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Aims Pulmonary arterial hypertension (PAH) is a fatal disease without a cure. Previously, we found that transcription fac-
tor RUNX1-dependent haematopoietic transformation of endothelial progenitor cells may contribute to the patho-
genesis of PAH. However, the therapeutic potential of RUNX1 inhibition to reverse established PAH remains un-
known. In the current study, we aimed to determine whether RUNX1 inhibition was sufficient to reverse Sugen/
hypoxia (SuHx)-induced pulmonary hypertension (PH) in rats. We also aimed to demonstrate possible mechanisms
involved.

....................................................................................................................................................................................................
Methods
and results

We administered a small molecule specific RUNX1 inhibitor Ro5-3335 before, during, and after the development
of SuHx-PH in rats to investigate its therapeutic potential. We quantified lung macrophage recruitment and activa-
tion in vivo and in vitro in the presence or absence of the RUNX1 inhibitor. We generated conditional VE-cadherin-
CreERT2; ZsGreen mice for labelling adult endothelium and lineage tracing in the SuHx-PH model. We also gener-
ated conditional Cdh5-CreERT2; Runx1(flox/flox) mice to delete Runx1 gene in adult endothelium and LysM-Cre;
Runx1(flox/flox) mice to delete Runx1 gene in cells of myeloid lineage, and then subjected these mice to SuHx-PH
induction. RUNX1 inhibition in vivo effectively prevented the development, blocked the progression, and reversed
established SuHx-induced PH in rats. RUNX1 inhibition significantly dampened lung macrophage recruitment and
activation. Furthermore, lineage tracing with the inducible VE-cadherin-CreERT2; ZsGreen mice demonstrated that
a RUNX1-dependent endothelial to haematopoietic transformation occurred during the development of SuHx-PH.
Finally, tissue-specific deletion of Runx1 gene either in adult endothelium or in cells of myeloid lineage prevented
the mice from developing SuHx-PH, suggesting that RUNX1 is required for the development of PH.

....................................................................................................................................................................................................
Conclusion By blocking RUNX1-dependent endothelial to haematopoietic transformation and pulmonary macrophage recruit-

ment and activation, targeting RUNX1 may be as a novel treatment modality for pulmonary arterial hypertension.
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1. Introduction

Pulmonary arterial hypertension (PAH) is a rare but progressive disease
without a cure. The hallmark of PAH is the development of pulmonary
vascular remodelling, which leads to elevated pulmonary vascular resis-
tance, right heart failure, and ultimately death.1–3 Current therapies that
consist of drugs with selective pulmonary vasodilatory properties can
improve symptoms and delay disease progression, but their disease
modifying effects are minimal.4,5 There is a critical need to develop novel
treatments that target the underlying cause of the pulmonary vascular
remodelling in PAH.

A strong association of PAH with dysregulated immunity and inflamma-
tion has been well-established. Considerable data have accrued to suggest
that perivascular inflammatory responses mediated by bone marrow
(BM)-derived macrophages play a primary role in the pathogenesis of
PAH.6,7 Thus, evaluation of novel therapies for PAH that target both the
origin and the activation of macrophages is warranted. Runt-related tran-
scription factor 1 (RUNX1) is a member of the core-binding factor family
of transcription factors that is indispensable for embryonic endothelial to
haematopoietic transition (EHT) and the establishment of definitive hae-
matopoiesis in vertebrates.8–10 RUNX1 partners with a constitutively
expressed b subunit (core-binding factor b; CBFb) to form a transcription-
ally active heterodimer that can either activate or repress target gene ex-
pression.11 Mice with a homozygous knockout of Runx1 lack definitive
haematopoiesis and are unable to survive past an early embryonic stage
(Days 11.5–12.5).12 In our previous study, specific inhibition of RUNX1
blocked egress of BM-derived endothelial progenitor cells (EPCs) and at-
tenuated the development of pulmonary hypertension (PH) in mice.13 We
postulate that RUNX1 is required in the myeloid-skewed haematopoietic
transformation of BM-derived EPCs during the development of PAH. In
support of this hypothesis, we found that gene expression of Runx1 is in-
creased in circulating CD34 þ CD133 þ EPCs isolated from peripheral
blood of patients with PH.13

Macrophages that mediate inflammation have been classified as M1,
whereas those that resolve inflammation as M2 macrophages.14 Our ear-
lier studies showed that the drastic increases in production of pro-
inflammatory cytokines (e.g. IL-1b, IL-6, and TNF-a) and chemokines
(e.g. fractalkine/CX3CL1 and MCP-1/CCL2) attributed to M1 macro-
phages and M1 macrophage-treated endothelial cells (ECs) coincide
with the elevated levels of the same cytokines and chemokines found in
PAH patients.15 It is possible that M1 macrophages are the mediators of
perivascular inflammation leading to pulmonary vascular remodelling.
Interestingly, direct binding of RUNX1 to p50-NF-jB in macrophages
was shown to trigger signals responsible for production of pro-
inflammatory cytokines.16,17 Taken together, we hypothesize that
RUNX1 plays a pivotal role in the production and activation of macro-
phages that lead to perivascular inflammation and vascular remodelling in
PAH. To test this hypothesis, we inhibited RUNX1 activity via a small
molecule specific inhibitor Ro5-333518 and examined its effect on overall
macrophage production, recruitment, and activation, and the attenuation
of PH in the Sugen/hypoxia (SuHx) rat model. Our objectives were to
determine whether inhibition of RUNX1 was sufficient to reverse estab-
lished PH and to also determine possible mechanisms involved. The cur-
rent report is an extension of previously published work by our group
which described that inhibition of RUNX1 prevents development of
SuHx-induced PH in mice.13 In the present study, we now show that
RUNX1 inhibition is not only effective in mice but also in rats, which is
the more established model to investigate PAH. Furthermore, we show
that inhibition of RUNX1 does not only prevent but also reverses SuHx-

PH in rats. In addition, we generated transgenic mice with deletion of
Runx1 gene in adult endothelium or in cells of myeloid linage. We found
that the tissue-specific Runx1 deficiency protects the mice from develop-
ing SuHx-PH, indicating that RUNX1 is required for the development of
PH. Overall, our study suggests that, by blocking RUNX1-dependent en-
dothelial to haematopoietic transformation and pulmonary macrophage
recruitment and activation, targeting RUNX1 may be as a novel treat-
ment modality for PAH.

