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Abstract 

Genetic defects in bone morphogenetic protein type-II receptor (BMPRII) signalling and 

inflammation contribute to the pathogenesis of pulmonary arterial hypertension (PAH). The 

receptor is activated by BMP ligands, which also enhance BMPR2 transcription. A small 

molecule BMP upregulator with selectivity on vascular endothelium would represent a 

desirable therapeutic intervention for PAH. 

We assayed compounds identified in the screening of BMP2 upregulators for their ability 

to increase expression of Inhibitor of DNA binding 1 (Id1), using a dual reporter driven 

specifically in human embryonic stem cell (hESC)-derived endothelial cells (ECs). These 

assays identified a novel piperidine (BMP upregulator 1, BUR1) with half-maximal effective 

concentration (EC50) of 0.098 μmol/L to increase endothelial Id1 expression. Microarray 

analyses and immunoblotting showed that BUR1 induced BMP2 and PTGS2 expression. 

BUR1 effectively rescued deficient angiogenesis in autologous BMPR2+/R899X ECs generated 

by CRISPR/Cas9 and patient cells.   

  BUR1 prevented and reversed PAH in monocrotaline (MCT) rats, it also restored BMPRII 

downstream signalling and modulated arachidonic acid pathway in the pulmonary arterial 

endothelium in Sugen 5416/hypoxia PAH model.  

 In conclusion, using stem cell technology we provide a novel small molecule compound 

that regulates BMP2 and PTGS2 levels which might be useful for the treatment of PAH.  

 

Keywords: Pulmonary arterial hypertension, stem cell based drug screening, BMP2 

upregulator, PTGS2 



Introduction 

Pulmonary arterial hypertension (PAH) is a progressive disease initiated by endothelial 

dysfunction and apoptosis. It results in the elevated pulmonary arterial pressure and right 

ventricular failure [1]. It has been proposed that dysfunctional endothelial cells have impaired 

cell-cell junctions and high permeability, facilitating infiltration of the smooth muscle layer by 

proinflammatory factors that induce proliferation [2]. Although there have been substantial 

advances in PAH therapeutics, the disease remains associated with high mortality [3, 4]. 

Current therapies, including endothelin receptor antagonists, phosphodiesterase 5 inhibitors 

and prostacyclin analogues, mainly affect pulmonary arterial vasoconstriction [5]. For this 

reason, it is necessary to develop additional approaches that directly improve vascular 

remodelling, which characterizes the pathology of PAH [6]. 

Bone morphogenetic protein (BMP) signalling plays a pivotal role in the development of 

the vascular system [7] and is involved in the maintenance and homeostasis of adult 

vasculature [8]. Heterozygous mutations in the gene encoding BMP type II receptor 

(BMPRII), a receptor for the TGFβ superfamily, have been found in approximately 80% of 

familial PAH cases and 15-20% of idiopathic PAH (IPAH) cases. Moreover, even in the 

absence of identifiable mutations, the expression level of BMPRII in the pulmonary 

vasculature is markedly reduced in IPAH [9-11]. Together, these findings suggest that 

rescuing BMPRII signalling with small molecular regulators with low toxicity may be a 

tractable approach to treat PAH [12].  

Maintaining a balance between local production of endothelial-derived prostanoids and 

leukotrienes is also important to maintain homeostasis in the pulmonary vasculature. 

Prostaglandin-endoperoxide synthase 2 (PTGS2, also known as Cyclooxygenase-2) is 

induced by hypoxia to increase production of Prostaglandin E2 (PGE2) in endothelial cells. 

Homozygous PTGS2 knockout mice developed severe PAH under chronic hypoxia. 

Conversely, arachidonate 5-lipoxygenase activating protein (ALOX5AP) binds arachidonic 

acid and transfers it to arachidonate 5-lipoxygenase (ALOX5), subsequently catalyzing it into 

leukotrienes, such as Leukotriene B4 (LTB4), high levels of which have been detected in PAH 

patients and in the Sugen 5416/athymic rat model of pulmonary hypertension [13]. 

Moreover, an ALOX5 inhibitor effectively reduced the pulmonary vascular remodelling in 

chronic Sugen 5416/hypoxia (SU/Hy) exposed rats [14]. 

Here, we report a hESC-based Id1-Venus-Luciferase dual reporter system and provide a 

small molecule BUR1, which activated BMPRII signalling in autologous BMPR2+/R899X human 

ECs and patient cells via BMP2. Microarray assays also revealed upregulated PTGS2 after 

the treatment with BUR1. In vivo, BUR1 not only prevented and reversed PAH in the MCT 

rats but also had effects on the SU/Hy rat model.  

 

Materials and Methods 

Chemical compound screening.  

The H9 hESCs was stably transfected with a construct (Id1-Venus-Luc-MC1-DTA) in which 

venus green fluorescent protein (GFP) and firefly luciferase were driven by the full length 

human Id1 promoter (±5 kilobytes). The reporter cells were seeded in 96-well plates and 31 

candidate chemical compounds were assigned to each well (obtained from the synthetic and 



natural library of the Institute of Medicinal Biotechnology, CAMS). After 4 hours, the 

luciferase activity of each well was calculated using the Dual-Luciferase® Reporter Assay 

System (Promega, Madison, USA). 

 

Generation of R899X heterozygous mutant lines.  

The H9 hESCs (WiCell, Madison, WI) were co-transfected with 30 μg Clustered Regularly 

Interspaced Short Palindromic Repeats (CRISPR) /Cas9 plasmids and 30 μg donor 

plasmids in E8 medium overnight via Lipofectamine® 3000 following manufacturer's 

instructions. GFP-positive cells were sorted and genomic DNA of colonies was extracted. 

Sequence primers were listed in the Supplemental Table 5. 

 

SU/Hy rat model.  

The SU/Hy rat model was established according to the details described previously [15]. At 

the end of 6-week model establishment, 4.5 mg/kg/day BUR1 or vehicle control 0.5% 

carboxymethyl cellulose (CMC) were daily administrated (intragastric, i.g.) for 3 more weeks 

before cardio-pulmonary phenotyping and sacrifice. 

 

Quantification of PGE2 and LTB4 in the rat plasma. 

Blood samples of rats in the SU/Hy model assay were collected. PGE2 and LTB4 levels in 

the plasma were respectively measured by Prostaglandin E2 high sensitivity ELISA Kit 

(Abcam) and LTB4 Parameter Assay Kit (R&D Systems) with a competitive ELISA method 

according to the manufactures’ instructions. 

 

Additional information about the details of the reporter lines generation, microarrays, EC 

differentiation from hESCs, CRISPR/Cas9 based mutation generation, immunostaining, 

MCT, SU/Hy animal models and other experiments can be found in the online supplemental 

material. 

 

Results 

Design and validation of a reporter hESC cell line for BMPRII signalling.  

BMPs, including BMP9 and BMP2, have been shown to increase BMPRII and downstream 

signalling in vascular cells [15, 16]. It is desirable to identify a small chemical compound 

modulating BMP9 or BMP2 for clinical application. Using BMP2-LUC-MC3T3 stable cells, 31 

compounds were identified for their ability to regulate BMP2 expression from a previous 

screening of 8 160 small molecular chemicals [17]. To test the ability of these compounds to 

activate BMPRII signalling on endothelial cells, we generated hESCs-Id1-Venus-Luc dual 

reporter lines with luciferase gene driven by the full length Id1 promoter for further validation 

(Figure 1a). Although clone 2 (CGMCC11091) did not show the highest activity upon BMP4 



stimulation [18, 19], this clone was selected for validation because the luciferase activity in 

this cell line correlated well with the induced Id1 mRNA level in the presence of BMP4. Its 

induced luciferase activity by BMP4 demonstrated a time- and concentration- dependent 

pattern (Figure 1b). As demonstrated by the Z-factor (0.76), the response of this cell line was 

considered suitable for a high-throughput screening assay (Supplemental Table 1) [17]. 

Among the 31 candidate compounds, most of the 12 BURs displayed more than a 2-fold 

luciferase activity, which reached a high plateau at a lower dose than 19 OURs (OPG 

upregulator) (Figure 1c and 1d). 

 

Identification of a novel BMP2 upregulator in human endothelial cells. 

To further validate the effectiveness of the BUR series of compounds on vascular cells, we 

differentiated CGMCC11091 into CD31-positive cells [20] (Figure 1a and Supplemental 

Methods). BUR1 significantly increased the Id1 promoter-driven luciferase activity at the 

nanomolar level in CD31-positive endothelial cells. Compared with 11 other BUR 

compounds, BUR1, 1-{1-pheyl-1H-pyrazolo [3,4-d]pyrimidin-4-yl} piperidine was relatively 

more effective, showing the lowest EC50 at 0.098 μmol/L; moreover, BMPRII was 

upregulated by BUR1 in the human pulmonary arterial endothelial cells (PAECs). Thus, it 

was selected for further analysis (Figure 2a). The maximum regulation rate (luciferase 

activity/control luciferase activity) achieved using 1 μmol/L of BUR1 was 2.23. To understand 

the activity of BUR1 on endothelial cells, we stimulated blood outgrowth endothelial cells 

(BOECs) from a PAH patient with BUR1 for 24 hours as previous screening and assessed 

the transcriptomic changes using microarray analysis. BUR1 induced the differential 

regulation of 112 genes (adjusted P-value<0.05), including BMP2 and PTGS2. Although 

other BMP ligand transcripts appeared when cells were stimulated with a low dose of BUR1, 

BMP2 was consistently upregulated in all tests performed (Figure 2b). The enhanced 

expression of BMP2 and PTGS2 was confirmed by QPCR after 24 hours BUR1 stimulation 

(Supplemental Figure 1a). We also found their increased expression by QPCR and 

immunoblotting after 4 hours of BUR1 stimulation (Figure 2c, 2d).  

