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Abstract

Pulmonary arterial hypertension (PAH) is characterized by increased
proliferation and resistance to apoptosis of pulmonary vascular cells.
Increased expression of translationally controlled tumor protein
(TCTP), a prosurvival and antiapoptotic mediator, has recently
been demonstrated in patients with heritable PAH; however, its role
in the pathobiology of PAH remains unclear. Silencing of TCTP in
blood outgrowth endothelial cells (BOECs) isolated from control
subjects led to significant changes in morphology, cytoskeletal
organization, increased apoptosis, and decreased directionality
during migration. Because TCTP is also localized in extracellular
vesicles, we isolated BOEC-derived extracellular vesicles (exosomes
and microparticles) by sequential ultracentrifugation. BOECs
isolated from patients harboring BMPR2mutations released
more exosomes than those derived from control subjects in
proapoptotic conditions. Furthermore, TCTP expression was

significantly higher in exosomes than in microparticles, indicating
that TCTP is mainly exported via exosomes. Coculture assays
demonstrated that exosomes transferred TCTP from ECs to
pulmonary artery smooth muscle cells, suggesting a role for
endothelial-derived TCTP in conferring proliferation and apoptotic
resistance. In an experimental model of PAH, rats treated with
monocrotaline demonstrated increased concentrations of TCTP in
the lung and plasma. Consistent with this finding, we observed
increased circulating TCTP levels in patients with idiopathic PAH
compared with control subjects. Therefore, our data suggest an
important role for TCTP in regulating the critical vascular cell
phenotypes that have been implicated in the pathobiology of PAH. In
addition, this research implicates TCTP as a potential biomarker for
the onset and development of PAH.
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Pulmonary arterial hypertension (PAH) is a
rare disease characterized by a sustained
increase in pulmonary artery pressure, often
leading to death from right heart failure. The
disease is also characterized by severe
vascular remodeling that results in occlusion
of the small pulmonary arteries (1).
Mutations in the gene encoding bone
morphogenetic protein receptor type II
(BMPR2), a member of the transforming
growth factor b (TGF-b) family, are the
most common cause of heritable PAH
(HPAH) (2–4). The pathobiology of PAH
involves diverse molecular mechanisms,
including an imbalance of vasodilators
and vasoconstrictors, excessive cell
proliferation, and impaired apoptosis.
These processes lead to the formation of
complex plexiform lesions and increased
pulmonary vascular resistance. In fact,
pulmonary artery smooth muscle cells
(PASMCs) in PAH share many common
features observed in cancer pathobiology,
including expression of prosurvival proteins
such as Pim-1 (5) and survivin (6), and a
metabolic switch to glycolysis even in
normoxic conditions (7).

We recently reported that
translationally controlled tumor protein
(TCTP) was significantly elevated in blood
outgrowth endothelial cells (BOECs)
isolated from patients with HPAH
harboring a BMPR2 mutation compared
with healthy control subjects (8). Although
TCTP is found in all eukaryotic organisms,
its expression is cell- and tissue-type
dependent. Synthesis and degradation of
TCTP are regulated in response to a wide
range of extracellular signals, including
stress conditions, cytokines, and
proapoptotic signals. Originally described

as a histamine-releasing factor (9), TCTP
has been implicated in multiple biological
processes, including microtubule
stabilization (10, 11) and secretion of
proteins through exosomes under the
control of TSAP6 and p53 (12). Moreover,
TCTP is known to play a role in
proproliferation and antiapoptosis due to
its specific association with various
proteins, especially in the mitochondria.
For example, TCTP anchored within the
mitochondria inhibits the dimerization of
Bax (13) and modulates the antiapoptotic
activity of Mcl-1 by its stabilization (14).
Furthermore, TCTP is considered an
oncogene due to its overexpression in
several types of cancer (15, 16). Recent
studies have shown that gene silencing of
TCTP can revert cancer cells to a normal
phenotype (17–20) and inhibit liver and
melanoma metastasis (21, 22). TCTP was
recently reported to be a positive regulator
of epithelial-to-mesenchymal transition
(22), a crucial step during tumor
invasiveness, metastasis, and fibrosis. In
PAH, the process of endothelial-to-
mesenchymal transition has been reported
to contribute to vascular remodeling (23,
24). Under normal conditions, TCTP
circulates in the blood of healthy subjects,
but in response to cancer therapy its levels
increase in the serum of patients. These
changes are detectable before other
standard serum biomarkers of apoptosis
(25), suggesting TCTP as a candidate
marker of early apoptosis. Moreover, loss of
tctp expression in mice leads to increased
spontaneous apoptosis during
embryogenesis and causes lethality between
E6.5 and E9.5, indicating a recessive lethal
phenotype (13).