2. Methods

2.1 SuHx-PH model in rats
The SuHx-PH model in rats was carried out as published previously,19

which is also described in detail in Supplementary material online. Rats
were anaesthetized via isoflurane inhalation (1–3%). For euthanasia, the
inferior vena cava was transected and the anaesthetized rats were eutha-
nized by exsanguination. All animal experiments were approved by the
Lifespan Institutional Animal Care and Use Committee (IACUC) at
Rhode Island Hospital. All procedures were performed conforming to
the NIH Guide for the Care and Use of Laboratory Animals.

2.2 Study protocols of RUNX1 inhibition
in vivo
A prevention, an intervention, and a reversal protocol were used in this
study. In the disease prevention protocol, rats were given 20 mg/kg of
Ro5-3335 in 100mL of DMSO or 100mL vehicle alone by subcutaneous
injection every other day for three times at the beginning of SuHx treat-
ment, and the development of PH was assessed 1 week after removal
from hypoxia (Hx) (Figure 1A). In the disease intervention protocol, rats
were given 20 mg/kg of Ro5-3335 in 100mL of DMSO or 100mL vehicle
alone by subcutaneous injection every other day for three times 1 week
after the beginning of SuHx treatment, and the development of PH was
assessed 1 week after removal from Hx (Figure 3A). In the disease rever-
sal protocol, rats were given 20 mg/kg of Ro5-3335 in 100mL of DMSO
or 100mL vehicle alone by subcutaneous injection every other day for
six times after the completion of SuHx treatment, and the development
of PH was assessed 2 weeks after removal from Hx (Figure 4A).
Bronchoalveolar lavage (BAL) fluid of the rats was collected by inserting
a catheter in the trachea, through which 5 mL phosphate buffered saline
(PBS) was instilled into the bronchioles and the BAL fluid was gently
retracted. After centrifugation, the BAL supernatants were frozen at –
20�C and used later to detect inflammatory cytokines. The cell pellets
were resuspended in PBS and treated with the Red Blood Cell Lysis
Buffer (MilliporeSigma, Burlington, MA) followed by twice PBS washes
and filtration through a nylon mesh. Cells in the BAL fluid were fixed and
permeabilized with LEUCOPERM (Bio-Rad, Hercules, CA) and stained
with a mouse monoclonal antibody against rat CD68 conjugated with
Alexa Fluor 488 (clone ED1, Bio-Rad) to identify rat macrophages. Flow
cytometry analysis was performed on a 4-laser LSR II flow cytometer
(BD Biosciences, San Diego, CA) and data were analysed with the
FlowJo software (FlowJo, Ashland, OR).

2.3 Histologic analysis of lung sections
Histologic analysis of lung sections were carried out as described in
Supplementary material online.
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Figure 1 Inhibition of RUNX1 in vivo prevents the development of Sugen/hypoxia-induced pulmonary hypertension (SuHx-PH) in rats. (A)
Experimental protocol for prevention of SuHx-PH in rats shows administration of the RUNX1 inhibitor Ro5-3335 (Ro5) every other day for three times
at the beginning of SuHx treatment. SU5416: VEGF receptor 2 antagonist Sugen 5416. (B and C) Right ventricular systolic pressure (RVSP) (B) and the
Fulton’s index (right ventricle to left ventricle þ septum, RV/LVþS ratio) (C) were measured 1 week after removal from 3 weeks of hypoxia (Hx). (D–F)
Representative microscopic images of 100� magnification show immunohistochemical (IHC) staining in brown colour of a-smooth muscle actin (a-
SMA) in the blood vessels from lungs of normoxia control (Nx Ctrl) rats (D), vehicle DMSO-treated SuHx rats (E), and 20 mg/kg Ro5-treated SuHx rats
(F). (G) Muscularization of distal pulmonary vessels less than 50mm in diameter was assessed by calculating the muscularization index defined as the total
area of the vessel that stained positive for a-SMA divided by total cross-sectional area of the vessel. (H–J) Representative small blood vessels stained in
brown colour of a-SMA, which are labelled with a red asterisk in (D–F), are shown in 600� magnification: (H) Nx Ctrl rats; (I) vehicle DMSO-treated
SuHx rats; and (J) Ro5-treated SuHx rats. **P < 0.01, ***P < 0.001, ****P < 0.0001, n.s.: not significant, ordinary one-way ANOVA with multiple compari-
sons, n = number of animals in each experimental group.
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2.4 Inducibly labelling of ECs/EPCs in adult
VE-cadherin-CreERT2; ZsGreen mice and
lineage tracing in vivo under SuHx
conditions
All mice (summarized in Supplementary material online, Table S1) were
maintained in pathogen-free conditions and all procedures were ap-
proved by the Lifespan IACUC. The inducible endothelial-specific VE-
cadherin-CreERT2 mice20,21 were obtained from Dr Iruela-Arispe
(University of California, Los Angeles, CA), and genotyping for these
mice was performed with the following primers: VE-cadherin common
forward 50-GCA GGC AGC TCA CAA AGG AAC AAT-30; VE-
cadherin reverse 50-TGT CCT TGC TGA GTG ACA GTG GAA-30; and

VE-cadherin Cre reverse 50-ATC ACT CGT TGC ATC GAC CGG
TAA-30. The Rosa26-LSL-ZsGreen reporter mice [B6.Cg-
Gt(ROSA)26Sor(tm6)(CAG-ZsGreen1)Hze/J, JAX #007906] were pur-
chased from the Jackson Laboratory (Bar Harbor, ME), and genotyping
for these mice was performed according to the vendor’s protocol. Male
VE-cadherin-CreERT2 mice were crossbred with female Rosa26-LSL-
ZsGreen reporter mice to generate VE-cadherin-CreERT2; ZsGreen
mice (see Supplementary material online, Figure S5A). Adult double
transgenic mice of 10–13 weeks of age with correct genotype were used
for lineage tracing experiments. Briefly, the inducible double transgenic
mice were each given 2 mg of tamoxifen (Tam) (MilliporeSigma) dis-
solved in 100mL of corn oil (MilliporeSigma) daily via intraperitoneal in-
jection for 5 days followed by 1 week of incubation. Subsequent SuHx

