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DNA methyltransferase 3B deficiency unveils a new 
pathological mechanism of pulmonary hypertension
Yi Yan1*, Yang-Yang He2*, Xin Jiang3*, Yong Wang4, Ji-Wang Chen5, Jun-Han Zhao2, Jue Ye2, 
Tian-Yu Lian3, Xu Zhang6, Ru-Jiao Zhang7, Dan Lu3, Shan-Shan Guo8, Xi-Qi Xu3, Kai Sun3,  
Su-Qi Li2, Lian-Feng Zhang6, Xue Zhang9, Shu-Yang Zhang3, Zhi-Cheng Jing1,2,3†

DNA methylation plays critical roles in vascular pathology of pulmonary hypertension (PH). The underlying mechanism, 
however, remains undetermined. Here, we demonstrate that global DNA methylation was elevated in the lungs of PH 
rat models after monocrotaline administration or hypobaric hypoxia exposure. We showed that DNA methyl-
transferase 3B (DNMT3B) was up-regulated in both PH patients and rodent models. Furthermore, Dnmt3b−/− rats 
exhibited more severe pulmonary vascular remodeling. Consistently, inhibition of DNMT3B promoted proliferation/
migration of pulmonary artery smooth muscle cells (PASMCs) in response to platelet-derived growth factor–BB 
(PDGF-BB). In contrast, overexpressing DNMT3B in PASMCs attenuated PDGF-BB–induced proliferation/migration 
and ameliorated hypoxia-mediated PH and right ventricular hypertrophy in mice. We also showed that DNMT3B 
transcriptionally regulated inflammatory pathways. Our results reveal that DNMT3B is a previously undefined 
mediator in the pathogenesis of PH, which couples epigenetic regulations with vascular remodeling and rep-
resents a therapeutic target to tackle PH.

INTRODUCTION
Pulmonary hypertension (PH) is a progressive cardiopulmonary dis-
order characterized by high pulmonary artery pressure and elevation 
of pulmonary vascular resistance that usually succumbs to right heart 
failure and even death (1, 2). It has been well established that the 
predisposing gene BMPR2 leads to the development of PH and cellular 
signaling perturbations involved in PH pathogenesis (3, 4). Recently, 
a growing body of evidence highlights that PH is a complex disease 
mediated by the interplay of predisposed genetic background, epi-
genetic state, and injurious events.

Epigenetic modifications play a key role in establishing cell type–
specific gene expression profile and patterns, which is fundamental 
for lineage commitment, differentiation, and proliferation (5). DNA 
methylation is one of the best characterized chemical modifications 
on chromatin linked to transcriptional silencing in physiology and 
pathophysiology (6). Archer et al. (7, 8) demonstrated that hyper-
methylation of Sod2 contributed to a proliferative, anti-apoptotic 
phenotype of pulmonary artery smooth muscle cell (PASMC). Moreover, 
an increase of DNA methylation in eNOS (endothelial nitric oxide 
synthase) promoter was identified in pulmonary artery endothelial 
cells in fetal lambs with persistent PH of the newborn (9). Notably, 

a predominantly different DNA methylation signature in pulmonary 
endothelial cells (10) and PASMC (11) was documented in PH patients 
compared to the corresponding controls. In addition, our previous 
study showed that BMPR2 promoter methylation was significantly 
higher in affected individuals than controls, accounting for the different 
penetration of heritable pulmonary arterial hypertension (PAH) (12). 
Together, these studies have explored certain genes regulated by DNA 
methylation in PH development. However, the role and mechanism 
of action by DNA methyltransferases (DNMTs), the most important 
enzyme regulating DNA methylation, are poorly understood.

Here, we found that global DNA methylation was significantly 
elevated in PH rat models, with an increase in DNMT3B expression 
in affected lungs. Furthermore, we showed that Dnmt3b−/− rats ex-
hibited a deteriorated PH phenotype compared to wild-type (WT) 
littermates after monocrotaline (MCT) administration or hypobaric 
hypoxia exposure. On the other hand, augmenting DNMT3B res-
cued the pathological vascular remodeling. In addition, in vitro studies 
showed that Dnmt3b-specific inhibition, inactivation, or deficiency 
promoted PASMC proliferation and migration after platelet-derived 
growth factor–BB (PDGF-BB) stimulation, which was rescued by 
DNMT3B overexpression. Mechanistically, we also showed that 
DNMT3B transcriptionally regulated inflammatory pathways. 
Together, our studies reveal a critical role for DNMT3B in maintain-
ing vascular homeostasis and provide a potential treatment strategy 
for devastating PH.