There is increasing interest in
extracellular vesicles (EVs) in the context
of cardiovascular disease (26–31). Several
distinct subpopulations of EVs exist,
ranging in size from microns to
nanometers, and have been further
classified according to their origin.
Apoptotic bodies (1–5 mm) are larger
in size and contain DNA fragments,
microparticles or microvesicles (100 nm to
1 mm) originate from the budding of the
extracellular membrane, and exosomes
(50–100 nm), which are stored within
the multivesicular bodies, are released
upon activation. Both exosomes and
microparticles are potential mediators
of signaling between different cell types.
EVs act as vehicles for the intracellular

transmission of RNA and protein species,
which directly impact recipient cell gene
expression and cellular phenotype. Unlike
cytochrome C, fragmented cytokeratin-18,
and lactate dehydrogenase, the release of
TCTP into the extracellular space does not
require plasma membrane damage (32).
Therefore, a rapid increase in circulating
levels of TCTP in patients with cancer
after treatment could be a paracrine signal
from early apoptotic cells activating
antiapoptotic mechanisms in neighboring
cells. In this context, Sirois and colleagues
(33) reported the presence of TCTP in
exosomes derived from ECs, pointing
to a pivotal role for caspase-3 in the
regulation and release of nanovesicles.

We hypothesized that in PAH, the
upregulation of TCTP in patients harboring
a BMPR2 mutation would exacerbate the
proproliferative and apoptotic resistance
phenotype observed in pulmonary
vascular cells. Also, in the presence of
stress conditions, we investigated whether
EVs containing TCTP released by activated
ECs could be incorporated into PASMCs,
transferring the proproliferative and
antiapoptotic phenotype and potentially
promoting vascular remodeling.

Methods

Migration Assay
BOECs were isolated from the peripheral
blood of patients with PAH harboring a
BMPR2 mutation and healthy control
subjects as previously described (34–36).
BOECs were seeded in 2-well culture inserts
(Ibidi) for 24 hours at 80% confluence. One
hour before image analysis, the culture
inserts were removed and endothelial cell
basal medium-2 (EGM-2) (Lonza)
containing HEPES (20 mM; Thermo Fisher
Scientific) and hydroxyurea (2 mM; Sigma
Aldrich) was added. Images were taken
every 5 minutes during 18 hours at 378C.

Isolation of EVs
BOECs were cultured until they reached
80% confluence in EGM-2 with 10% FBS.
Sequential centrifugations were performed
to isolate the different EV subtypes.
Microparticles were isolated from the pellet
after centrifugation at 20,5003 g for 1 hour
at 48C. Supernatants were then centrifuged
at 100,0003 g in a Beckman Optima L-90K
ultracentrifuge (Beckman Coulter) for
1 hour. Pelleted exosomes were then washed,

Clinical Relevance

We identified that exosome-derived
translationally controlled tumor
protein (TCTP) uptake from the
circulation potentially drives
progression of pulmonary arterial
hypertension. As a consequence,
targeting exosomes and TCTP levels
could potentially provide therapeutic
benefits for patients with pulmonary
arterial hypertension. Furthermore,
monitoring circulating TCTP levels
could be an indicator of disease onset
or clinical outcome.
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Figure 1. Silencing of translationally controlled tumor protein (TCTP) affected the apoptosis, migration, and morphology of blood outgrowth endothelial
cells (BOECs). BOECs were transfected with DharmaFECT1 (DH1) alone, siTCTP, or nontargeting siRNA control (siCP) for 48 hours. (A) Apoptosis was
assessed by flow cytometry using AnnexinV1 (FITC)/PI2 (PE-Cy7-A) staining (n = 3; one-way ANOVA). (B) Cell migration was assessed using Ibidi culture
inserts. After 24 hours, the inserts were removed and cells were treated with EBM-2 (2% FBS, 20 mM HEPES, and 2 mM hydroxyurea). Time-lapse
microscopy was undertaken using a Leica SPE imaging system, with images taken every 5 minutes for 18 hours at 378C. Representative images of
BOECs at time 0 and 18 hours after wound healing are shown. (C) Quantification of the farthest point migrated and total distance migrated (n = 4; one-way
ANOVA). (D and E) Representative confocal images of BOECs (D) untransfected or (E) transfected with siTCTP and stained with an antibody for TCTP
(green) before counterstaining for F-actin (phalloidin; red) and nuclei (DAPI; blue). (F and G) Representative confocal images of BOECs (F) untransfected or
(G) transfected with siTCTP and stained with an antibody for TCTP (green) before staining for a-tubulin (red) and counterstaining the nuclei (DAPI; blue).
Scale bars: 25 mm. *P , 0.05. Error bars represent mean 6 SEM.
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resuspended in 100 ml of PBS, and stored
at 2808C for further experiments.

Nanoparticle Tracking Analysis
Samples were analyzed using a NanoSight
NS500 instrument (NanoSight Ltd.) as
previously described (37). Exosomes were
diluted in filtered PBS to a concentration of
23 108 to 83 108 per milliliter. Each video
was analyzed to give the mode, mean size,
and estimated EV concentration.