Figure 2 Inhibition of RUNX1 in vivo reduces macrophage recruitment in the lung of SuHx-treated rats. (A–C) Representative microscopic images of
100� magnification show IHC staining in dark brown colour of CD68þ macrophages in the lung of Nx rats (A), vehicle DMSO-treated SuHx rats (B),
and Ro5-treated SuHx rats (C). (D) Three representative images of 100� magnification of the staining were taken for each sample and the number of
CD68þ macrophages in each image was manually counted. A summary of the numbers of CD68þ macrophages per microscopic field is shown. (E–G)
Representative macrophages stained in dark brown colour for CD68, which are labelled with a red asterisk in (A–C), are shown in 600� magnification:
(E) Nx Ctrl rats; (F) vehicle DMSO-treated SuHx rats; and (G) Ro5-treated SuHx rats. ***P < 0.001, ****P < 0.0001, n.s.: not significant, ordinary one-way
ANOVA with multiple comparisons, n = number of animals in each experimental group.
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Figure 3 Inhibition of RUNX1 in vivo blocks the progression of SuHx-PH in rats. (A) Experimental protocol for intervention of SuHx-PH in rats shows
administration of the RUNX1 inhibitor Ro5-3335 every other day for three times 1 week after the beginning of SuHx treatment. (B and C) RVSP (B) and
RV/LV þ S ratio (C) were measured 1 week after removal from 3 weeks of Hx. (D–F) Representative microscopic images of 100� magnification show
IHC staining in brown colour of a-SMA in the blood vessels from lungs of Nx Ctrl rats (D), vehicle DMSO-treated SuHx rats (E) and Ro5-treated SuHx
rats (F). (G) Muscularization of distal pulmonary vessels less than 50mm in diameter was assessed by calculating the muscularization index. (H–J)
Representative small blood vessels stained in brown colour of a-SMA, which are labelled with a red asterisk in (D–F), are shown in 600� magnification:
(H) Nx Ctrl rats; (I) vehicle DMSO-treated SuHx rats; and (J) Ro5-treated SuHx rats. **P < 0.01, ***P < 0.001, ****P < 0.0001, n.s.: not significant, ordinary
one-way ANOVA with multiple comparisons, n = number of animals in each experimental group.
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Figure 4 Inhibition of RUNX1 in vivo reverses established SuHx-PH in rats. (A) Experimental protocol for reversal of SuHx-PH in rats shows adminis-
tration of the RUNX1 inhibitor Ro5-3335 every other day for six times after the completion of SuHx treatment. (B and C) RVSP (B) and RV/LVþ S ratio
(C) were measured 2 weeks after removal from 3 weeks of Hx. (D–F) Representative microscopic images of 100� magnification show IHC staining in
brown colour of a-SMA in the blood vessels from lungs of Nx Ctrl rats (D), vehicle DMSO-treated SuHx rats (E) and Ro5-treated SuHx rats (F). (G)
Muscularization of distal pulmonary vessels less than 50mm in diameter was assessed by calculating the muscularization index. (H–J) Representative small
blood vessels stained in brown colour of a-SMA, which are labelled with a red asterisk in (D–F), are shown in 600�magnification: (H) Nx Ctrl rats; (I) ve-
hicle DMSO-treated SuHx rats; and (J) Ro5-treated SuHx rats. *P < 0.05, ***P < 0.001, ****P < 0.0001, n.s.: not significant, ordinary one-way ANOVA
with multiple comparisons, n = number of animals in each experimental group.

63216 E. M. Jeong et al.
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treatment consisted of 3 weekly subcutaneous injections of the Sugen
VEGF receptor 2 inhibitor SU5416 at 20 mg/kg in 100mL DMSO or vehi-
cle alone. Concurrent with the SU5416 treatment, the double transgenic
mice were exposed to Hx (8.5% O2) or normoxia (Nx) for 3 weeks, and
50mL of peripheral blood samples were collected weekly by retro-
orbital bleeding from each mouse (see Supplementary material online,
Figure S5B). For anaesthesia during retro-orbital blood sampling, the
mice were anaesthetized via intraperitoneal injection with ketamine
(100 mg/kg) and xylazine (10 mg/kg). For euthanasia, the mice were eu-
thanized via CO2 asphyxia followed by cervical dislocation. After red
blood cell lysis, the rest of the cells in the blood samples were washed
with PBS and stained with antibodies against mouse CD45 conjugated
with Allophycocyanin (APC) (BioLegend, San Diego, CA). Flow cytome-
try analysis was performed on a 4-laser LSR II flow cytometer (BD
Biosciences), and data were analysed with the FlowJo software.

2.5 Genetic deletion of Runx1 in adult ECs/
EPCs to prevent SuHx-PH in mice
We have previously used the constitutive VE-cadherin-Cre mice (JAX
#006137) from the Jackson Laboratory and the inducible VE-cadherin-
CreERT2 mice from Dr Iruela-Arispe’s lab (UCLA) (see Supplementary
material online, Table S1). However, in order to most efficiently delete
the Runx1 gene in adult ECs/EPCs, we have also purchased the
Cdh5(PAC)-CreERT2 mouse developed by Dr Ralf Adams22 (Taconic
#13073, Taconic Biosciences, Rensselaer, NY). Upon Tam induction,
this mouse line has a significantly better VE-cadherin promoter driven
Cre-mediated recombination in ECs/EPCs than the UCLA mouse line
(Personal communication, 2018 Gordon Research Conference on
Endothelial Cells). We have also established the Runx1(flox/flox) mouse
colony (JAX #008772, Jackson Laboratory, Bar Harbor, ME) in our lab.
We then crossbred them to generate Cdh5-CreERT2; Runx1(fl/fl) mice
(Figure 5A). Mice with correct genotype were each treated with 2 mg of
Tam daily via intraperitoneal injection for 5 days followed by 1 week of
incubation to delete Runx1 gene in adult ECs/EPCs. Lung ECs from the
mice treated with Tam were isolated via flow cytometry cell sorting,23

and the loss of Runx1 in ECs was verified per qRT–PCR with the follow-
ing primers: forward 50-CCT CCT TGA ACC ACT CCA CT-30, and re-
verse 50-CTG GAT CTG CCT GGC ATC-30. GAPDH expression was
assessed per qRT–PCR as an internal reference for quantification with
the following primers: forward 50-AAA AGC AAC TCC CAC TCT TC-
30 and reverse 50-CCT GTT GCT GTA GCC GTA TT-30. All PCR pri-
mers were synthesized by Integrated DNA Technologies (Coralville, IA).
As a control experiment to test the endothelial specificity of Runx1 dele-
tion, we also evaluated Runx1 gene expression in CD14þ monocytes
isolated from BM of these mice following Tam induction. An anti-mouse
CD14 antibody conjugated with APC was purchased from BioLegend
and BM CD14þ cells were sorted on a BD Influx flow cytometry cell
sorter (BD Biosciences). For SuHx-PH induction, similar to described
above in Supplementary material online, Figure S5B, Tam was given daily
via intraperitoneal injection for 5 days followed by 1 week of incubation
before the 3 weeks SuHx treatment of the Cdh5-CreERT2; Runx1(fl/fl)
mice. Development of PH in mice was determined by measurement of
right ventricular systolic pressure (RVSP) and right ventricular (RV) hy-
pertrophy [assessed by the Fulton’s index, i.e. RV to left ventricleþ sep-
tum wet weight ratio (RV/LVþ S)] as described in our previous study.13