 

Low doses of BUR1 enhance the expression of Id1 and phosphorylation of Smad1/5 

via BMPRII and ActRII in PAECs.  

We treated cells with BUR1 for various time points from 15 minutes to 24 hours. The 

Smad1/5 phosphorylation peaked at 30 minutes, with maximum stimulation and nuclear 

translocation occurring at 1 hour; BUR1 rapidly induced Id1 protein at 15 minutes, reached 

plateau at about 1 hour and prolonged to 24 hours (Figure 3a, Supplemental figure 1). To 

evaluate the specificity and effectiveness of BUR1 in PAECs, we treated cells with low doses 

of BUR1 at 1 hour, BUR1 induced Id1 expression in PAECs in a dose-dependent manner 

(Figure 3b). At a concentration of 0.2 μmol/L, BUR1 enhanced Id1 and Id2 mRNA 

expression in PAECs (about 2.2-fold). Nanomolar level of BUR1 increased BMPR2 mRNA 

which confirmed the regulation of BMPRII signalling by BUR1 at the transcriptional level 

(Figure 3c, Supplemental Figure 1a). Considering the consistency of transcriptional and 

translational regulation of BMPRII downstream effectors, a concentration of 0.2 μmol/L was 

used for the following experiments. To further investigate which receptors mediate the 

activation of BMPRII signalling, we employed the selective inhibitor LDN-193189 to block the 

BMP type I receptor-mediated pathway. LDN-193189 attenuated the downstream signalling 



in a dose-dependent manner (Figure 3d). When we used BMP9 in place of serum, inhibition 

by LDN-193189 was still observed (Supplemental Figure 2). Next, we confirmed that BUR1 

and BMP9 had a synergistic effect on the phosphorylation of Smad1/5 (Supplemental Figure 

3). Furthermore only co-treatment with activin A receptor type II (ActRII) and BMPRII siRNA 

reduced the Id1 expression to basal levels (Figure 3e). Activin A receptor type 1 (ALK2) 

knockdown was also found to reduce BUR1-mediated phosphorylation of Smad1/5 (Figure 

3f and Supplemental Figure 4). A truncated BMP2 promoter assay demonstrated that the 

Smad binding element (SBE), not the retinoic acid responsive element was responsible for 

BMP2 transcription activation by BUR1 stimulation (Supplemental Figure 5). We also tested 

other cell types, including BOECs, human umbilical vein endothelial cells (HUVECs), 

cardiomyocytes and human pulmonary arterial smooth muscle cells (PASMCs). The 

expression of BMPRII was increased by BUR1 in BOECs and HUVECs, but not in the 

cardiomyocytes. PASMCs showed mild increases in BMP2 protein expression as 

cardiomyocytes, and less change of BMPRII signalling compared to ECs. PTGS2 was also 

elevated by BUR1 treatment in the cardiomyocytes (Supplemental Figure 6). Taken 

together, these findings suggested that BUR1 upregulated BMP2 through SBE, then 

enhanced BMPRII signalling via ALK2 mainly in ECs.  

 

BUR1 enhances canonical and non-canonical BMP signalling and reverses tube 

formation defects in BMPRII deficient ECs.  

To further test the effects of BUR1 on HPAH caused by a premature stop mutation, we 

employed the CRISPR/Cas9 system to generate the R899X autologous heterozygous 

mutation (Figure 4a and 4b, Supplemental Figure 7, Supplemental Table 2 and 3). To 

assess the effects of haploinsufficiency on vascular formation, we differentiated the targeted 

lines in parallel with autologous wild-type hESCs. The expression of Apelin, a ligand that 

specifically binds the G protein–coupled receptor APJ in endothelial cells [21] was 

significantly reduced in the heterozygous cell line (Figure 4a) [22]. We employed 

differentiated BMPR2+/R899X ECs to assess the BMPRII signalling in response to BUR1, and 

we observed enhanced Apelin and Id1 expression (Figure 4b). Using BOECs from IPAH 

patients, we also demonstrated that BUR1 enhanced BMPRII signalling (Figure 4c). 

Furthermore, BUR1 rescued tube network formation similarly to VEGF in patient ECs (Figure 

4d) and BMPR2+/R899X ECs (Supplemental Figure 7d). Although Id1 is known to enhance the 

stability of HIF proteins to promote tube formation, we did not find significantly affected HIF-

1α, HIF-2α and its downstream target arginase-1 in cultured PAECs and in the pulmonary 

arteries of SU/Hy-treated rats (Supplemental Figure 8). 

 

BUR1 prevents and reverses MCT-induced PAH in rats.  

Next, we assessed whether BUR1 could prevent vascular remodelling in a PAH animal 

model [23]. As shown in Figure 5a, one week after MCT injection, BUR1 treatment (4.5 

mg/day, i.g.) for 3 weeks resulted in significantly reduced pulmonary arterial pressure and 

right ventricular systolic pressure (RVSP, 35±1.5 mmHg) compared with those of the saline-

treated group (45±1.5 mmHg). Treatment with BUR1 also prevented right ventricular 

hypertrophy and thickening of the peripheral pulmonary artery in the MCT rat. Although 

preventative treatment with another antihypertensive agent formononetin [24] reduced RVSP 

in the MCT-PAH model, the non-specific reduction in mean systemic arterial pressure (MAP) 



excluded its potential as a treatment of PAH. A comparison of the efficacy of daily 

administration of 0.45, 4.5, and 45 mg/kg in rats (i.g.) revealed that the medium and high 

doses of BUR1 have similar effects on the prevention and survival of the animal model 

without a change in systemic blood pressure (Figure 5a).  

The administration of BUR1 for 2 weeks following 21 days of exposure to MCT confirmed 

the efficacy of BUR1 as a treatment that reverses MCT-induced damage (Figure 5b). 

Significant decreases in RVSP and the right ventricular hypertrophy were recorded. There 

were no significant differences in MAP or body weight between the MCT saline and BUR1 

treated MCT rats (data not shown). The muscularization of the peripheral pulmonary artery 

was also partially reversed by BUR1 treatment (Figure 5b). Immunoblotting and 

quantification of p-Smad1/5 and Id1 in whole lung cell lysates from control, MCT saline and 

BUR1-treated MCT rats revealed that canonical BMP signalling was improved in the BUR1-

treated group (Figure 5c). BMPRII staining was detected in the CD146 positive endothelial 

cells, the downregulated BMPRII expression in MCT-rats was rescued by BUR1 treatment 

(Figure 5d). The improved BMPRII downstream signalling, anti-proliferation and reduced 

macrophage infiltration by BUR1 treatment was further confirmed by immunostaining in 

pulmonary arteries of the BUR1 treated rats (Supplemental Figure 9). Using BMP2 as a 

positive control, the assessment of alkaline phosphate expression after chronic treatment 

showed that BUR1 had no osteogenic effects on PAECs (Supplemental Figure 10). Further 

pharmacological studies showed BUR1 has low toxicity and half-life of about 12.7 hours in 

aqueous solution at 37 °C (Supplemental Figure 11 and 12). 

 

BUR1 attenuates PAH in the SU/Hy rat model by enhancing BMP signalling. 

After administration of one single dose of Sugen, the rats were placed in chronic hypoxia for 

three weeks, followed by a three-week period of normoxia. At the end of the normoxia 

period, SU/Hy-treated rats showed increased RVSP (97±12 mmHg) compared with that of 

the control group (34±5 mmHg). Over the following 3 weeks, 4.5 mg/kg of BUR1 were 

administered daily. It resulted in a reversal of established PAH, including a reduction in 

RVSP, mean pulmonary arterial hypertension (mPAP) and right ventricular hypertrophy 

(Figure 6a). There were no significant differences in MAP between the SU/Hy and 

SU/Hy+BUR1 rats (Figure 6b). Assessment of left ventricular function demonstrated that 

cardiac output and TAPSE were reversed in SU/Hy rats treated with BUR1 compared to 

vehicle (Figure 6c, Supplemental Figure 13 and Table 4). We also showed that p-Smad1/5 

and Id1 signalling were co-localized with CD31+ endothelial cells in the pulmonary distal 

arteries. In SU/Hy rats, there was reduced Id1 and p-Smad1/5 staining in obliterated 

pulmonary vasculature, which consisted of apoptosis-resistant endothelial precursor cells. 

Lastly, upregulated canonical BMP signalling was confirmed in the BUR1-treated group 

(Figure 6d).  

BUR1 modulates PTGS2 and ALOX5AP in pulmonary arterial endothelium. 

PTGS2 may be another important factor involved in the BUR1-attenuated PAH. However, 

another important regulator of arachidonic acid metabolism pathway, ALOX5AP showed an 

opposite expression trend when treated by BUR1 (Figure 7a). Prolonged incubation with 

BUR1 for 24 hours altered the PTGS2 and ALOX5AP protein levels consistently with those 

at earlier time points (Figure 7b and Figure 2d). Expression of Ptgs2 and Alox5ap were both 



increased in the SU/Hy rat lung lysates (Figure 7c) and in the thickened vasculature of 

SU/Hy rat lungs. Ptgs2 expression maintained at the high level as SU/Hy group, whereas the 

expression of Alox5ap reduced to the baseline levels by the treatment of BUR1 (Figure 7d). 