Immunofluorescence
BOECs and PASMCs were permeabilized
with Triton X-100 (0.5% in PBS11) and
blocked with 0.5% BSA. Primary antibodies
for CD81 (mouse antihuman; 1.50) and
TCTP (rabbit antihuman; 1:100) were
detected with the secondary antibodies
Alexa Fluor 594 (donkey antimouse, 1:250)
and Alexa Fluor 488 (mouse antirabbit,
1:250) (both from Molecular Probes),
respectively. Cells were washed and
counterstained with phalloidin Alexa Fluor
594 (Molecular Probes) for 20 minutes at
room temperature. Slides were washed in
PBS and mounted in Vectashield Antifade
mounting medium with DAPI (Vector
Laboratories).

EV Transfer
Monolayers of BOECs at 90% confluence
were cultured for 24 hours in EGM-2 plus
10% particle-free FBS, endothelial cell basal
medium-2 (EBM-2) (Lonza) plus 2%
particle-free FBS, or EBM-2 plus 2%
particle-free FBS with TNF-a (3 ng/ml)
for the last 6 hours. Exosomes in the
supernatant were isolated as described
above and resuspended in 100 ml of filtered
PBS. PKH67 (Sigma Aldrich) staining was
performed according to the manufacturer’s
instructions. Exosomes were washed and
added to confluent PASMCs for 1, 4, and
24 hours. Counterstaining with phalloidin
Alexa Fluor 594 and Vectashield Antifade
mounting medium with DAPI was
performed.

ELISA
Blood samples from patients with idiopathic
PAH (IPAH; n = 11) and control subjects
(n = 10) were collected in EDTA tubes for
plasma isolation (Table E1 in the data
supplement). Samples were stored at
2808C. For TCTP quantification by ELISA
(Human TCTP ELISA kit; Antibodies-
Online GmbH), 100 ml of plasma sample

D

1000

500

0
400

Particle size nm

C
on

ce
nt

ra
tio

n,

(*
10

8  
pa

rt
ic

le
s/

m
l)

2000 600

1500
Mutant TNF-α
Control  TNF-α

B

400

300

200

100

0
400

Particle size nm

C
on

ce
nt

ra
tio

n,

(*
10

8  
pa

rt
ic

le
s/

m
l)

2000 600

500
Mutant 10%

Control 10%

E Particle size 125–150nm

1500

1000

500

0P
ar

tic
le

s 
(*

10
8 )

/s
am

pl
e

Con
tro

l 1
0%

Con
tro

l T
NF-α

M
ut

an
t 2

%

Con
tro

l 2
%

M
ut

an
t 1

0%

M
ut

an
t T

NF-α

2000

#

#
∞ #

∞*

#
∞

*

#
∞
*

C

600

400

200

0
400

Particle size nm

C
on

ce
nt

ra
tio

n,

(*
10

8  
pa

rt
ic

le
s/

m
l)

2000 600

800
Mutant 2%

Control 2%

F

150

100

50

0

M
od

e 
si

ze
, n

m

Con
tro

l 1
0%

Con
tro

l T
NF-α

M
ut

an
t 2

%

Con
tro

l 2
%

M
ut

an
t 1

0%

M
ut

an
t T

NF-α

200

A

G

60

40

20

0

%
 A

nn
ex

in
 V

+
 M

P

10% FBS TNF-α TNF-α+CHX

80 * *Control

Mutant

Figure 2. BOECs bearing BMPR2 mutations produce and release more extracellular vesicles. (A)
Electron microscopy images of exosomes isolated by ultracentrifugation and positive immunogold
staining with anti-CD81 antibody. Scale bars: 100 nm. (B–D) Nanoparticle tracking analysis (NTA)
assessment of exosomes from human control (light color) and heritable pulmonary arterial
hypertension (HPAH)-derived (dark color) BOECs (three replicates for each group; n = 4). (B) Basal
conditions: 10% exosome-free FBS plus growth factors for 24 hours (10%). (C) Activation conditions:
2% exosome-free FBS for 24 hours (2%). (D) Stress conditions: 2% exosome-free FBS for 24 hours
with TNF-a (3 ng/ml) for the final 6 hours. (E) Particle concentration evaluation of exosomes ranging
from 125–150 nm by NTA from control and HPAH-derived BOECs in the above conditions (n = 4 in
triplicates; one-way ANOVA, ‘P , 0.05 versus control 10% FBS, *P , 0.05 versus control 2% FBS,
#P , 0.05 versus mutant TNF-a). (F) Mode size of nanoparticles in all groups corresponding to the
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was used. Assays were performed according
to the manufacturer’s instructions.

Animal Model
Male Sprague-Dawley rats weighingz200 g
received a single subcutaneous injection of
PBS (control, n = 16) or monocrotaline
(MCT, 40 mg/kg; Sigma Aldrich; n = 19) at
Day 0 to induce PAH. Right ventricular
pressures and volumes were recorded using
a Millar SPR-869 pressure-volume catheter
(Millar Instruments) in at least two rats
from each group at weeks 1, 2, 3, and 4 to
identify the onset of the disease.