RESULTS
Global DNA methylation is increased in experimental rodent 
PH models
To determine changes in global DNA methylation pattern between 
normal and pulmonary hypertensive lungs, the percentage of 5- 
methylcytosine (5-mC) was examined in lung tissue of established 
PH rat models induced by MCT injection, which led to significant 
higher right ventricular systolic pressure (RVSP), mean pulmonary 
arterial pressure (mPAP), and right ventricular hypertrophy index 

1Department of Cardiopulmonary Circulation, Shanghai Pulmonary Hospital, Tongji 
University School of Medicine, Shanghai, China. 2State Key Laboratory of Cardio-
vascular Disease and Fuwai Hospital, Chinese Academy of Medical Sciences and 
Peking Union Medical College, Beijing, China. 3State Key Laboratory of Complex, 
Severe, and Rare Diseases, and Department of Cardiology, Peking Union Medical 
College Hospital, Chinese Academy of Medical Sciences and Peking Union Medical 
College, Beijing, China. 4Department of Respiratory and Critical Care Medicine, Beijing 
Shijitan Hospital, Capital Medical University, Beijing, China. 5Section of Pulmonary, 
Critical Care Medicine, Sleep and Allergy, Department of Medicine, University of Illinois 
at Chicago, Chicago, IL, USA. 6Key Laboratory of Human Disease Comparative Medicine, 
Ministry of Health, Institute of Laboratory Animal Science, Chinese Academy of Medical 
Sciences, Beijing, China. 7Hebei University Health Science Center, Hebei, China. 8Bio-
chemistry, Pharmaceutical College, Henan University, Henan, China. 9State Key 
Laboratory of Medical Molecular Biology, Institute of Basic Medical Sciences, Chinese 
Academy of Medical Sciences & Peking Union Medical College, Beijing, China.
*These authors contributed equally to this work.
†Corresponding author. Email: jingzhicheng@vip.163.com

Copyright © 2020 
The Authors, some 
rights reserved; 
exclusive licensee 
American Association 
for the Advancement 
of Science. No claim to 
original U.S. Government 
Works. Distributed 
under a Creative 
Commons Attribution 
NonCommercial 
License 4.0 (CC BY-NC).



Yan et al., Sci. Adv. 2020; 6 : eaba2470     9 December 2020

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

2 of 13

(RVHI) 3 weeks later (fig. S1, A to C). DNA methylation analysis 
showed a 1.8-fold increase of global DNA methylation at day 21 
in whole lungs from MCT-induced PH rats compared to controls 
(Fig. 1A).

Another PH model was generated by maintaining rats in a hypo-
baric hypoxia (50 kPa) chamber for 3 weeks (fig. S1, D to F). Likewise, 
rats with hypobaric hypoxia–induced PH had a 1.4-fold elevation in 
DNA methylation levels in lungs compared to normobaric normoxic 

animals (Fig. 1B). Together, these data suggest that global DNA 
methylation levels are up-regulated in PH rodent models.

DNMT3B is significantly increased in lungs from patients 
with PH and in experimental rodent PH models
To identify relevant DNA methyltransferase(s) in disease state, pro-
tein expression of the four DNA methyltransferases in two inde-
pendent experimental PH models was determined. Among all the 