Besides, the expression of PTGIS and TBXAS1, downstream enzymes in the PTGS2 

cascade, were differentially regulated by BUR1 stimulation in the PAECs (Supplemental 

Figure 14a and 14b). Moreover, the expression of genes involved in metabolism of LTB4 

markedly diminished in the lungs from BUR1 treated animals compared to SU/Hy rats 

(Supplemental Figure 14c). To further understand the comprehensive modulation of 

eicosanoid metabolites, we measured the PGE2 and LTB4 levels in the plasma of SU/Hy rats 

and those treated with BUR1. Although both of them were upregulated in SU/Hy rat plasma, 

LTB4 demonstrated robust reduction upon BUR1 treatment (Figure 7e). Taken together, 

these results indicated that the BUR1 modulated PTGS2 towards an anti-inflammatory effect 

in pulmonary vasculature.    

Discussion 

Previous reports have suggested increasing endothelial BMPRII signalling as a strategy to 

improve pulmonary vascular remodelling in PAH. Here, we report a new BMP2 regulator, 

BUR1, which regulates BMPRII signalling and the arachidonic acid pathway in PAECs. It 

effectively prevents and reverses PAH in rat models of disease. To provide an autologous 

and comparable model of heritable PAH, we also generated a disease-causing mutation in 

hESC-ECs to assess the mechanisms of new small molecule compounds. 

BMP signalling is mediated by the formation of heteromeric receptor complexes of type II 

and type I receptors [25]. BMPRII signalling includes the canonical and non-canonical 

pathways, which are both affected by BMPRII deficiency in PAH. Canonical BMP signalling 

involves Id proteins, which function as downstream targets of Smad1/5/8 activation [26-28]. 

Id1 transcription is significantly increased by BMP2 in endothelial cells, we combined a 

primary screening for an upregulator of BMP2 and a secondary screening of an activator of 

the Id gene transcription in hESC derived endothelial cells to selectively narrow the scope of 

the positive hits. We differentiated dual reporter line into ECs to meet the needs to test the 

compounds selectively.  

BUR1 is a chemical with a planar structure of pyrazolopyrimidine core. The closest 

structure reported is that of the {1H-pyrazolo[3, 4-D]pyrimidin-4-yl}-piperidine compound, 

which functions as a serine-threonine and tyrosine kinase modulator for the treatment of 

immunological, inflammatory and proliferative diseases. Among other analogs, BUR1 has 

the lowest EC50 towards upregulation of BMP2 and Id1 transcription. We also considered 

that BUR1 may have the same action as the pyrimidinone core of sildenafil, which 

competitively blocks the hydrolysis of cyclic guanosine monophosphate by 

phosphodiesterase type 5 (PDE5). However, although these compounds share structural 

similarities, BUR1 demonstrates a much lower inhibitory effect on PDE5A1, showing an 

IC50>20 μmol/L. Thus, it is possible that BUR1 acts via the tyrosine kinase to modulate BMP 

signalling. We also investigated the off-target effects of BUR1 on the osteogenesis of C2C12 

cells and showed that BUR1 did not induce alkaline phosphatase activity to the same degree 

as BMP2. 

BUR1 demonstrated its potential as a regulator of BMPRII signalling with an EC50 of about 

0.098 μmol/L in the hESCs-Id1-Venus-Luc reporter system. Moreover, BUR1 enhanced 

BMP2 and PTGS2 expression in ECs. We also found that a low dose of BUR1 effectively 

http://xueshu.baidu.com/s?wd=paperuri%3A(bf049c9cb3ee89450f2f03dd61a25c7f)&filter=sc_long_sign&tn=SE_baiduxueshu_c1gjeupa&ie=utf-8&sc_ks_para=q%3D%5B1H-pyrazolo%5B3%2C%204-D%5Dpyrimidin-4-yl%5D-piperidine%20or%20-piperazine%20compounds%20as%20serine-theoronine%20kinase%20modulators%20(P70s6k%2C%20Atk1%20and%20Atk2)%20for%20the%20treatment%20of%20immunological%2C%20inflammatory%20and%20proliferati%E2%80%A6
http://xueshu.baidu.com/s?wd=paperuri%3A(bf049c9cb3ee89450f2f03dd61a25c7f)&filter=sc_long_sign&tn=SE_baiduxueshu_c1gjeupa&ie=utf-8&sc_ks_para=q%3D%5B1H-pyrazolo%5B3%2C%204-D%5Dpyrimidin-4-yl%5D-piperidine%20or%20-piperazine%20compounds%20as%20serine-theoronine%20kinase%20modulators%20(P70s6k%2C%20Atk1%20and%20Atk2)%20for%20the%20treatment%20of%20immunological%2C%20inflammatory%20and%20proliferati%E2%80%A6
http://xueshu.baidu.com/s?wd=paperuri%3A(bf049c9cb3ee89450f2f03dd61a25c7f)&filter=sc_long_sign&tn=SE_baiduxueshu_c1gjeupa&ie=utf-8&sc_ks_para=q%3D%5B1H-pyrazolo%5B3%2C%204-D%5Dpyrimidin-4-yl%5D-piperidine%20or%20-piperazine%20compounds%20as%20serine-theoronine%20kinase%20modulators%20(P70s6k%2C%20Atk1%20and%20Atk2)%20for%20the%20treatment%20of%20immunological%2C%20inflammatory%20and%20proliferati%E2%80%A6


increased Smad1/5 activation and Id1 transcription in PAECs. The sequential drug discovery 

steps from standard screening with micromolar level of BUR1 at 24 hours to scope the 

selective and effective dosage (0.2 μmol/L). At early time point BUR1 shows the effects on 

BMPRII signalling, at later time point the indirect effects of PTGS2 and other factors become 

apparent which could be beneficial for long term treatment. We found that BMP2 was 

consistently upregulated from early time points to 24 hours, when the conveyed signal 

enhanced the expression of BMPRII. We further investigated the mechanism of BMPRII 

signalling activation at early time point by BUR1 using LDN-193189 to block type I and II 

receptors in the presence of 0.1% serum, demonstrating that canonical BMP signalling was 

diminished in a dose-dependent manner. Our findings indicate a dose-dependent blockade 

of LDN-193189 on BUR1 activation in the presence of BMP9. Using a specifically designed 

siRNA to knockdown BMPRII and ActRII receptors, the reduced levels of Id1 implicated both 

of these receptors as components in BUR1-stimulated canonical BMP signalling. We further 

clarify the regulation of BUR1 on BMP2 transcription is through enhancing Smads binding on 

its promoter with a promoter deletion assay. 

We employed the CRISPR/Cas9 genetic targeting tool to generate the R899X point 

mutation in hESCs. This model system has the following benefits: first, this system provides 

an unlimited, expandable resource of human BMPR2+/R899X ECs. Although puromycin 

completely recovered the mutant transcript in cells obtained from the BMPR2+/R899X mouse, it 

exhibited only a partial effect in human cells [15]; second, this system generates an 

autologous counterpart mutant to minimalize the variation between biological individuals; 

and finally, it is possible to study the effects of the genetic factors on the development of 

human subjects. Furthermore, a recent study demonstrated that iPSCs from I/HPAH 

differentiated into ECs have the same gene expression profile as PAECs from the same 

patient [29].The presence of remaining BMPRII maintained the basal activation of canonical 

BMP signalling via Smads by BUR1. Moreover, we confirmed the elevation of BMPRII 

signalling using the same treatment in endothelial cells from PAH patients with BMPRII 

deficiencies.  

Significantly promoted PTGS2 expression and simultaneously reduced ALOX5AP 

expression level was found in BUR1 treated ECs and SU/Hy rat pulmonary arteries. We 

were able to show increased PTGS2, which could be induced by BMP2 in PAECs from 

BUR1 treatment. And activating transcription factor-2, Runt-related transcription factor-2 

were reported to be activated by BMP2 to bind on the proximal promoter of PTGS2 [30]. 

Meanwhile LTB4 production diminished with reduced expression of ALOX5AP to oxidate less 

arachidonic acid after BUR1 treatment. We also detected the mild increase of PGE2 

production as a vasodilator in the plasma from treated SU/Hy rats. PGE2 is a critical 

mediator of inflammation that induces both pro- and anti-inflammatory effects and signals via 

four different signalling-E prostanoid (EP) receptors, EP1-EP4 [31, 32]. In the lungs, PGE2 

also exhibits various effects, such as pulmonary vascular remodeling and inflammatory 

regulation [33]. In this study, the balance of arachidonic acid metabolism in the PAECs was 

tipped by BUR1 to the PTGS2 rather than ALOX5AP, leading to an elevated PGE2/LTB4 

ratio in the pulmonary endothelium from BUR1 treated PAH rats. These results indicated that 

the BUR1 modulates PTGS2 to favour the balance toward an anti-inflammatory response in 

experimental PAH (Figure 8).  

Our in vivo studies demonstrated the potential of BUR1 as a therapeutic agent for PAH. 