Statistics
Data from the different groups were
compared using Student’s t-test or one-way
ANOVA followed by post hoc analysis
(whichever was appropriate). P values <
0.05 were set to be statistically significant.

Results

TCTP Plays an Important Role in
Apoptosis, Migration, and Cell
Morphology in BOECs
The role of TCTP in vascular cell function
was evaluated after siRNA gene silencing.
Knockdown of TCTP expression was
confirmed in BOECs isolated from control
subjects (Figure E1 in the data supplement).
Using flow cytometry, AnnexinV1/PI2 cells
were identified as early apoptotic and
quantified as a percentage of the total cell
number. After TCTP silencing, BOECs
were significantly more sensitive to apoptosis
compared with a nontargeting siRNA control
or transfection reagent alone (Figure 1A).

To further assess the functional
consequences of TCTP silencing, we
evaluated migration of BOECs. Knockdown
of TCTP led to reduced wound closure at
18 hours compared with transfection reagent
alone or a nontargeting siRNA (siControl)-
treated cells (Figure 1B). Tracking of
individual cells revealed that although the
total distance migrated by BOECs treated
with a siRNA targeting TCTP (siTCTP)
BOECs was unaffected, the farthest point
migrated in the wound was significantly
reduced. This finding suggests impaired

directionality in response to TCTP
knockdown (Figures 1C and E2).

We noted that cell morphology was
also affected after TCTP silencing. Staining
for both F-actin and a-tubulin was
performed in nontransfected and siTCTP-
treated BOECs. Representative images show
the characteristic cobblestone appearance
of ECs in BOECs treated with transfection
reagent alone (Figures 1D and 1F) and the
elongated cell morphology after TCTP
knockdown (Figures 1E and 1G). In
agreement with previous reports of a
specific binding site for tubulin on TCTP,
these proteins were found to colocalize, as
depicted by increased yellow staining in the
untransfected cells (Figures 1F and 1G).
Neither transfection reagent alone nor
transfection with a nontargeting siRNA
control had any effect on cell morphology
(Figure E3).

BOECs Harboring BMPR2 Mutations
Generate and Release More EVs
Because increased TCTP expression has
been observed in ECs of patients with
PAH harboring BMPR2 mutations, we
investigated the effect on EV production
and release in supernatants from control
and patient-derived BOECs. First, we
characterized the isolated exosomes by
transmission electron microscopy and
immunogold staining of a specific exosome
marker, CD81. Cup-shaped vesicles
(100–150 nm in diameter) with positive
staining for CD81 were identified in the
ultracentrifuged pellets (Figure 2A). Next,
isolated fractions containing exosomes
from control and patient-derived BOECs
were examined using nanoparticle tracking
analysis (NTA). In optimal growth
conditions (growth factors plus 10%
exosome-free FBS) the concentrations of
exosomes released by control and patient-
derived BOECs were similar (Figure 2B).
However, in 2% exosome-free FBS alone,
cells derived from patients with PAH
released higher numbers of exosomes
compared with those derived from healthy
control subjects (Figure 2C). In addition,
TNF-a treatment resulted in an increase in
the concentration of exosomes in both
control and patient BOECs, with the

response being more evident in cells
harboring a BMPR2 mutation (Figure 2D).
Compared with optimal growth conditions,
the response of mutant cells to activation
conditions (2% FBS) resulted in a twofold
increase in exosome production (particle
size 125–150 nm), whereas control cells
remained unchanged (Figure 2E). TNF-a
treatment induced a fourfold increase of
exosome (125–150 nm) concentrations in
both control and PAH-derived cells
compared with optimal growth conditions
(Figure 2E). The size of the exosomes
remained unchanged in patients and
control subjects in all conditions (mode size
ranged from 125–150 nm) (Figure 2F). We
further characterized other types of EVs
released after induction by these stimuli.
Control and patient BOEC-derived
microparticles (,1 mm) were isolated by
centrifugation at 20,000 3 g for further
quantification. After AnnexinV staining,
microparticles were analyzed by flow
cytometry. BOECs harboring a BMPR2
mutation released significantly higher levels
of microparticles after TNF-a treatment
alone or apoptotic stimulation (TNF-a and
cycloheximide [CHX]) (Figure 2G). Thus,
the greater release of both types of EVs
(exosomes and microparticles) by patient-
derived BOECs occurred more readily in
conditions of serum deprivation or in the
presence of the inflammatory cytokine TNF-a.