2.6 Genetic deletion of Runx1 in cells of
myeloid lineage to prevent SuHx-PH in
mice
LysM-Cre mice (JAX #004781) from the Jackson Laboratory allow for
both specific and highly efficient Cre-mediated deletion of loxP-flanked
target genes in myeloid cells: a deletion efficiency of 83–98% was deter-
mined in mature macrophages and near 100% in granulocytes.24,25 We
crossbred the LysM-Cre mice with the Runx1(flox/flox) mice to gener-
ate LysM-Cre; Runx1(fl/fl) mice (Figure 6A). The loss of Runx1 in flow cy-
tometry sorted BM-derived CD14þ monocytes was verified per qRT–
PCR as described above. Subsequent SuHx treatment consisted of three
weekly subcutaneous injections of the Sugen VEGF receptor 2 inhibitor
SU5416 at 20 mg/kg in 100mL DMSO. Concurrent with the SU5416
treatment, the transgenic mice were exposed to Hx (8.5% O2) for
3 weeks. Development of PH in mice was determined by measurement
of RVSP and RV hypertrophy as described in our previous study.13

2.7 Macrophage polarization in vitro
Macrophage polarization in vitro was carried out as published previ-
ously,15 which is also described in detail in Supplementary material
online.

2.8 Statistical analysis
Data are shown as the mean values ± standard error of the mean. The
significance of difference was calculated with unpaired two-tailed
Student’s t-test or one-way ANOVA when comparing more than two
groups by using the GraphPad Prism programme (GraphPad Software,
Inc., La Jolla, CA). P-values less than 0.05 were considered to be statisti-
cally significant.

3. Results

3.1 Inhibition of RUNX1 in vivo prevents
the development of SuHx-PH in rats
Compared with Nx control rats, SuHx treatment caused severe PH in
rats as evidenced by marked increases in RVSP, RV hypertrophy, and
striking vascular remodelling in the lung.19 In the disease prevention
model of the present study (Figure 1A), vehicle-treated SuHx rats devel-
oped elevated RVSP compared with Nx control rats (Figure 1B). RVSP in
rats given the RUNX1 inhibitor Ro5-3335 (SuHxRo5) at the beginning
of SuHx treatment was significantly lower than SuHx rats given vehicle
alone, and was no different than in Nx control rats (Figure 1B). SuHx
treatment also caused significant RV hypertrophy compared with the Nx
rats as indicated by an increase in the Fulton’s index (RV/LV þ S ratio)
(Figure 1C). However, the Fulton’s index was lower in rats treated with
the RUNX1 inhibitor than in SuHx rats given vehicle alone (Figure 1C).
Compared with the Nx control rats (Figure 1D and H), SuHx rats devel-
oped marked vascular remodelling as indicated by an increase in muscu-
larization of peripheral pulmonary vessels (Figure 1E and I), which was
significantly reduced in rats treated with the RUNX1 inhibitor (Figure 1F
and J). The distal pulmonary vessel (i.e. pulmonary arteriole) musculariza-
tion indexes in the prevention model are summarized in Figure 1G.
Combined, these results suggest that inhibition of RUNX1 early on can
effectively prevent the development of PH.
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3.2 Inhibition of RUNX1 in vivo reduces
macrophage recruitment in the lung of
SuHx-treated rats
In the prevention model, we quantified the macrophages in the lung fol-
lowing immunohistochemical staining of CD68, which is a pan-
macrophage marker for rats.26 Compared with the Nx rats (Figure 2A
and E), the SuHx rats had significantly increased number of CD68þmac-
rophages (stained brown), many of which morphologically appeared to
have been in an activated state as suggested by their expanded sizes and
the formation of membrane blebs (Figure 2B and F). Treatment with the
RUNX 1 inhibitor effectively prevented macrophage recruitment in the
lungs of SuHx-treated rats (Figure 2C and G). The numbers of CD68þ
macrophages in the prevention model are summarized in Figure 2D.
These results suggest that inhibition of RUNX1 in vivo at the onset of the
process can significantly reduce macrophage recruitment in the lung dur-
ing SuHx induction of PH.

3.3 Inhibition of RUNX1 in vivo blocks the
progression of SuHx-PH in rats
In the disease intervention model of the current study (Figure 3A), SuHx
treatment caused a significantly elevated RVSP in rats compared with Nx
control rats (Figure 3B). However, when rats received the RUNX1

inhibitor Ro5-3335 1 week after the onset of SuHx induction of PH, their
average RVSP was significantly lower than that of the SuHx rats treated
only with the vehicle, and had no difference compared with the Nx con-
trol rats (Figure 3B). Compared with the Nx control rats, SuHx treat-
ment led to a higher Fulton’s index suggesting the development of RV
hypertrophy (Figure 3C). However, compared with the vehicle-treated
SuHx rats, the degree of RV hypertrophy was significantly diminished
when rats were treated with the RUNX1 inhibitor (Figure 3C).
Compared with the Nx control rats (Figure 3D and H), the SuHx rats de-
veloped marked vascular remodelling as indicated by the a-SMA staining
in brown colour (Figure 3E and I), which was significantly inhibited when
the rats were treated with the RUNX1 inhibitor (Figure 3F and J). The
distal pulmonary vessel (i.e. pulmonary arteriole) muscularization in-
dexes in the intervention model are summarized in Figure 3G. Combined,
these results suggest that inhibition of RUNX1 in vivo during disease de-
velopment can effectively block the progression of SuHx-PH.