We tested three different doses of BUR1 in a prevention study using the MCT rat model and 



selected the dose of 4.5 mg/kg/day, which proved to be efficient in halting the progression of 

PAH. The reversal of established PAH in MCT rats was achieved via treatment with BUR1, 

which reduced RVSP and medial hypertrophy following the administration of monocrotaline. 

We also demonstrated the restoration of BMPRII signalling in the pulmonary arterial wall of 

BUR1-treated rats. A more promising result of this study was obtained from chronic hypoxia 

together with Sugen induced rat model of PAH, and following haemodynamic tests including 

echocardiography; in this experiment, BUR1 not only attenuated phosphorylated Smad1/5 

and Id1 protein levels, but also regulated the balance of PTGS2 and ALOX5AP expression 

in the neointimal lesion, which indicated targeting BMPRII signalling to potentiate anti-

inflammatory effects as a therapeutic strategy for PAH.  

In conclusion, this study provides insight into the development of a BMPRII signalling 

targeting therapeutic strategy for PAH. Using a stem cell reporter line, we identified a 

selective BMP2 upregulator in ECs. The enhanced BMPRII signalling by BUR1 was 

observed not only in PAECs but also in autologous mutant hPSC-ECs and BOECs obtained 

from PAH patients. It also balances arachidonic acid metabolism toward PTGS2-driven anti-

inflammatory effects. By using the MCT and SU/Hy PAH animal models, we were able to 

provide a novel structural type for the treatment of PAH and other related diseases (Figure 

8). 
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Figure legends 

Figure 1. Stem cell-based screening for activators of BMPRII signalling. 
(a) Schematic outline of the primary screening for BMP2 upregulators and generation of dual 
reporter hESC-ECs for secondary screening of activators of Id1 transcription. See the text 
for further details. Representative bright field (BF) and fluorescent images of the generated 
Id1-Venus-Luc dual reporter hESCs (H9). The Id1-Venus-Luc dual reporter line was 
differentiated into ECs; fluorescent images show CD31 and VE-cadherin staining (VE-cad) 
and DAPI-stained nuclei (DAPI). Scale bars, 100 μm in both bright field (BF) and fluorescent 
images. (b) Id1-Venus-Luc activity was detected in 3 different stable lines after 4 hours of 
treatment with or without 10 ng/mL BMP4. Id1 mRNA normalized to UBC mRNA in the same 
3 reporter lines (n=3). Id1-Venus-Luc activity was determined at different time points (with or 
without 10 ng/mL BMP4, 1 to 4 hours) (n=4) or with different concentrations of BMP4 (2.5, 5, 
10 ng/mL) after 4 hours of treatment (n=4). (c) Cells were incubated for 24 hours with 0.1% 
DMSO (control) or 2 μg/mL or 10 μg/mL compounds from 31 candidate chemicals; the 
relative luminescence units were then detected. Representative examples of the regulation 
rate by most BUR series compounds (more than 2-fold) (n=3). (d) Percentage of luciferase 
activity of representative BUR1 and OUR4 compounds (n=3). ** P < 0.01 and *** P < 0.001. 
 

Figure 2. Identification of a novel BMP2 upregulator in human endothelial cells. 

(a) Luciferase activity of Id1-Venus-Luc hESC-ECs upon stimulation with serially diluted 

concentrations of BUR1 (from 0.05 to 1 μmol/L) and chemical structure of BUR1 were 

showed. Representative western immunoblotting showed the protein expression levels of 

BMPRII following stimulation with BUR1 at the indicated concentrations in PAECs. The 

results are normalized against GAPDH (n=3). (b) Volcano plots of differentially expressed 

genes in BOECs treated with 1 μmol/L BUR1 (n=3, P < 0.05, 1-way ANOVA). (c) Relative 

mRNA expression level of BMP2 in PAECs after stimulation with 0.1, 1, 10, 25 µmol/L BUR1 

in medium containing 0.1% FBS for 4 hours; results are normalized to GAPDH (n=3). 

Representative western immunoblotting showed the protein expression level of BMP2 

following stimulation with BUR1 for 4 hours at the indicated low concentrations in PAECs. (d) 

Relative mRNA expression level of PTGS2 in PAECs after stimulation with BUR1 at 0.1, 1, 

10, 25 µmol/L in medium containing 0.1% FBS for 4 hours (n=3). Representative western 

immunoblotting showed the protein expression levels of PTGS2 following stimulation with 

BUR1 for 4 hours at the indicated concentrations in PAECs. The PAECs of passages 4 and 

6 were applied in these experiments. ** P < 0.01, *** P < 0.001and **** P < 0.0001. 

 

Figure 3. Low doses of BUR1 enhance canonical BMP signalling via BMPRII and 

ActRII.  

(a) Representative immunoblotting and relative densitometric analyses of PAECs showed 

the protein expression levels of p-Smad1/5 and Id1 following stimulation with 0.2 μmol/L 

BUR1 at different time points or 1 ng/mL BMP9 for 1 hour; the results are normalized to 



GAPDH (n=3). (b) Representative western blotting and relative densitometric analyses of 

PAECs demonstrated the protein expression levels of Id1 and p-Smad1/5 following 

stimulation with a low dose of BUR1 (0.01, 0.05, 0.1, or 0.2 μmol/L) or 1 ng/mL BMP9; the 

results are normalized to GAPDH (n=3). (c) Relative mRNA expression levels of BMPR2 

were detected in the unstimulated (CON) or stimulated PAECs after treatment with low 

doses of BUR1 (0.1, 0.2 or 0.5 μmol/L) for 1 hour. BMP9 (10 ng/mL) was used as a positive 

control; the results are normalized to GAPDH (n=3). Relative mRNA expression levels of Id1 

and Id2 were detected at the same pattern after treatment with low doses of BUR1 (0.01, 

0.05, 0.1, or 0.2 μmol/L) (n=3). (d) Representative western blotting and relative 

densitometric analyses of PAECs showed the protein expression levels of p-Smad1/5 and 

Id1 following stimulation with 0.2 μmol/L BUR1 for 1 hour, with or without pre-incubation with 

different concentrations (0.01 μmol/L-1 μmol/L) of the kinase inhibitor LDN-193189 for 30 

minutes; the results are normalized to GAPDH (n=3). (e) In PAECs pretreated with non-

targeting control siRNA (siNC), BMPRII or ActRII specific siRNA, immunoblotting showed 

that 0.2 μmol/L BUR1 induced BMPRII expression and Smad1/5 phosphorylation; the 

densitometry results are shown below (n = 3). (f) Immunoblotting with the Id1 antibody 

showed the effects of individual siRNAs (type I receptor) on Id1 protein expression; the 

results are normalized to GAPDH (n = 3). The PAECs of passages 4 and 6 were applied in 

these experiments. * P < 0.05, ** P < 0.01, *** P < 0.001 and **** P < 0.0001. 

 

Figure 4. BUR1 enhances BMP signalling and tube formation in autologous 

BMPR2+/R899X ECs and BOECs from PAH.  

(a) Morphological changes and relative mRNA expression of BMPR2 upon ECs induction at 

day0 (D0), day5 (D5) and day10 (D10) in BMPR2 wild type (Wt), heterozygous 

(BMPR2+/R899X, Heter) cell lines. Scale bars, 200 μm. Western immunoblotting and QPCR 

results showed the protein levels and mRNA levels of BMPRII and Apelin in Wt and Heter-

ECs, respectively (n=3). (b) Protein expression levels of Apelin and Id1 in Wt and Heter-

ECs. The results were normalized to GAPDH. Cells were unstimulated (CON) or stimulated 

with 1 ng/mL tacrolimus (FK506) or 0.2, 1 μmol/L BUR1 in 0.1% serum for 1 hour after 

serum-starvation for 16 hours (n=3). (c) QPCR and Western immunoblotting result showed 

the mRNA level of BMPR2 and protein levels of BMPRII, p-Smad1/5 and Id1 in BOECs from 

healthy donor (HD) and PAH patient (PAH) normalized to GAPDH. Cells were unstimulated 

(CON) or stimulated with BUR1 at 0.2 μmol/L (QPCR), 0.2 and 1 μmol/L (western 

immunoblotting) in 0.1% serum for 4 hours after starvation (n=3). (d) Representative images 

of tube formation by BOECs from HD or PAH in various conditions. After serum-starvation 

for 16 hours, a total of 20 000 cells was added into 48-well plates pre-coated with matrigel. 

The cells were stimulated with 30 ng/mL VEGF or 0.2 μmol/L BUR1, in parallel with 

unstimulated cells as control (CON). The formation of tube-like structure was detected at 4 

hours post-seeding. Scale bars, 200 μm. The number of junctions, number of branches and 

total length of branches in ten fields of each assay were quantitatively analyzed using 

ImageJ software (n=3). The BOECs of passages 4 and 6 were applied in these experiments. 

Black arrow indicated the 16 kDa dimer form of Apelin protein. * P < 0.05, ** P < 0.01, *** P 

< 0.001 and **** P < 0.0001 versus CON in the corresponding group; ## P < 0.01, ### P < 

0.001 and #### P < 0.0001 versus HD CON. 

 



Figure 5. BUR1 prevents and reverses MCT-induced PAH.  

(a) Assessment of RVSP, right ventricular hypertrophy [RV/(LV+S)] and MAP in rats on a 

prevention protocol given vehicle (CON, n=6) or MCT (subcutaneously, s.c.) for 1 week and 

subsequently treated with vehicle (MCT, n=6) or BUR1 (BUR1, n=6, i.g.) from day 8 to 21. 