TCTP Is Exported Mainly via
Exosomes from BOECs
To identify the main EV subtypes
involved in TCTP transportation,
immunofluorescence staining for TCTP was
performed in control BOECs under
activation conditions (2% exosome-free
FBS). The presence of TCTP was identified
in the cytoplasm of the cells (Figure 3A,
green), and the presence of vesicles was
confirmed using the exosome marker CD81
(Figures 3A–3C, red). Coexpression of
TCTP and CD81 was observed in some
exosomes (Figure 3B, yellow arrows) but
was absent in others (Figure 3C, white
arrows). TCTP was also observed in the
cytoplasm and at the cell membrane,
suggesting potential intracellular trafficking
(Figure 3D).

Figure 2. (Continued). range of exosome size (125–150 nm) (n = 4; one-way ANOVA). (G) Microparticles (,1 mm) were identified and quantified by flow
cytometry by positive staining for AnnexinV. Microparticles were derived from control and HPAH-derived BOECs under the following conditions: basal
conditions (10% exosome-free FBS plus growth factors for 24 hours [10% FBS; n = 4]; stress conditions (2% exosome-free FBS for 24 hours with TNF-a
[3 ng/ml] [TNF-a; n = 4]; and apoptosis/stress conditions (2% exosome-free FBS for 24 hours with TNF-a [3 ng/ml] and cycloheximide [CHX; 20 mg/ml] for
the final 6 hours [TNF-a1CHX; n = 4]). One-way ANOVA; *P , 0.05. Error bars represent mean 6 SEM.
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Immunoblotting revealed that TCTP
was mainly expressed in exosomes (CD81
positive, CD63 positive and b-actin negative)
and to a lesser extent in microparticles (CD81
negative) (Figure 3E). BOEC lysates were used
as positive control, showing the presence of
TCTP mainly as a monomer. Amino acids
11–172 of TCTP act as a protein transduction
domain (38), which is oxidized and dimerized
by disulfide linkages in oxidant-filled cellular
fluids. Thus, extracellular TCTP in both
exosomes and microparticles is observed as a
dimer, whereas intracellular TCTP is seen as a
monomer (39, 40).

TCTP Overexpression by Lentiviral
Transduction Induces Proliferation
and Reduces Apoptosis
We next assessed the functional
consequences of TCTP overexpression on
SMCs and ECs. First, PASMCs and human
umbilical vein ECs (HUVECs) were
transduced with either the gene-encoding
human or rat TCTP (H-TPT1 or R-TPT1,
respectively) using lentiviral vectors.
Transduced PASMCs and HUVECs
expressed markedly higher levels of human
or rat TCTP when compared with
nontransduced or empty lentiviral vector
(Figures 4A, 4B, E4A, and E4B).
Proliferation and apoptosis was assessed in
cells expressing either human or rat TCTP.
After 48 hours, cell numbers were
significantly increased in both PASMCs
and HUVECs expressing human or rat
TCTP (Figures 4C and E4C). Conversely,
both cell types expressing TCTP had
significantly reduced apoptosis as assessed
by caspase-3 activity (Figures 4D and E4D).

Exosomes Transfer TCTP to PASMCs
We next investigated whether TCTP could
be transferred to PASMCs via exosomes
released by BOECs. PASMCs from control
subjects were incubated with PKH67-
labeled exosomes. After 20 hours of
incubation, PKH67-labeled exosomes were
observed in the PASMCs’ cytoplasm
(Figure 5A). To further confirm the mode
of TCTP transfer, exosomes were derived
from BOECs exposed to the following
stimuli: 10% exosome-free FBS plus growth
factors, 2% exosome-free FBS, and 2%
exosome-free FBS plus TNF-a and CHX.
PASMCs were incubated with the isolated
exosomes for 24 hours (Figure 5B).
Immunoblotting assessment revealed that
TCTP expression was significantly
increased in PASMCs incubated with
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Figure 3. TCTP is exported via exosomes. (A–C) Representative confocal images of control BOECs
stained using a TCTP antibody (green) and C81 (red). (A) BOECs secreting small particles (exosomes)
positively stained for CD81 at the membrane. Scale bar: 25 mm. (B) Inset area in image A. Yellow
arrows indicate exosomes positive for CD81 surface expression (red) and TCTP (green) intravesicle
expression, with colocalization in yellow. (C) Inset area in image A. White arrows indicate TCTP-empty
exosomes. (D) Representative confocal image of control BOECs stained using a TCTP antibody
(green) and counterstained for F-actin (phalloidin; red). Scale bar: 25 mm. Localization of TCTP-
positive intracellular vesicles (green) is indicated by white arrows. (E) Representative immunoblots for
TCTP, CD81, CD63, and b-actin protein expression in exosomes (Exo), microparticles (MP), and
BOECs (EC).
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exosomes from BOECs cultured in 2%
FBS 6 TNF-a and CHX, suggesting that
exosomes derived from BOECs under
proapoptotic conditions were able to
transfer TCTP into the PASMCs (Figures
5C and 5D). The functional consequences
of exosome and TCTP transfer were
investigated by treating PASMCs with
conditioned media from ECs overexpressing
TCTP. HUVECs were transduced with either
human or rat TCTP (H-TPT1 or R-TPT1,
respectively) using lentivirus, and conditioned
media were collected after 48 hours. PASMCs
were then treated for 4 hours and
proliferation or apoptosis was assessed.
Proliferation was significantly increased in
PASMCs exposed to conditioned media from
HUVECs expressing human or rat TCTP
when compared with nontransduced or
empty vector controls (Figure 5E). In
addition, caspase-3 activity was significantly
reduced in PAMSCs (Figure 5F).