3.4 Inhibition of RUNX1 in vivo reverses
established SuHx-PH in rats
In the reversal model, rats received extended RUNX1 inhibition after
SuHx-induced PH had already established (Figure 4A). SuHx rats treated
with vehicle alone developed elevated RVSP compared with Nx control
rats (Figure 4B). Treatment with the RUNX1 inhibitor Ro5-3335

Figure 5 Genetic deletion of Runx1 in adult ECs/EPCs prevents SuHx-PH development in mice. (A) Experimental design to crossbreed Cdh5(PAC)-
CreERT2 and Runx1(flox/flox) mice to generate Cdh5-CreERT; Runx1(fl/fl) mice, which were then subjected to tamoxifen treatment followed by SuHx-
PH induction. (B) In 10- to 13-week-old mice, the loss of Runx1 in lung endothelial cells (ECs) upon Tam induction was verified per qRT–PCR. No changes
in Runx1 gene expression in BM-derived CD14þ cells were found, demonstrating the endothelial specificity of Runx1 deletion in these mice. (C and D)
Under Nx conditions, Cdh5-CreERT2; Runx1(wt/wt) mice, Cdh5-CreERT2; Runx1(fl/fl) mice treated with corn oil, and Cdh5-CreERT2; Runx1(fl/fl)
mice treated with Tam all exhibited normal RVSP (C) and RV/LV þ S ratio (D). Under SuHx conditions, Cdh5-CreERT2; Runx1(wt/wt) mice and Cdh5-
CreERT2; Runx1(fl/fl) mice treated with corn oil exhibited significantly elevated RVSP (C) and RV/LVþ S ratio (D). When the Cdh5-CreERT2; Runx1(fl/
fl) mice were treated with Tam and placed under SuHx conditions, they exhibited normal RVSP (C) and RV/LV þ S ratio (D). *P < 0.05, **P < 0.01,
***P < 0.001, ****P < 0.0001, n.s.: not significant, unpaired two-tailed Student’s t-test (B) and ordinary one-way ANOVA with multiple comparisons (C
and D), n = number of animals in each experimental group.
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significantly reduced RVSP in SuHxRo5 rats when compared with the ve-
hicle-treated SuHx rats, and reversed RVSP to the level comparable to
that of the Nx control rats (Figure 4B). SuHx induction of PH resulted in
prominent RV hypertrophy in the SuHx rats compared with the Nx con-
trol rats as indicated by the Fulton’s index (Figure 4C). However, the se-
verity of RV hypertrophy was significantly attenuated in rats that were
given the RUNX1 inhibitor when compared with the vehicle-treated
SuHx rats (Figure 4C). Compared with the Nx control rats (Figure 4D and
H), the SuHx rats developed marked vascular remodelling as indicated
by the a-SMA staining in brown colour (Figure 4E and I), which was signif-
icantly reversed when the rats were treated with the RUNX1 inhibitor
(Figure 4F and J). The distal pulmonary vessel (i.e. pulmonary arteriole)
muscularization indexes in the reversal model are summarized in
Figure 4G. In addition, we also demonstrated that there were no effects
of Ro5-3335 on RVSP and RV/LVþ S ratio in normal rats after a 2-week
long treatment (see Supplementary material online, Figure S1A–C).
Combined, these results suggest that inhibition of RUNX1 in vivo after
the completion of SuHx induction of PH can effectively reverse estab-
lished disease.

3.5 Inhibition of RUNX1 in vivo depletes
alveolar macrophages in rats
Alveolar macrophages in the BAL consist of resident alveolar macro-
phages derived from yolk sac precursors of foetal monocytes and BM
monocyte-derived macrophages following inflammatory insults.27 In the
reversal model, rats received extended RUNX1 inhibition after SuHx-
induced PH had already established. Flow cytometry analysis showed
that in Nx control rats CD68þ macrophages accounted for an average
75.3± 2.0%, but in Nx rats treated with the RUNX1 inhibitor, CD68þ
macrophages were almost completely depleted and accounted for an av-
erage 1.6± 0.3% of the cellular content of the BAL (see Supplementary
material online, Figure S1D). In SuHx rats, CD68þ macrophages
accounted for an average 64.9± 6.5% of the cellular content of the BAL,
which is comparable with that in the Nx rats. SuHx rats that received
RUNX1 inhibition in our reversal protocol had significantly fewer
CD68þ macrophages (56.4 ± 8.5%) than that of the Nx rats, but the al-
veolar macrophage number was not significantly lower than that of the
SuHx-PH rats (see Supplementary material online, Figure S1D).

Figure 6 Genetic deletion of Runx1 in cells of myeloid lineage prevents SuHx-PH development in mice. (A) Experimental design to crossbreed LysM-
Cre and Runx1(flox/flox) mice to generate LysM-Cre; Runx1(fl/fl) mice, which were then subjected to SuHx-PH induction. (B) In 10- to 13-week-old
mice, the loss of Runx1 in flow cytometry sorted BM-derived CD14þmonocytes was verified per qRT–PCR. (C and D) Under Nx conditions, LysM-Cre;
Runx1(wt/wt) mice and LysM-Cre; Runx1(fl/fl) mice exhibited normal RVSP (C) and RV/LVþ S ratio (D). Under SuHx conditions, LysM-Cre; Runx1(wt/
wt) mice developed elevated RVSP (C) and RV/LVþ S ratio (D), whereas the LysM-Cre; Runx1(fl/fl) mice maintained normal RVSP (C) and RV/LVþ S ra-
tio (D). *P < 0.05, ***P < 0.001, ****P < 0.0001, n.s.: not significant, unpaired two-tailed Student’s t-test (B) and ordinary one-way ANOVA with multiple
comparisons (C and D), n = number of animals in each experimental group.
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3.6 Inhibition of RUNX1 in vivo has no
effect on pulmonary arteriole density in
rats
We counted all distal pulmonary vessels less than 50mm in diameter that
were stained a-SMAþ in the above three study protocols and then com-
pared the numbers between SuHx treated rats with and without
RUNX1 inhibition. Our results suggest that inhibition of RUNX1 in vivo
has no effect on pulmonary arteriole density among SuHx treated rats
(see Supplementary material online, Figure S2).