Pulmonary arterial wall thickness was quantified by the percentage of media wall thickness 

to diameter (diameter between 50-100 μm, n=6 for each group, 10 fields for each slide). (b) 

Assessment of RVSP, RV/(LV+S) and MAP in rats on a reversal protocol given vehicle 

(CON) or MCT (55 mg/kg, s.c., n=18) treated with saline (MCT, n=9) or BUR1 (BUR1, n=9, 

4.5 mg/kg) from days 21-35 post-MCT, the muscularization was analyzed in pulmonary 

arteries with diameter between 30-80 μm. (c) Representative immunoblotting and 

densitometric analyses for the protein expression levels of phosphorylated Smad1/5 and Id1 

in whole lung lysates from rats of reversal treatment (n=3). (d) Representative confocal 

images of immunofluorescence staining from five slides for CD146 (red) and BMPRII (green) 

from the lung sections of control (CON) and MCT exposed rats treated with saline (MCT) or 

BUR1 (BUR1) following the reversal protocol (n=6). The pulmonary arterial endothelial cells 

were indicated by the arrows. Nuclei were counterstained with DAPI (blue). Scale bars, 20 

μm. ns, not significant, * P < 0.05, ** P <0.01 and *** P < 0.001. 

 

Figure 6. BUR1 attenuates SU/Hy-induced PAH.  

Rats were given vehicle (CON, n=6) or challenged with SU-5416 (s.c.), maintained in 

hypoxia for 3 weeks and then in normoxia for 3 weeks. After daily treatment with CMC 

vehicle (SU/Hy, n=6) or BUR1 (SU/Hy+BUR1, n=6, i.g.) for another 3 weeks, the 

haemodynamic indexes of RVSP, mPAP and RV/(LV+S) (a), MAP (b), cardiac output (c) 

were assessed at 9 weeks in rats. (d) Representative confocal images of 

immunofluorescence staining from five slides for CD31 (red) and Id1 (green), CD31 (red) 

and p-Smad1/5 (green) from control, SU/Hy, SU/Hy+BUR1 lung sections (n=6). Nuclei were 

counterstained with DAPI (blue). White arrow indicates the localization of Id1 in the nucleus. 

Scale bars, 20 μm. ns, not significant, ** P < 0.01, *** P < 0.001 and **** P < 0.0001. 

 

Figure 7. BUR1 modulates PTGS2 and ALOX5AP in PAECs and rat lungs. 

(a) Relative mRNA and protein expression of ALOX5AP by different dose of BUR1 treatment 

for 4 hours in the PAECs, the densitometric analysis of protein expression is shown at right 

panel (n=3). (b) Representative western immunoblotting showed the expression of PTGS2 

and ALOX5AP by different dose of BUR1 treatment for 24 hours in the PAECs, the 

densitometric analyses are shown at right panels (n=3). (c) Relative mRNA expression of 

Ptgs2 and Alox5ap in whole lung lysates from rats (n=3). (d) Representative images of 

immunofluorescence staining for Ptgs2 or Alox5ap (red) and CD31 (green) were from five 

slides (n=6). DAPI (blue) showed nuclei in lung sections from the rats. Scale bars, 20 μm. (e) 

PGE2 and LTB4 levels in the plasma of SU/Hy rats and those treated with BUR1 were 

measured (n=3). The PAECs of passages 4 and 6 were applied in these experiments. ns, 

not significant, * P < 0.05, ** P < 0.01, *** P < 0.001 and **** P < 0.0001. 

 



Figure 8. Proposed stem cell based drug screening and validation system. 

BUR1, a piperidine, was identified by Id1-Venus-Luc dual reporter hESC-ECs as BMPRII 

signalling regulator among small molecule compounds. In vitro, BUR1 enhanced the 

transcription of BMP2, and PTGS2 later in PAECs. Its effect was validated in the autologous 

HPAH mutation BMPR2+/R899X hESC-ECs and IPAH BOECs. Both Smad dependent pathway 

(Id) and non-Smad dependent pathway (eg. Apelin) were activated, promoting the 

angiogenesis in the BMPRII deficient ECs. The therapeutic effects of BUR1 for PAH were 

further validated in the MCT-PAH rat model and SU/Hy-PAH rat model in vivo. This work 

indicates a new system for stem cell based drug screening. 

 

  



 



  



 

 
 

 



 

 
 

 



 

 
 

 



 

 
 

 



 

 
 

 



 

 
 

 



Supplemental methods: 

 

Generation of hESC-based dual reporter lines.  

The human embryonic stem cell H9 (WiCell, Madison, WI) was maintained in Essential 8TM 

basal medium (Gibco, Burlington, Canada) according to the manufacturer's instructions. The 

hESC-based reporter lines were generated by stable transfection with a construct (Id1-

Venus-Luc-MC1-DTA) in which venus Green fluorescent protein (GFP) and firefly luciferase 

were driven by the full length human Id1 promoter (±5 kilobytes). A diphtheria toxin cassette, 

MC1-DTA, included in the construct allowed for negative selection against non-integrated 

cells. The generated reporter line, CGMCC11091, was maintained in a serum-free, feeder-

free system for differentiation into endothelial cells [1]. The lysates were measured by 

endogenous Id1 gene expression and the luciferase activity stimulated by BMP4 (R&D 

Systems, Minneapolis, USA). Cells were seeded in a 96-well plate (for the luciferase assay) 

or a 12-well plate (for the QPCR assay of Id1 gene expression) and were grown to 80% 

confluence after cytokine starvation in Essential 6 mediumTM (Gibco) for 4 hours. The 

medium was then replaced with fresh medium plus BMP4 (0-10 ng/mL), and the luciferase 

activity of each well was detected using the Dual-Luciferase® Reporter Assay System 

(Promega, Madison, USA) according to the manufacturer's instructions. The luciferase 

activity was further measured after treatment with 10 ng/mL of BMP4 for 0, 1, 2 and 4 hours. 

Each experiment was performed in triplicate. 

 

Endothelial Cells culture.  

Human pulmonary artery endothelial cells (PAECs) were grown in EGM-2 medium 

supplemented with 2% FBS (Lonza, Walkersville, USA) and subcultured at a 1:3 ratio. 

Human umbilical vein endothelial cells (HUVECs) were purchased from cell culture center, 

Institute of Basic Medicinal Sciences (CAMS) and grown in Dulbecco’s Modified Eagle’s 

Medium (DMEM H-21) containing 15% FBS (Life Technologies, Grand Island, USA).  

 

Generation of Human BOECs. 

Peripheral blood were collected from donors and patients, BOECs were isolated, and 

cultured from 20 mL blood in EGM-2MV (Lonza) on T-75 flask with type I collagen (BD 

Biosciences) at 37 °C in a humidified incubator with 5% CO2. The cells of passages 4 and 6 

were applied in the experiments. The endothelial cell markers were assessed by flow 

cytometry as described previously [2]. 

 

Cas9 and PB-based donor plasmids for BMPRII gene targeting. 

The gRNA (5’-AGGGAACGGCCACTAGAAGG-3’) was designed using online“CRISPR 

Design” software (http://crispr.mit.edu/), and was constructed into PX458 vector (Addgene) 

[3]. For donor plasmids, the DNA fragments of 1 705-bp genomic sequences were first 



cloned into pEASY-Blunt vector (TransGen Biotech, Beijing, China). R899X mutants were 

generated by Fast Mutagenesis System (TransGen Biotech). Then DNA fragments including 

R899X were cloned into the NheI and EcoRI sites of piggyBac plasmid (pPB–pΔtk, a gift 

from Dr. Huang Yue) to generate donor plasmids. All primers used in the assay were listed 

in the Supplemental Table 5. 

 

Generation and differentiation protocol of ECs from hESCs. 
hESCs with or without R899X mutant were differentiated into ECs according to the protocol 
published by Valeria V Orlova et al [1]. Briefly, cells were passaged at 1:50-100 and 
maintained in E8 medium for 3-4 days. To produce mesoderm, cells were treated with 
mesoderm induction medium including 25 ng/mL Activin A (R&D Systems), 30 ng/mL BMP4 
(R&D Systems), 50 ng/mL VEGF165 (R&D Systems) and 1.5 μmol/L CHIR99021 (Tocris 
Bioscience, Bristol, UK) in BEL medium for 3 days, and then medium was refreshed by 
vascular specification medium which consists of 50 ng/mL VEGF165, 10 μmol/L SB431542 
(Millipore, Billerica, USA) in BEL medium for 4 days to generate vascular cells. Vascular cells 
were further expanded in fresh vascular specification medium for 3 days. Subsequently, ECs 
were isolated by CD31-dynabeads (Miltenyi Biotec, Bergisch Gladbach, Germany) and 
further expanded in EC-SFM medium supplemented with 30 ng/mL VEGF165, 20 ng/mL 
bFGF (R&D Systems) and 1% FBS (Gibco). 
 

Primary screening method. 

BMP2-LUC-MC3T3 cells (pYJ2 stably transfected) were plated and lysed after adding 8 160 

small molecular compounds. Relative Luminescence Units (RLUs) were recorded as 

previously described [4]. 