Circulating and Lung Levels of
TCTP in an MCT Rat Model of
Pulmonary Hypertension
Overall, our in vitro data suggest that
inflammatory and proapoptotic conditions,
such as those present in PAH, promote
increased endothelial exosome release and
the enhanced transfer of endothelial-
derived TCTP into PASMCs. Given these
findings, we used an experimental model of
pulmonary hypertension to investigate the
circulating and lung levels of TCTP. After
MCT administration, right ventricular
systolic pressure (RVSP) was measured
in groups of control and MCT-treated
rats (n = 2/3/group/week). RVSP was
significantly increased in MCT-challenged
rats by 2 weeks, rising to a level of
71.5 (65.6 mm Hg), compared with
26.1 (60.6 mm Hg) in controls, by week 4
(Figure 6A). Furthermore, a significant
elevation in right ventricular hypertrophy

(Fulton index) was observed after a 3-week
MCT treatment (Figure 6B). We assessed
the expression of TCTP in the rat lung.
TCTP levels in the lung were downregulated
at 2 weeks after MCT, but dramatically
increased at weeks 3 and 4 in concordance
with PAH severity (Figures 6C and 6D).
We next investigated the circulating levels
of TCTP after exposure to MCT. Similar
to the observations in the rat lung, a
significant increase was observed after
3 weeks MCT exposure (Figure 6E).

TCTP Levels in Plasma of Patients
with PAH
Having observed that rats with experimental
PAH exhibit increased TCTP in their lungs,
coupled with elevated levels of TCTP in
their circulation, we next sought to
determine whether this was also the case for
patients with IPAH, who also exhibit
increased levels of TCTP in their lung tissue
(8). Circulating levels of TCTP in plasma
were significantly increased in patients
with IPAH compared with control
subjects (Figure 7). These observations in
both human patients with PAH and an
experimental animal model of PAH suggest
a possible role for TCTP as a biomarker for
onset of disease and therapeutic benefits.
However, further investigations are required
to establish the feasibility of this notion.

Discussion

Reduced expression or function of BMPR2
is implicated in nongenetic forms of PAH
in humans as well as in animal models (41,
42), but the mechanisms that mediate the
hyperproliferation of ECs and SMCs remain
unclear. Using proteomic analysis, we
previously reported overexpression of TCTP
in BOECs derived from patients with PAH, as
well as increased TCTP expression in lung
tissue sections from patients with PAH (8).
Moreover, we identified a plausible link
between BMPR2 and TCTP, as knockdown
of the receptor showed a dramatic reduction
in miR-27b, a known regulator of TCTP
expression (25). Similar results were obtained
in BOECs derived from patients with PAH
harboring a BMPR2mutation (8). Altogether,
these results suggest a potential role for TCTP
in the hyperproliferation observed in PAH.
In this study, we report a mechanism of
cell-to-cell communication between ECs and
SMCs that may contribute to the vascular
remodeling observed in PAH.

C

200000

100000

0

*
#

*
#

H-T
PT1

Em
pt

y

CTRL

R-T
PT1

300000

C
el

l N
um

be
r

D

30000

25000

20000

15000

*
#

*
#

H-T
PT1

Em
pt

y

CTRL

R-T
PT1

35000

C
as

pa
se

 A
ct

iv
ity

 (
R

F
U

)

B

5

4

3

2

1

*
#

*
#

H-T
PT1

Em
pt

y

CTRL

R-T
PT1

6

T
C

T
P

/β
-a

ct
in

A

Figure 4. TCTP overexpression by lentiviral transduction prevents apoptosis and induces proliferation in
pulmonary artery smooth muscle cells (PASMCs). (A) Western blot showing the expression of TCTP
(green) and b-actin (red) in nontransduced (CTRL) PASMCs, using lentivirus cells that were transduced
with an empty lentiviral vector (Empty) or human TCTP (H-TPT1) or rat Tctp (R-TPT1). (B) Summary data
showing the expression of TCTP in transduced and nontransduced PASMCs. Densitometry of TCTP
expression levels relative to b-actin. (C) Proliferation assessment of PASMCs cultured in complete media
with growth factors and 10% FBS with or without transduction with H-TPT1 or R-TPT1. Cells were
counted when 80–90% confluence was reached. (D) Caspase activity measurements of nontransduced
cells (CTRL) and transduced PASMCs with vector alone (Empty), H-TPT1, or R-TPT1. One-way ANOVA;
#P , 0.001 versus CTRL; *P , 0.001 versus Empty. Error bars represent mean 6 SEM.