3.7 No immediate vasodilatory
improvement of SuHx-PH in mice by the
RUNX1 inhibitor Ro5-3335
To investigate if the RUNX1 inhibitor Ro5-3335 may alleviate SuHx-PH
in rodent models through pulmonary vasodilatory properties, we
injected C57BL/6J mice with 20 mg/kg Ro5-3335 following 3 weeks of
SuHx-PH induction and assessed RVSP and RV hypertrophy at 1 h or 3 h
after Ro5-3335 injection (see Supplementary material online, Figure S3A).
As shown in Supplementary material online, Figure S3B and C, no reduc-
tions of RVSP or RV hypertrophy were seen at these two time points fol-
lowing Ro5-3335 injection. These results, which show no immediate
vasodilatory improvement of SuHx-PH in mice by the RUNX1 inhibitor
Ro5-3335, suggest that Ro5-3335 does not act as a vessel dilator.

3.8 Inducibly labelling of adult ECs/EPCs in
mice and lineage tracing demonstrates
haematopoietic transformation of ECs
in vivo
We generated the VE-cadherin-CreERT2; ZsGreen double transgenic
mice (see Supplementary material online, Figure S5A and Table S1), which
were treated with 2 mg of Tam daily for 5 days followed by 1 week of in-
cubation before SuHx-PH induction (see Supplementary material online,
Figure S5B). Our results of adult lung endothelium labelling upon Tam in-
duction in these mice are demonstrated and quantified in Supplementary
material online, Figure S4A–G, which suggested an age-dependent label-
ling efficiency similar with published results.20,21 In Creþ/–ZsGþ/– mice,
there is an extremely low level (e.g. 0.032%) of background of
CD45þZsGþ cells upon Tam induction, compared with Creþ/–
ZsGþ/– mice without Tam induction or Creþ/–ZsG–/– mice with Tam
induction (see Supplementary material online, Figure S5C). However,
when a Tam induced Creþ/–ZsGþ/– mouse (#917) was treated with
SuHx, the CD45þZsGþ population in the PB of this mouse increased
greater than 10-fold from the initial 0.074% at W0 to 0.32% at W1 and
to 0.80% at W2 before returning to the background level at W3 (see
Supplementary material online, Figure S5D). Another Tam-induced
Creþ/–ZsGþ/– mouse (#977) also produced a distinct CD45þZsGþ
population (0.2%) at W1 compared with the initial 0% background (see
Supplementary material online, Figure S5D). The generation of
CD45þZsGþ new blood cells by ZsG-labelled adult endothelium in the
VE-cadherin-CreERT2; ZsGreen double transgenic mice is quantitatively
summarized in Supplementary material online, Figure S6A. The significant
difference in CD45þ cells that express ZsG before (W0) and after
SuHx treatment (W1) in these mice would have to derive from ECs/
EPCs in adulthood. The exhaustion of ZsG-labelled progenitor cells may
be the reason for the disappearance of CD45þZsGþ cells at W3. The
time course of expression for CD45þZsGþ cells in the Tam-inducible
model over 3 weeks is similar to that in the constitutive model.13 In our

first control experiment, Tam-induced Creþ/–ZsGþ/– mice were
placed in Nx instead of SuHx for 3 weeks, and there was no develop-
ment of a CD45þZsGþ population in the PB of these mice (see
Supplementary material online, Figures S5E and S6B). In our second con-
trol experiment, Creþ/–ZsGþ/– mice were injected with vehicle corn
oil without Tam followed by SuHx induction of PH, and there were no
CD45þZsGþ cells in the PB of these mice throughout the 3 weeks of
SuHx treatment (see Supplementary material online, Figures S5F and
S6C). More importantly, we demonstrated that the emergence of
CD45þZsGþ cells is RUNX1-dependent, as the RUNX1 inhibitor Ro5-
3335 blocked the development of any such cells (see Supplementary ma-
terial online, Figure S6D and E). This RUNX1-dependent transformation
is reminiscent of that in the constitutive model which we reported ear-
lier.13 Combined, our lineage tracing experiments, in both constitutive
and inducible mouse models, suggest that under pathological conditions,
such as Hx or induction of PH, haematopoietic transformation of adult
endothelium may occur in a RUNX1-dependent manner.

3.9 Genetic deletion of Runx1 in adult
ECs/EPCs prevents SuHx-PH development
in mice
In order to conditionally delete Runx1 gene in adult ECs/EPCs, we cross-
bred Cdh5(PAC)-CreERT2 and Runx1(flox/flox) mice to generate the
Cdh5-CreERT2; Runx1(fl/fl) mice (Figure 5A and Supplementary material
online, Table S1). At 10–13 weeks of age, these inducible double trans-
genic mice were each treated with 2 mg of Tam daily for 5 days followed
by 1 week of incubation before SuHx-PH induction (Figure 5A). The loss
of Runx1 in mouse lung ECs upon Tam induction was verified per qRT–
PCR (Figure 5B). In a control experiment to demonstrate the endothelial
specificity of Runx1 deletion in the Cdh5-CreERT2; Runx1(fl/fl) mice, we
flow-sorted CD14þ monocytes from BM of these mice following tam
induction. In comparison with controls, no changes of Runx1 gene ex-
pression were found in the BM-derived CD14þ cells, indicating that en-
dothelial deletion of Runx1 did not affect Runx1 expression in myeloid
cells in this mouse model (Figure 5B). Under Nx conditions, Cdh5-
CreERT2; Runx1(wt/wt) mice, Cdh5-CreERT2; Runx1(fl/fl) mice treated
with corn oil, and Cdh5-CreERT2; Runx1(fl/fl) mice treated with Tam all
exhibited normal RVSP and RV/LV þ S ratio (Figure 5C and D). Under
SuHx conditions, Cdh5-CreERT2; Runx1(wt/wt) mice and Cdh5-
CreERT2; Runx1(fl/fl) mice treated with corn oil exhibited significantly
elevated RVSP and RV/LV þ S ratio (Figure 5C and D). However, when
the Cdh5-CreERT2; Runx1(fl/fl) mice were treated with Tam and placed
under SuHx conditions, they exhibited normal RVSP and RV/LV þ S ra-
tio, which were significantly less than those of the Cdh5-CreERT2;
Runx1(fl/fl) mice treated with corn oil and placed under SuHx condi-
tions, and were comparable with those values of the Cdh5-CreERT2;
Runx1(fl/fl) mice treated with Tam but placed under Nx conditions
(Figure 5C and D). These results suggest that genetic deletion of Runx1 in
adult ECs/EPCs prevents SuHx-PH development in mice.