 

Bmp2 promoter deletion experiment 

The number represents the position away from transcription start site. pBP1 plasmid was 

constructed through annealing of phosphorylated oligonucleotides B1F/B1R and ligated into 

pYJ2 digested by SacI-BglII. The pBP1 includes the –2 373 to –2 316 sequences of 

promoter region. pBP2 plasmid was constructed by PCR amplified a 399 bp (–2 050 to –1 

658 of the promoter region) from pYJ2 with B2F/B2R primers, digested with SacI-BglII and 

cloned into pYJ2 digested by SacI-BglII. Primers used for plasmid construction sequence 

were listed in the Supplemental Table 5. Sequencing was performed by Sangon Biotech 

corporation (Shanghai, China).  

 

RNA interference. 

PAECs were seeded in 6-well plates (3x105 cells/well) with EGM-2 medium containing 2% 

FBS for 24 hours, after which the medium was replaced by Optimum serum-free medium 

(Gibco) for 3 hours prior to siRNA transfection. Cells were transfected with siRNAs for 

BMPR2, ActR2a, ALK1, ALK2, ALK3, ALK4 or ALK5 and non-target control siRNA (siNC) via 

Lipofectamine® 3000 (Thermo Fisher Scientific, Waltham, USA) for 12 hours, followed by 

replacement with EGM-2 medium for the next 24 hours. Transfected cells were serum-



restricted in EBM-2 with 0.1% FBS for further 6 hours, then treated with BUR1 (0.2 μmol/L) 

for 1 hour, cells were then collected for gene transcription and protein expression analysis. 

 

Quantitative real-time PCR (QPCR).  

Total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, USA). Complementary 

DNA (cDNA) templates were generated from 2 μg total RNAs using TransScript One-Step 

gDNA Removal and cDNA Synthesis SuperMix (TransGen Biotech) according to the 

manufacturer’s instructions. 0.5 μL of cDNA template was mixed with the components 

provided by TransStart Tip Green QPCR SuperMix (TransGen Biotech). The CFX ConnectTM 

Real-Time PCR Detection System (Bio-Rad, Foster City, USA) and CFX Manager Software 

were used to analyze the expression levels of selected genes. The QPCR primers were 

listed in Supplemental Table 5. 

 

Western immunoblotting.  

PAECs were plated in 6-cm dishes and quiescent in starvation medium (Lonza) with 0.1% 

FBS for 6 hours. Unless otherwise specified, treatment of PAECs with BUR1 and other 

agents was performed in same medium for 1 to 24 hours. For BMP inhibition assays, PAECs 

were pretreated with LDN-193189 at different concentrations for 30 minutes before 

stimulation with BUR1 (0.2 μmol/L) for 1 hour. Cells were immediately frozen on dry ice, and 

then lysed in RIPA (Sigma-Aldrich, Saint Louis, USA) supplemented with protease inhibitor 

cocktail (Roche Diagnostics GmbH, Mannheim, Germany) on ice. Total protein lysates (50 

μg) were loaded on SDS-PAGE gels and blotted on PVDF membrane by semi-dry transfer 

system (Bio-Rad). Primary and secondary antibodies were diluted in blocking buffer (5% milk 

in TBS with 0.1% Tween-20). Antibodies used include anti-GAPDH (TransGen Biotech), 

anti-Id1 (BioCheck, Foster City, USA), anti-BMPRII (BD Biosciences, Heidelberg, Germany), 

anti-p-Smad1/5 (Cell Signaling Technology, Danvers, USA), anti-BMP2 (Abcam), anti-CD31 

(Abcam, Cambridge, UK)，anti-ALOX5AP (Abcam), anti-PTGS2 (Abcam) and anti-Apelin 

(Santa Cruz Biotechnology, Santa Cruz, USA). 

 

Immunofluorescence staining.  
Assessment of pulmonary arteriolar muscularization was performed as previously described 
[5]. In rat lungs, anti-Id1 (1:25), anti-phosphorylated-Smad1/5 (Millipore, UK, 1:50), anti-
CD31 (Abcam, 1:200), anti-PTGS2 (1:100), anti-ALOX5AP (1:100), anti-BMPRII 
(Abcam,1:200), anti-HIF-1α (Santa Cluz, 1:200), anti-α-SMA (Abcam, 1:200), anti-PCNA 
(Santa Cluz, 1:200), anti-SM22-α (Abcam,1:200), anti-CD68 (Abcam, 1:100) and anti-CD146 
(Abcam, 1:100) were used following heat mediated antigen retrieval using 0.1 mol/L sodium 
citrate pH6.0. Antibody binding sites were detected using 1:100 dilution of anti-mouse Alexa 
Fluor594 or anti-rabbit-Alexa Fluor488 (Invitrogen). Nuclei were stained with DAPI reagent, 
prior to observing and imaging on a Leica SPE confocal laser scanning microscopy. 

 
Microarrays. 

BOECs were quiesced in EBM-2 media (Lonza) with 0.1% FBS (Hyclone, Victoria, Australia) 

for 4 hours before a 24-hour stimulation in new media with vehicle and BUR1. Cell 



monolayers were lysed in TRI Reagent (Sigma) and total RNA were quantified by NanoDrop 

ND-2000 (Thermo Fisher Scientific) and Agilent Bioanalyzer 2100 (Agilent Technologies, 

Santa Clara, USA). The sample labelling, microarray hybridization and washing were 

performed based on the manufacturer’s standard protocols of Human Genome U133 Plus 

2.0 GeneChips (Affymetrix, Santa Clara, USA). Raw data was acquired from Affymetrix 

GeneChip Command Console (version 4.0, Affymetrix) and then basic analysis with raw data 

including quality control, background correction and normalization were performed by Beijing 

Compass Biotechnology Company.  

 

Animal models.  

All animal experimental protocols were approved by the Institutional Animal Care and Use 

Committee at Chinese Academy of Medical Sciences & Peking Union Medical College. And 

all animal care and experimental methods were carried out in accordance with the 

institutional ethical guidelines for animal experiments.  

MCT-PAH rat model.  

Six-to-eight weeks-old male Sprague-Dawley rats weighing 180-200 g were injected with 55 

mg/kg MCT (Sigma) or an equal volume of vehicle (saline). For prevention protocol, MCT 

was injected subcutaneously before 1 week and afterwards MCT-treated rats were randomly 

separated into two groups and treated either with BUR1 (4.5 mg/kg) or with an equal volume 

of saline via intragastric administration (i.g.) daily for a further 2 weeks. Then the rats were 

anaesthetized by urethane (12%). RVSP and MAP were monitored by a BL-420S 

physiological experiment system. For reversal protocol, three weeks after MCT injection, 

MCT-treated rats were operated as prevention protocol. RVSP and MAP were recorded 

using a SPR-320Mikro-Tip® Rat Pressure Catheter (Millar Instruments, Houston, USA). 

After exsanguination, the right lung was fixed in neutral buffered 10% formalin solution for 

histology. For RNA extraction and protein expression analysis, left lung was immediately 

snap frozen in liquid nitrogen and store at -80 ˚C. Right ventricular hypertrophy was 

calculated from the ratio of right ventricular/left ventricular plus septal weight [RV/(LV+S)].  

SU/Hy rat model.  

Male Sprague Dawley rats (160 to 180 g, Charles River) were given a single injection (s.c.) 

of Sugen 5416 (20 mg/kg, Tocris, Bristol, UK) in vehicle (0.5% carboxyl methylcellulose 

sodium, 0.4% polysorbate 80, 0.9% benzyl alcohol, all Sigma), placed immediately into a 

10% O2 chamber and maintained in hypoxia for 3 weeks, followed by 3 weeks in a normoxic 

environment to develop pulmonary hypertension. At the 6-week timepoint, rats were 

randomized into 3 groups. One group was assessed for cardiopulmonary function and 

sacrificed as described for the MCT model above, while the other two groups received three 

weeks of daily adminstration (i.g.) with 4.5 mg/kg/day BUR1 or CMC as a vehicle control 

before cardio-pulmonary phenotyping and sacrificed as described above. Transthoracic 

echocardiography was performed by an experienced sonographer in a blinded manner with 

a Vevo2100 system (Visualsonics, Toronto, ON, Canada). 

 



Statistical analysis 

Data are presented as mean±SEM. Unless otherwise stated, statistical comparisons of 

samples were performed by one-way ANOVA followed by Dunnett’s post hoc test.  



Supplemental figures and tables:  

 

Supplemental Figure 1 The effects of BUR1 on target genes and p-Smad1/5 nuclear 

translocation. (a) BMP2, PTGS2 and BMPR2 mRNA expression at 24 hours after the 

treatment with 0.2 μmol/L BUR1 in PAECs (n = 3). (b-c) PAECs were seeded in the Culture 

Slides and stimulated with 0.2 or 1 μmol/L BUR1 for 1 hour after starvation for 12 hours. 

Cells were fixed and incubated with Id1 (b) and p-Smad1/5 (c) antibody for 

immunofluorescence assay. Nuclei were counterstained with DAPI. Scale Bars, 20 μm. The 

integrated density of p-Smad1/5 in five areas was evaluated by Image J software (n=6). * P 

< 0.05, ** P < 0.01 and *** P < 0.001. 



 

Supplemental Figure 2 LDN-193189 blocks the activation from BUR1 on BMPRII 
signalling in the presence of BMP9. Representative Western immunoblotting and relative 
densitometric analysis of PAECs showing the level of Smad1/5 phosphorylation and Id1 
protein expression following stimulation with BUR1 in the medium without serum (containing 
0.1 ng/mL BMP9) for 1 hour, with or without pre-incubation for 30 minutes with LDN-193189 
at different concentrations (0.01 μmol/L-1 μmol/L, n = 3). *** P < 0.001 and **** P < 0.0001. 