ORIGINAL RESEARCH

Ferrer, Dunmore, Hassan, et al.: Role of TCTP in PAH 473



#
*

#
*

20000

C
as

pa
se

 A
ct

iv
ity

 (
R

F
U

)

R-T
PT1

H-T
PT1

Em
pt

y

CTRL−

25000

30000

35000

F
ns

E

#
*

#
*

B
rd

U
 A

ct
iv

ity
 (

O
D

)

R-T
PT1

H-T
PT1

Em
pt

y

CTRL−

0.10

0.08

0.12

0.14

0.16

ns

*
**

T
C

T
P

/α
-t

ub
ul

in
 r

at
io

10% FBS 2% FBS

1.5

1.0

0.5

0.0
TNF-α+CHX

D

Exosomes

10% FBS

2% FBS

TNF-α+CHX

Control
BOECs

PASMCs

PASMCs

PASMCs

B

25–

10% FBS 2% FBS TNF-α+CHX

20–
TCTP

α-tubulin50–

C

A
0 hour 1 hour 4 hours 20 hours

Figure 5. PASMCs incorporate activated BOEC-derived exosomes, leading to an increase in TCTP expression. (A) PASMCs were incubated with
exosomes labeled with PKH67 (green) for 1, 4, and 20 hours. Representative confocal images of PASMCs counterstained for F-actin (phalloidin; red)
and DAPI (blue) are shown. Scale bars: 25 mm. (B) Experimental schematic. Briefly, exosomes were derived from control BOECs under the following
conditions: basal conditions (10% exosome-free FBS plus growth factors for 24 hours [10% FBS]), activation conditions (2% exosome-free FBS for
24 hours [2% FBS]), and apoptosis/stress conditions (2% exosome-free FBS for 24 hours with TNF-a [3 ng/ml] and CHX [20 mg/ml] for the final 6 hours [2%
FBS TNF-a1CHX]). PASMCs were then incubated with exosomes for 24 hours. (C) Representative immunoblot of TCTP expression in PASMCs incubated

ORIGINAL RESEARCH

474 American Journal of Respiratory Cell and Molecular Biology Volume 59 Number 4 | October 2018



An imbalance between cell
proliferation and apoptosis is a common
feature shared by PAH and cancer, and leads
to vascular remodeling and tumor growth,

respectively. It has been reported that TCTP
overexpression promotes degradation of
p53, negatively regulating apoptosis in lung
cancer, whereas knockdown of TCTP

expression in lung cancer cells increases
apoptosis (43). Our previous data identified
that compared with controls, the BOECs
harboring BMPR2 mutations expressed
higher levels of TCTP and were
hyperproliferative. TCTP silencing
inhibited proliferation in these HPAH-
derived BOECs as well increasing apoptosis
(8). Interestingly, in this study, inhibition of
TCTP led to uncoordinated migration, such
that BOECs lacking TCTP were able to
migrate but unable to heal the wound. This
finding suggests that TCTP has a role in
directing migration, potentially leading to a
more metastatic phenotype in BOECs
derived from patients with HPAH. In
support of this theory, a recent study
suggested a role for TCTP in cell invasion
and metastasis in cancer through
Cdc42/JNK/MMP9 signaling (44). It was
previously reported that both Cdc42 and
TCTP play pivotal roles in cell morphology
regulation, which is also important for
metastasis (45). Cell morphological changes
are the critical first step in cells undergoing
endothelial-to-mesenchymal transition.
ECs lose their cobblestone-like monolayer
and apical–basal polarity by becoming
spindle-shaped mesenchymal cells with
migratory pseudopodia or filopodia
structures (46). Our results revealed
changes in BOEC morphology after siTCTP
treatment, supporting previous findings
(47) and suggesting that TCTP has the
ability to regulate the EC cytoskeleton.

A previous study reported that TCTP
can be secreted independently of the
endoplasmic reticulum/Golgi pathway (48).
However, the mechanisms that stimulate
TCTP export from within BOEC-derived
exosomes are unclear. Using NTA, we
identified differential exosome production
in BOECs harboring BMPR-II mutations
compared with control cells. Interestingly,
in basal conditions (10% FBS with growth
factors), exosome production did not differ
between control and mutant cells, whereas
under low-serum conditions (2% FBS) the
number of exosomes increased more than
twofold in HPAH-derived BOECs,
indicating a more sensitive response of