3.10 Genetic deletion of Runx1 in cells of
myeloid lineage prevents SuHx-PH
development in mice
We crossbred LysM-Cre and Runx1(flox/flox) mice to generate the
LysM-Cre; Runx1(fl/fl) mice (Figure 6A and Supplementary material on-
line, Table S1). In 10- to 13-week-old mice, the loss of Runx1 in flow cy-
tometry sorted BM-derived CD14þ monocytes was verified per qRT–
PCR (Figure 6B). Under Nx conditions, LysM-Cre; Runx1(wt/wt) mice
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and LysM-Cre; Runx1(fl/fl) mice exhibited normal RVSP and RV/LV þ S
ratio (Figure 6C and D). Under SuHx conditions, LysM-Cre; Runx1(wt/
wt) mice developed elevated RVSP and RV/LV þ S ratio. However, un-
der SuHx conditions, the LysM-Cre; Runx1(fl/fl) mice maintained normal
RVSP and RV/LV þ S ratio, which were significantly less than those of
the LysM-Cre; Runx1(wt/wt) mice under SuHx conditions, and were
comparable with those values of the LysM-Cre; Runx1(fl/fl) mice kept in
Nx (Figure 6C and D). These results suggest that genetic deletion of
Runx1 in cells of myeloid lineage prevents SuHx-PH development in
mice.

3.11 Inhibition of RUNX1 dampens
macrophage activation in vitro
We used different sets of cell surface markers (CD14þCD80þ and
CD68þCD80þ) to quantify M1-polarized activation of human bone
marrow mononuclear cells (BMMNCs). Compared with untreated cells,
LPS and IFN-c treatment drastically increased the expression of CD14,
CD68, and CD80 in BMMNCs. Co-incubation of BMMNCs with the
RUNX1 inhibitor Ro5-3335, but not with vehicle alone, decreased M1-
polarized activation in a dose-dependent manner (see Supplementary
material online, Figure S7A and B). We also used different sets of cell sur-
face markers (CD163þCD206þ and CD11bþCD206þ) to indicate
M2-polarized activation of BMMNCs. Compared with untreated cells,
IL-4 and IL-13 treatment increased the expression of CD11b, CD163,
and CD206 in BMMNCs. Co-incubation of BMMNCs with the RUNX1
inhibitor Ro5-3335 had little effect on M2-polarized activation, although
a non-significant trend towards reduced M2 macrophages was seen at
the highest dose tested (see Supplementary material online, Figure S7C
and D). Similarly, compared with untreated cells, M1-polarized activation
of human THP1 cells drastically increased the expression of CD14,
CD80, and HLA-DR. Co-incubation of THP1 cells with Ro5-3335, but
not with vehicle alone, decreased M1-polarized activation in a dose-
dependent manner (see Supplementary material online, Figure S7E and
F). Combined, these results indicate that inhibition of RUNX1 can effec-
tively dampen overall activation of macrophages.

4. Discussion

Perivascular infiltration by macrophages is well described in PAH and in-
creasingly recognized as a major pathogenic component of pulmonary
vascular remodelling.6,28–33 Several studies have focused on the role of
perivascular macrophages infiltrating pulmonary arterioles. CD68þmac-
rophages are prominent in advanced obliterative plexiform lesions ob-
served in experimental and clinical PH,33 and Florentin et al.34 have
recently reported that inflammatory macrophage expansion in PH
depends upon mobilization of blood-borne monocytes. Blocking
CD68þ macrophage-derived leukotriene B4 prevents endothelial injury
and reverses PH in animal models of the disease.35 However, a recently
completed multi-centre prospective clinical trial of the leukotriene B4 in-
hibitor (Ubenimex) was not successful,36 nor was another trial of the IL-
1b receptor blocker anakinra.37 These failures suggest that blocking one
or more pro-inflammatory mediators will not be sufficient to impede
PAH development. Hence, our goal of the current study was to reverse
established PH by: (i) reducing the overall macrophage production
through blocking RUNX1-dependent myeloid-skewed haematopoiesis;
and (ii) inhibiting RUNX1-dependent macrophage recruitment and
activation.

In the present study, we used conditional labelling of adult endothe-
lium and lineage tracing to demonstrate that during the induction of PH,
a small proportion of adult ECs/EPCs undergo haematopoietic transfor-
mation to yield cells of myeloid lineage and that this phenomenon is me-
diated by RUNX1. Inhibition of RUNX1 was effective at preventing such
transformation, reducing macrophage recruitment in the lung and the
classical pro-inflammatory activation. Furthermore, tissue-specific dele-
tion of Runx1 gene either in adult endothelium or in cells of myeloid line-
age prevented the mice from developing SuHx-PH, suggesting that
RUNX1 is required for the development of PH. Finally, in the rat model
of SuHx-PH, administration of a RUNX1 inhibitor markedly attenuated
RVSP, RV hypertrophy, and vascular remodelling in three separate pro-
tocols demonstrating that this approach was effective at preventing the
disease, halting its progression and reversing established PH. Our addi-
tional experiments indicate that the RUNX1 inhibitor Ro5-3335 does
not act as a vessel dilator in the short term. Combined, these findings ex-
tend our previously published observations of RUNX1 inhibition in mu-
rine models of PH and suggest that targeting RUNX1 may be an effective
approach to treating PAH.

The importance of RUNX1-mediated haematopoietic transformation
of ECs/EPCs in PH has been questioned due to the small number of mye-
loid cells that can be traced to endothelial lineage and to previous studies
suggesting this transition does not occur in adult animals.38 In our recent
studies, we bred VE-cadherin-Cre; ZsGreen mice, and subjected these
constitutive transgenic mice to SuHx induction of PH.13 However, a
small number of the haemangioblasts are known to have VE-cadherin
promoter activity during early development of the embryo,39 which may
have resulted in labelling of some haematopoietic cells with ZsG, and
made it difficult to distinguish de novo CD45þ cells that derived from the
endothelium in adulthood. To eliminate this background in lineage trac-
ing, we acquired the inducible VE-cadherin-CreERT2 mice. These mice
have no constitutive expression of ZsG in embryonic haemangioblasts
meaning that the generation of CD45þZsGþ new blood cells in the VE-
cadherin-CreERT2; ZsGreen double transgenic mice would have to de-
rive from ECs/EPCs in adulthood. Importantly, CD45þZsGþ were
nearly undetectable in adult control mice, but increased approximately
10-fold within 2 weeks of starting SuHx and this increase was completely
blocked by inhibition of RUNX1. Nonetheless, the number of myeloid
cells that could be traced to endothelial lineage is most likely limited by
the labelling efficiency of the inducible VE-cadherin-CreERT2; ZsGreen
double transgenic mice used in the experiments. Our ability to charac-
terize CD45þZsGþ cells was very much limited due to the minuscule
output of these cells after the inducible VE-cadherin-CreERT2; ZsGreen
mice were treated with Tam and placed under SuHx conditions. Several
studies suggest that the haemogenic endothelium is not as transient in
nature as previously thought and may exist beyond the embryonic pe-
riod as an untapped haematopoietic reservoir.40–42 Our lineage tracing
experiments, in both constitutive13 and inducible mouse models in this
study, suggest that under pathological conditions, haematopoietic trans-
formation of ECs/EPCs may reactivate and contribute to adult haemato-
poiesis in a RUNX1-dependent manner.