 



 

Supplemental Figure 3 BUR1 increases Smad1/5 phosphorylation and Id1 

transcription in the presence of BMP9. (a) Immunoblotting showing the Smad1/5 

phosphorylation after 24 hours stimulation by 0.2 μmol/L BUR1 with or without 0.1 ng/mL 

BMP9. (b) The transcription level of Id1 after 24 hours stimulation by 0.1 ng/mL BMP9 

with or without 0.2 µmol/L BUR1 (n = 3). **** P < 0.0001. 

 

 



a)                                 b) 

 
Supplemental Figure 4 The effectiveness of siRNA on BMP type II and type I 

receptors. QPCR was performed to confirm the knock down efficiency of specific 

siRNAs on BMP receptor type II (BMPRII and ActRII) (a) and type I (ALK1, 2, 4, 5) (b) 

(n=3; ** P < 0.01 and **** P < 0.0001 vs. siNC).  



 

Supplemental Figure 5 The transcription regulation of BMP2 expression by BUR1 

and promoter deletion analysis. (a) Relative mRNA expression level of BMP2 in 

PAECs after stimulated with 0.2 μmol/L BUR1 in medium containing 0.1% FBS for 24 

hours; results are normalized to GAPDH (n = 3). (b) 293T cells were transfected with 

pYJ2, pBP1 and pBP2, the luciferase activities driven by the BMP2 promoter were 

indicated. The induction rate of pYJ2 is 1.6-fold by 0.2 μmol/L BUR1 as indicated in the 

histogram (n = 3). ** P < 0.01.  



 



Supplemental Figure 6 The regulation of BUR1 on BOECs, HUVECs, 

cardiomyocytes and PASMCs. (a) Immunoblotting showing the protein expression 

level of BMPRII in BOECs from a healthy donor by the stimulation with 0.2, 1, 5, 10 

µmol/L BUR1 for 24 hours; results are normalized to GAPDH (n=3). (b) Immunoblotting 

showing the protein expression level of BMPRII in HUVECs by 5 and 10 µmol/L BUR1 

for 16 hours; results are normalized to β-ACTIN (n=3). (c) Immunoblotting showing the 

protein expression level of BMP2, BMPRII, p-Smad1/5 and Id1 in cardiomyocytes and 

PASMCs following 24 hours stimulation with 0.2 and 1 μmol/L BUR1 (n=3). (d) The 

quantification of panel (c). The results are normalized to GAPDH (n=3). (e) 

Immunoblotting showing the protein expression level of PTGS2 in cardiomyocytes 

following 24 hours stimulation with 0.2 and 1 μmol/L BUR1. The results are normalized 

to GAPDH (n=3). * P < 0.05，**P < 0.01, ***P < 0.001 and ****P < 0.0001.  



 

 
 

 
Supplemental Figure 7 Targeted clones generated by using CRISPR/Cas9 

strategy in hESCs and differentiated to endothelial cells for angiogenesis 

assay. (a) Schematic overview to generate BMPR2 R899X mutants in H9 hESCs by 

using CRISPR/Cas9 strategy. Nucleotide marked in red (results in R899X) 

represents the mutant site of BMPR2 in HPAH, protospacer adjacent motif was 

marked in yellow, and 20-nucleotide with black tail represents the guide RNA 

sequence. Relative mRNA expression of BMPR2 upon ECs induction at day0 (D0), 

day5 (D5) and day10 (D10) in BMPR2 wild type (Wt), heterozygous (Heter) cell lines. 

Relative expression was normalized to GAPDH (n=3). (b) The results of the 



 

 
 

sequencing analysis of the BMPR2 locus without (upper panel) or with (lower panel) 

CRISPR/Cas9 and homologous recombination in H9 hESCs. The BMPR2 locus 

around the gRNA target site was PCR amplified and directly sequenced. The upper 

panel shows the Wt DNA sequence, the lower panel shows the R899X heterozygous 

allele with one alleles received C>T substitutions. Guide RNA sequence is 

underlined. (c) Relative mRNA expression of pluripotency marker genes (Oct4, 

Nanog and Sox2) in BMPR2 Wt and Heter hESC lines, normalized to GAPDH (n=3). 

(d) Representative images of tube formation by BMPR2+/R899X ECs in various 

conditions. The cells were stimulated with 30 ng/mL VEGF or 0.2, 1 μmol/L BUR1, in 

parallel with unstimulated cells as control (CON). The formation of tube-like structure 

was detected at 4 hours post-seeding, scale bars, 200 μm. The junction number, 

branch number and total branch length in ten fields of each assay were evaluated 

using ImageJ software analyses (n=3). * P < 0.05, ** P < 0.01, *** P < 0.001 and **** 

P < 0.0001. 



 

 
 

 

Supplemental Figure 8 The effect of BUR1 on HIF-1α and HIF-2α expression in 

the human PAECs and rat pulmonary arteries. (a) Protein expression level of HIF-

1α, HIF-2α and Arginase 2 (ARG2) in human PAECs. Cells were unstimulated (CON) 

or stimulated with BUR1 at 0.2 μmol/L or 1 μmol/L in 0.1% serum for 1 hour (n=3). 

(b) Representative confocal images of immunofluorescence staining for HIF-1α (red) 

and CD146 (green) from five lung sections of control, MCT, BUR1 rats (n=6). Nuclei 

were counterstained with DAPI (blue). Scale bars, 20 μm. 

 



 

 
 

 

Supplemental Figure 9 The effects of BUR1 on rescuing BMP signalling, 

proliferation of pulmonary vascular cells and the macrophage infiltration in 

BUR1 treated rats. (a) Representative images of immunofluorescence staining from 

five slides for smooth muscle α-actin (α-SMA, red) and p-Smad1/5 (green), DAPI 

showed nuclei in lung sections from the rats (n=6). Scale bars, 15-20 μm. (b) 

Representative confocal images of immunofluorescence staining from five slides for 

PCNA (red) and SM22-α (green) from lung sections of control, MCT and BUR1 rats 

(n=6). Nuclei were counterstained with DAPI (blue). Scale bars, 20 μm. (c) 

Representative confocal images of immunofluorescence staining from five slides for 

CD68 (red) and SM22-α (green) from control, MCT and BUR1 lung sections (n=6). 

Nuclei were counterstained with DAPI (blue). Scale bars, 40 μm. (d) The numbers of 

CD68-positive cells in five areas from each slides in (c) were counted by Image J 

software (n=6). * P < 0.05. 



 

 
 

 

Supplemental Figure 10 BUR1 does not induce ALP activity in PAECs. Alkaline 

phosphatase activity was detected by measuring the absorbance at 405 nm in 

endothelial cells. HUVECs were exposed to BUR1 (a) and BMP2 (b) for 40 hours 

and their alkaline phosphatase activity was determined. Only BMP2 enhanced 

alkaline phosphatase activity in a dose-dependent manner. There was no detectable 

induction of alkaline phosphatase activity by BUR1 (n=3). 



 

 
 

 

Supplemental Figure 11 The toxicity of BUR1 in zebrafish embryos and mice.  

(a) For each group, thirty 4 hours post-fertilization zebrafish embryos were incubated 

with the indicated concentration of BUR1 for 96 hours. The mortality and 

teratogenicity were evaluated. Teratogenic index is less than 1, indicating the low 

toxicity of BUR1. (b) For each group, 20 mice were administered intragastrically for 

1000 mg/kg, 1500 mg/kg and 2000 mg/kg BUR1 solution. The survival rate of mice 

during the 15 days was calculated. 



 

 
 

 

Supplemental Figure 12 The solubility and stability of BUR1 in aqueous 

solutions with different pH and preliminary pharmacological results. 

(a) The solubility of BUR1 in the aqua was determined by high performance liquid 

chromatography from pH1.2 to pH7.2; (b) The stability of BUR1 aqueous solution in 

three pH value (1.2, 5.5 and 7.2) was examined by high performance liquid 

chromatography at the indicated time points (up to 5.5-day). (c) UV scanning shows 

the characteristic wavelength of BUR1. HPLC of BUR1 in mobile-phase solution (d), 

blank plasma (e) and blank plasma spiked with 200 μg/mL BUR1 (f) were showed. 

(g) Plasma sample collected at 10 mins and 20 mins after a single oral dose of 10 

mg/kg BUR1. 

 



 

 
 

 

Supplemental Figure 13 Representative image of echocardiography in SU/Hy 

rat model and quantitative analysis of TAPSE. (a) The parasternal short axis view 

and apical four chamber view corresponding M-mode trace by echocardiography in 

SU/Hy rat model. The yellow dot line in the upper pictures indicated the centre of left 

ventricular. (b) Quantitative analysis of TAPSE in the SU/Hy, SU/Hy+BUR1 and CON 

rats (n=6). ** P < 0.01 and *** P < 0.001. 

 



 

 
 

 

Supplemental Figure 14 The mRNA level of PTGS2 and ALOX5AP downstream 

molecules. (a) The relative mRNA expression of PTGIS and TBXAS1 by different 

dose of BUR1 treatment for 4 hours in the PAECs. (n=3). (b) The relative mRNA 

expression of Ptgis and Tbxas1 in the lungs of BUR1 treated SU/Hy rats (n=3). (c) 

The relative mRNA expression of LTB4 synthase Lta4h, LTB4 receptors Ltb4r1 and 

Ltb4r2 in the lungs of BUR1 treated SU/Hy rats (n=3). * P < 0.05, ** P < 0.01, *** P < 

0.001 and **** P < 0.0001.



