The ﬁndings of this study identiﬁed,
for the ﬁrst time, that TYKRIL is a
checkpoint molecule in p53/PDGFRb
signaling with functional relevance in both
hyperproliferating PASMCs and pericytes,
suggesting that it may serve as a novel
therapeutic target in PAH. An ex vivo
model was used to explore the therapeutic
option using GapmeR technology because
of the poor conservation of TYKRIL across
the model species. A study by Nickel and
colleagues (49) reported that treating lung
organ cultures from patients with PAH
with elaﬁn resulted in the regression of
neointima and that treatment of SU/Hox
rats with elaﬁn resulted in a reduction
in obliterative pulmonary vessels and
improved right ventricular systolic
pressure (49). Similarly, in the present
study, an ex vivo model with PCLS from
samples of patients with IPAH was used to
target TYKRIL using GapmeRs. This
showed that silencing TYKRIL resulted in
a decrease in PCNA-positive cells and
reduced apoptosis and subsequently
medial wall thickness in distal pulmonary
vessels, suggesting the potential of
TYKRIL as a therapeutic target option for
PH.
Studying the translational aspect of
human-speciﬁc lncRNA is challenging,
especially with constrains in using
conventional rodent disease models. To
address this challenge, we used human
diseased PCLS to study human lncRNAs
and have successfully identiﬁed the speciﬁc
function of a nonconserved human
lncRNA. Other alternative approaches to
study the regulation and function of
nonconserved human lncRNAs include
generation of complex human organoid
models (50), transplantation of human
cells into xenograft or immunodeﬁcient
rodents, and the use of humanized mouse
models (51). In a recent study Ruan
and colleagues used a liver-speciﬁc
humanized mouse model to study human
lncRNAs and have successfully identiﬁed
the speciﬁc function of a nonconserved
human lncRNA (52). Thus, recent
1455
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technical advances in tissue engineering
may offer various humanized mouse
models, organoid models mimicking
the disease condition, and use of precisioncut organ slices from patients to predict

the translational transferability of the
nonconserved human lncRNAs. n
Author disclosures are available with the text
of this article at www.atsjournals.org.
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