Figure 5. (Continued). with exosomes from the above treatments. Blots were reprobed with a-tubulin to ensure equal loading. (D) Densitometry of TCTP
expression levels relative to a-tubulin (n = 4; Student’s t-test). *P , 0.05, **P, 0.005. Error bars represent mean 6 SD. (E and F) Proliferation and apoptosis
assessments of PASMCs exposed to conditioned media from human umbilical vein endothelial cells overexpressing TCTP after lentiviral transduction. EC-
conditioned media were harvested from nontransduced cells (CTRL) or from cells transduced with an empty vector (Empty), human TCTP (H-TPT1), or rat
Tctp (R-TPT1). PASMCs were then exposed to fresh media (2) or conditioned media from serum-starved ECs (EC-CM) for 4 hours. (E) For proliferation,
bromodeoxyuridine (BrdU) incorporation was assessed. (F) For apoptosis, caspase activity was measured. One-way ANOVA; #P, 0.001 versus CTRL; *P,
0.001 versus Empty. Error bars represent mean 6 SEM. ns = not significant; OD = optical density; RFU = relative fluorescence units.
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mutant BOECs to changes in the cell
environment. However, activation of cells
with TNF-a resulted in a similar increase in
exosome release in both groups.
Accordingly, and as reported previously (8),
levels of cleaved caspase-3 also tended to be
increased in BOECs from patients with
HPAH compared with healthy control
subjects in apoptosis-inducing conditions
(TNF-a and CHX). We observed exosome
transfer to PASMCs and increased TCTP
levels in PASMCs after incubation with
exosomes derived from activated or stressed
BOECs. It is therefore plausible to
speculate that in the setting of PAH, the
incorporation of exosomes expressing
increased levels of TCTP into PASMCs could
confer antiapoptotic and proproliferative
characteristics. This would contribute to the
progression of disease through uncontrolled
growth and vascular remodeling. To confirm
this hypothesis, further experiments will be
necessary. For example, in vitro assays of
PASMC proliferation and apoptosis would
need to be conducted after exposure to
exosomes isolated from control BOECs and
BOECs harboring BMPR2 mutations. It
would also be of interest to measure the levels
of TCTP in exosomes from patients with
HPAH versus control subjects.

We previously reported that increased
TCTP was observed in the lungs of patients
with HPAH and IPAH (8). TCTP
expression was largely localized to the
endothelial and intimal layers, particularly
in areas of complex arterial remodeling
associated with end-stage PAH disease,
whereas TCTP immunostaining was not
present in control lung samples. To further
characterize the mechanism of TCTP
transportation and paracrine effects, we
assessed TCTP expression in an
experimental model of pulmonary
hypertension. MCT-treated rats developed
PAH 2 weeks after treatment, and disease
severity increased for the duration of the
time course. TCTP lung protein levels
increased over time in parallel with the
development of disease after MCT. We
also observed a significant increase in
circulating TCTP levels during disease
progression in the MCT model of PAH. Of
note, circulating TCTP levels were increased
in the plasma samples of patients with IPAH
to a much greater degree than in the MCT
model. In fact, circulating TCTP was
previously suggested to be a promising
serum biomarker of apoptosis in patients
with lung cancer (49). We therefore propose
that the measurement of TCTP might be a
potential indicator of EC apoptosis in PAH,
and could be used in the diagnosis or
assessment of severity of this disease.

TCTP is highly expressed in cells
bearing the BMPR2 mutation, and, as
in tumors, regulation of cell proliferation
is the therapeutic goal (19, 20). In research
for new therapies, TCTP has been a
particularly interesting target in cancer. In
the context of colorectal cancer, sertraline, a
selective serotonin reuptake inhibitor, has
been shown to have anticancer activity both
in cancer cell lines and in colorectal cancer
xenografts (50). Interestingly, both
sertraline and fluoxetine were shown to
inhibit MCT-induced pulmonary
hypertension and vascular remodeling in
rats by inhibiting serotonin internalization
via the serotonin transporter (51, 52). It has

also been proposed that sertraline prevents
the binding of TCTP to mouse double
minute 2 (MDM2), preventing the
destabilization of p53 (53, 54). Whether one
pathway is prevalent over the other, or
whether the two have a synergistic effect
remains unclear. Recent studies have shown
the efficacy of antihistaminics in the
reduction of TCTP (also known as
histamine-releasing factor) (19, 55).
Treatment with levomepromazine and
buclizine downregulated TCTP expression
and inhibited cancer cell growth by directly
binding TCTP, downregulating G1 of the
cell cycle in metastatic carcinoma cell lines
(55). Dihydroartemisinin, a common
antimalarial therapy, exhibits anticancer
activity (56) by decreasing cell proliferation
and increasing cell death by targeting the
phosphorylated form of TCTP (57).

Here we provide evidence for TCTP
export via exosomes and its capacity to be
transferred to neighboring cells. Potentially,
the level of TCTP determines cell morphology
as well as cell fate, defining whether a cell
becomes proliferative or differentiated. In the
context of PAH, we believe the data shown
here will contribute to our understanding of
the proliferative and antiapoptotic phenotype
of BMPR2 mutant cells, and suggest a
potential target for new therapies. Increased
circulating levels of TCTP in both IPAH and
MCT-treated rats suggest TCTP as a potential
indicator of the onset of disease and a
circulating biomarker in response to PAH
antiremodeling therapy. n
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