 

 
 

Supplemental Table 1: The evaluation of the robustness of Dual Reporter 

System.  

Evaluation Score Standard 

Z’-factor 0.76 Between 0.5 and 1 

S/B 2974.50 >3 

S/N 10898.89 >10 

CV% 0.46% <10 

All the data were calculated according to the methods described by Zhang et al1.  

 , σp: standard deviation (SD) of the positive control; σn: SD of 

the negative control; μp: mean of the positive control; μn: mean of the negative 

control. S/B: signal-to-background ratio, S/N: signal-to-noise ratio, CV: coefficient of 

variation.  



 

 
 

Supplemental Table 2: Off-target analysis of BMPR2-R899X gRNA. 

Score Gene Target site 

1.3 ELF1 3' UTR 

0.8 PPP2R5B intron 

0.3 SLC25A10 intron 

0.3 DNASE1 exon 

0.2 NOB1 intron 

The number of off-target sites (PAM is NGG) of BMPR2-R899X gRNA. 16/183 off-

target sites are in genes, 5/16 genes with off-target score > 0.1 are showed in the 

table.  



 

 
 

Supplemental Table 3: No off-target gene mutation were detected in R899X 

hESCs. 

clone/gene 

mutation 
ELF1 PPP2R5B SLC25A10 DNASE1 NOB1 

31 (Wt) - - - - - 

34 (Wt) - - - - - 

14 (Heter) - - - - - 

25 (Heter) - - - - - 

Summary of off-target effects by gRNA. Sequence analysis of 5 off-target genes in 4 

cell lines including Wt (31, 34) and Heter (14, 25) revealed no off-target gene 

mutation was detected in R899X hESCs. 

 



 

 
 

Supplemental Table 4: Left ventricular function in SU/Hy rat model. 

 
CON SU/Hy SU/Hy+BUR1 

Heart Rate (bpm) 344.37±53.41 339.23±65.02 342.33±71.87 

LVESP (mmHg) 118.9±5.89 115.03±23.98 128.63±9.05 

LVEDP (mmHg) 5.89±1.46 8.45±1.35 10.01±1.73 

dP/dtmax (mmHg/s) 10333±1365 8010±1561 9794±933 

MAP (mmHg) 128.167±21.10 110.95±40.44 109.54±12.23 

LVESP, Left Ventricular End-Systolic Pressure.  

LVEDP, Left Ventricular End-Diastolic Pressure. 

Six rats per group from 3 independent assays were examined. 



 

 
 

Supplemental Table 5: Gene-specific primers are listed below. 

Gene Sequence 

Id1 sense,5’-CGGATCTGAGGGAGAACAAG-3’;  

antisense,5’-CTGAGAAGCACCAAACGTGA-3’ 

 

BMPR2 sense, 5’-CAAATCTGTGAGCCCAACAGTCAA-3’; 

antisense,5’- GAGGAAGAATAATCTGGATAAGGACCAAT-3’ 

 

ALK1 sense, 5’- ACCATCGTGAATGGCATC-3’; 

antisense,5’- GCAGGCAGAAAGGAATCAG-3’ 

 

ALK2 sense, 5’-GAGTGATGATTCTTCCTGTGC-3’; 

antisense,5’- TTGGTGGTGATGAGCCCTTCG-3’ 

 

ALK3 sense, 5’-CAAGCAGACGTCGTTACAATCG-3’; 

antisense,5’- TACATCTTGGGATTCAACCATC-3’ 

 

ALK4 sense, 5’- TCCAAAGACAAGACGCTCC-3’;  

antisense,5’- ATCATCTTCCCCATCACCC-3’ 

 

ALK5 sense, 5’- CGTGCTGACATCTATGCAAT-3’;  

antisense,5’- AGCTGCTCCATTGGCATAC-3’ 

 

ActR2a sense, 5’-GCAAAATGAATACGAAGTCTA -3’; 

antisense,5’-GCACCCTCTAATACCTCTGGA -3’ 

 

GAPDH sense, 5’-AACAGCCTCAAGATCATCAGC-3’;  

antisense,5’-GGATGATGTTCTGGAGAGCC-3’ 



 

 
 

 

β-Actin sense,5’-GCACCACACCTTCTACAATGA-3’;  

antisense,5’-GTCATCTTCTCGCGGTTGGC-3’ 

 

CD31   sense,5’-GCATCGTGGTCAACATAACAGAA-3’;  

antisense,5’-GATGGAGCAGGACAGGTTCAG-3’ 

 

Apelin  

 

sense,5’-CTCTGGCTCTCCTTGACCG-3’;  

antisense,5’-GAATTTCCTCCGACCTCCCT-3’ 

 

OCT4     

 

sense,5’-TGGGCTCGAGAAGGATGTG-3’; 

antisense,5’-GCATAGTCGCTGCTTGATCG-3’ 

 

SOX2     

 

sense,5’-GAAAAACGAGGGAAATGGG-3’; 

antisense,5’-TTTGCGTGAGTGTGGATGG-3’ 

 

NANOG    sense,5’-CATGAGTGTGGATCCAGCTTG-3’;     

antisense,5’-CCTGAATAAGCAGATCCATGG-3’ 

 

KDR      

 

sense,5’-TTTTTGCCCTTGTTCTGTCC-3’; 

antisense,5’-TCATTGTTCCCAGCATTTCA-3’ 

 

BMP9     

 

sense,5’-AGAACGTGAAGGTGGATTTCC-3’; 

antisense,5’-CGCACAATGTTGGACGCTG-3’ 

 

BMP2     

 

sense,5’-ACCCGCTGTCTTCTAGCGT-3’; 

antisense,5’-TTTCAGGCCGAACATGCTGAG-3’ 

 



 

 
 

PTGS2 sense,5’-TAAGTGCGATTGTACCCGGAC-3’;  

antisense,5’-TTTGTAGCCATAGTCAGCATTGT-3’ 

 

Ptgs2 sense, 5’-TCATCGGTGGAGAGGTGTAT-3’; 

antisense,5’- CAGTATGAGCCTGCTGGTTT-3’ 

 

ALOX5AP sense, 5’-GGCCATCGTCACCCTCATCA -3’; 

antisense,5’-GATGAGAAGCAGCGGGGAGA-3’ 

 

Alox5ap sense, 5’-AACCAGAACTGCGTAGATGC-3’; 

antisense,5’-CCCAGATAGCCGACAAAGTA-3’ 

 

TBXAS1 sense, 5’- ACGCTATGCGGAATCTGGG-3’;  

antisense,5’- AACCAGGATAGGTCTGGGGAT-3’ 

 

Tbxas1 sense, 5’- ACTCCACATCAGCGTTCTCA-3’;  

antisense,5’- TCCGACGGCCAAGATAGTAC-3’ 

 

PTGIS 

 

sense, 5’-CTGGTTGGGGTATGCCTTGG -3’; 

antisense,5’-TCATCACTGGGGCTGTAATGT-3’ 

 

Ptgis 

 

sense, 5’-TGGGCCACACAAGGGAATAT-3’;  

antisense,5’-TGAGCACACTGTCTAGCACA-3’ 

 

Lta4h sense,5’-GGGGACCCTATGTTTGGGGA-3’;  

antisense,5’-CAGGAGCATAGAGCCAGGCA-3’ 

 

Ltb4r1  sense,5’-GGTGGCATGTCCCTGTCTT-3’;  



 

 
 

antisense,5’-GACCGGTATGGCCAGCAGAA-3’ 

 

Ltb4r2  

 

sense,5’-CGTCTTTACTGCGGGTGATT-3’;  

antisense,5’-TGCCCTGACCCACTACTTTC-3’ 

 

Gapdh sense, 5’-AACAGCCTCAAGATCATCAGC-3’;  

antisense,5’-GGATGATGTTCTGGAGAGCC-3’ 

 

BP1a 5’-CTAGCAAAATAGGCTGTCCC-3’; 

 

B1F 

5’-

CGATCCAGGTCCCGGGGGTCGGCTTCACACTCATC

CGGGACGCGACCCCTTAGCA-3’ 

  

B1R 

5’-

GATCTGCTAAGGGGTCGCGTCCCGGATGAGTGTGAAGCCGACCC

CCGGGACCTGGATCGAGCT-3’ 

  

B2F 5’-GAAGAGCTCTGCGCTTCCCACAGCCCGCCC-3’ 

  

B2R 5’-TTACTTAGATCGCAGATCTCG-3’ 

  

R899X 

genotype 

sense, 5’-GCTAAAATTTGGCAGCAAGC -3’;  

antisense, 5’- ATACTGCTGCCATCCAGGAC -3’. 

  

Donor 

plasmid 

sense, 5’-CTAGCTAGCTGAGATGCCATACCCAGATG-3’;  

antisense, 5’-CCGGAATTCGAACTCTTGACCTCGTGATC-3’ 

  

R899X 

mutant 

sense, 5’- GCCTCTTGAGGGAGGCTGAACTAATTCCAA -3’;  



 

 
 

antisense, 5’- CAGCCTCCCTCAAGAGGCCGTTCCCTCCTG -3’ 
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