Since homozygous Runx1 knockout mice exhibit an embryonic lethal
phenotype,12 additional experiments with genetic deletion of Runx1 in
adult endothelium or in cells of myeloid lineage were performed in this
study after the more superior Cdh5(PAC)-CreERT2 mouse developed
by Dr Ralf Adams22 became available to our lab. Importantly, our control
experiments testing Runx1 gene expression in the BM-derived CD14þ
monocytes of Tam-induced Cdh5-CreERT2; Runx1(fl/fl) mice indicate
that endothelial deletion of Runx1 did not affect Runx1 expression in
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myeloid cells in this mouse model. A causative role for RUNX1 in PH is
then strongly supported by the demonstration that that tissue-specific
knockout of Runx1 in adult ECs/EPCs or in cells of myeloid lineage prevents
SuHx-PH development in mice, and that inhibition of RUNX1 is sufficient
to both prevent and reverse PH in mice and rat models of PH. Thus, the
ability of RUNX1 to induce myeloid cell production through haemato-
poietic transformation of ECs/EPCs and to promote pro-inflammatory acti-
vation of monocytes/macrophages underscores its importance in the
pathogenesis of PAH. Recently, several large scale patient studies utilizing
whole genome sequencing in cohorts from Europe, the USA, and Japan
have independently identified mutations in the Sox17 enhancer region asso-
ciated with PAH.43–47 However, the mechanisms with which Sox17 muta-
tions lead to PAH is not understood. Notably, SOX17 can directly bind
Runx1 gene to repress haematopoietic cell fate during embryonic EHT,48

and small perturbations in SOX17 levels are accompanied by concomi-
tantly increased levels of RUNX1 driving haemogenic endothelium towards
a haematopoietic fate.49 Importantly, SOX17 was found to function as a
switch that directs cell fate of CD34þ progenitors towards an endothelial
vs. haematopoietic lineage.50,51 Thus, it is possible that loss of repression of
Runx1 by SOX17 in ECs/EPCs facilitates myeloid-skewed haematopoietic
transformation serving as the origin of inflammatory cells seen in PAH.

As a master-regulator transcription factor implicated in diverse signal-
ling pathways and cellular mechanisms during normal development and
disease, RUNX1 has recently also been proposed as a therapeutic target
for cardiovascular disease.52 McCarroll et al.53 conducted a study using
mice with an inducible cardiomyocyte-specific Runx1 deficiency, and pro-
vided evidence that Runx1 deficiency protects against adverse cardiac
remodelling after myocardial infarction. This finding was later corrobo-
rated by other investigators as well.54,55 Hence, novel therapies targeting
RUNX1 may be efficacious by impacting on multiple downstream signal-
ling pathways to mitigate adverse cardiac remodelling. Although tran-
scription factors were thought as unlikely and challenging druggable
targets in the past, transcription factor drivers of cancer have been di-
rectly targeted using small molecule inhibitors.56 The compound Ro5-
3335 and its analog Ro24-7429 were initially developed as anti-HIV drugs
that block HIV gene expression by inhibiting Tat-mediated transactiva-
tion.57–59 In 2012, Cunningham et al.18 first reported that Ro5-3335 was
able to directly interact with RUNX1 and its heterodimeric partner

CBFb, repress RUNX1/CBFb-dependent transactivation in reporter
assays, and repress RUNX1-dependent haematopoiesis in zebrafish em-
bryos. The investigators concluded that Ro5-3335 interacts with both
RUNX1 and CBFb, with stronger affinity for the former. However, Ro5-
3335 does not disrupt RUNX1–CBFb interaction completely, but
changes the conformation of their complex or increases the distance be-
tween RUNX1 and CBFb in the complex.18 Ro5-3335 was subsequently
used to inhibit RUNX1 in a variety of disease processes including in reti-
nal angiogenesis60 and acute myeloid leukaemia,61 and to suppress
macrophage-induced inflammation in septic shock.16 Studies on pharma-
cokinetics and pharmacodynamics of Ro5-3335 have been conducted,
and long-term administration of the compound is well-tolerated in
mice.18 In another series of studies, Illendula et al.62 synthesized a library
of analogs of compound AI-4-57 and characterized their activity as small
molecule inhibitors of RUNX-CBFb binding. The compound AI-4-57
was initially discovered to bind to the CBFb portion of the CBFb-
SMMHC fusion protein and inhibits its binding to the Runt domain of
RUNX proteins.63 AI-4-57 and its derivatives may also be tested as can-
didates for RUNX1 inhibition in SuHx-PH rats in future studies. In sum-
mary, by blocking RUNX1-dependent myeloid-skewed haematopoiesis
and macrophage recruitment and activation (Figure 7), inhibition of
RUNX1 prevents and reverses PH in the SuHx-PH model in rats. It may
be possible to use RUNX1 inhibitors to evaluate the role of RUNX1-
dependent aberrant haematopoiesis and macrophage activation in
patients with PAH. Thus, targeting RUNX1 may be a novel therapeutic
approach in the treatment of PAH.
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Translational perspective
RUNX1 inhibition in vivo reversed pulmonary hypertension and improved vascular remodelling in the Sugen/hypoxia-induced pulmonary hyperten-
sion model in rats. These findings suggest that, by blocking RUNX1-dependent endothelial to haematopoietic transformation and pulmonary macro-
phage recruitment and activation, targeting RUNX1 may be as a novel treatment modality for pulmonary arterial hypertension.
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