Fig. 1. Global DNA methylation and Dnmt3b are elevated in lungs of PH rat models and pathological up-regulation of Dnmt3b in PAH. (A) Lungs of rats at 
week 3 after MCT injection (n = 6) or (B) under hypobaric hypoxia (HX) (n = 6) had higher levels of global DNA methylation [5-methylcytosine% (5-mC%)] than those of saline 
controls (n = 6) or normobaric normoxic controls (NOR) (n = 3). (C to F) Western blot analysis of Dnmt1, Dnmt3a, Dnmt3b, and Dnmt3l relative to Gapdh from PH rat lungs 
at week 3 after MCT injection or after hypobaric hypoxic exposure compared to its corresponding controls (n = 7 to 8 per group). (G and H) Representative images and 
quantification analysis of Dnmt3b-positive staining cell percentage showed increased Dnmt3b (brown) expression in the media and endothelium of pulmonary arteries 
of rats after MCT administration (n = 5) or under hypobaric hypoxic conditions (n = 5) compared to that of control rats (n = 5). Scale bars, 100 m. (I and J) Quantification 
analysis and representative images of Dnmt3b-positive staining of four control patients (top three rows) and eight PAH lungs (bottom three rows). Scale bars, 100 m. 
(K) DNMT3B mRNA expression in PASMCs from PAH patients or control subjects (n = 5 per group). (L) DNMT3B mRNA expression in PAECs from PAH patients or control 
subjects (n = 3 per group). *P < 0.05, **P < 0.01, and ***P < 0.001 versus corresponding controls, Student’s t test (A, C, D, F, and I), Mann-Whitney test (K and L), and one-way 
analysis of variance (ANOVA) with Bonferroni correction for multiple comparisons (H). Data are presented as the mean ± SEM (D, F, K, and L) or box-and-whisker plots with 
scatter (A, B, H, and I). n.s., not significant.
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DNA methyltransferases detected—Dnmt1, Dnmt3a, Dnmt3b, and 
Dnmt3l—only Dnmt3b protein expression was up-regulated at day 
21 in both PH models (Fig. 1, C to F). Consistently, PH induced by 
either MCT or hypoxia led to the increase of Dnmt3b and reduction 
of other Dnmts at mRNA levels (fig. S1, G to N).

Localization of Dnmt3b in the lung was next assessed. An eleva-
tion of Dnmt3b expression in vessel walls of lung tissue of both PH 
rodent models after MCT challenge or hypobaric hypoxia exposure 
was determined by immunohistochemistry (Fig. 1, G and H), con-
sistent with an increase in global DNA methylation (Fig. 1, A and B). 
Furthermore, a significant elevation was seen in lung tissues of con-
genital heart disease (CHD)–PAH patients versus age- and gender- 
matched CHD patients without PAH (table S1 and Fig. 1, I and J). 
We also measured DNMT3B expression in PASMCs from patients 
with PAH and control subjects. A 24-fold of increase in DNMT3B 
was depicted in PASMCs from patients with PAH compared to those 
from control subjects (Fig. 1K), while no significant difference of 
DNMT3B was detected in pulmonary arterial endothelial cells (PAECs) 
from PAH patients compared to those from controls (Fig. 1L). To-
gether, these results suggest that DNMT3B is up-regulated in PASMCs 
of patients with PAH and experimental PH models.

Dnmt3b deficiency exacerbates PH progression in  
rodent models
To explore the role of Dnmt3b in PH, a Dnmt3b knockout rat model 
was generated (fig. S2A). At baseline, there was no significant dif-
ference in body weight between WT littermates and Dnmt3b homo-
zygotes (fig. S2B). The susceptibility of Dnmt3b−/− rats to the MCT 
challenge (50 mg/kg) was then determined. After 4 weeks, Dnmt3b−/− 
rats demonstrated significantly higher RVSP, mPAP, RVHI, and 
Pcna expression than WT after MCT injection (Fig. 2, A to C, and 
fig. S2C). A similar pattern was observed in Dnmt3b−/− rats that ex-
hibited thicker right ventricular free wall compared with WT rats in 
response to MCT (Fig. 2D and fig. S2D). However, we found no 
difference in tricuspid annular plane systolic excursion (TAPSE) be-
tween the two genotypes (fig. S2, E and F), suggesting that Dnmt3b 
is mainly involved in pulmonary vascular remodeling, while its ef-
fect on cardiac function is still uncertain. Dnmt3b−/− rats also dis-
played more profound pathological remodeling in the pulmonary 
vasculature, as measured by media to cross-sectional area (Fig. 2, E 
and F) and vessel muscularization (Fig. 2, G and H). These data 
collectively suggest that Dnmt3b deficiency exacerbates the devel-
opment of MCT-induced PH.

Whether disruption of Dnmt3b might accelerate disease pro-
gression was next tested in another experimental PH model. Because 
Sugen 5416/hypoxia rat PH model manifested a severe pulmonary 
vascular remodeling, it might be difficult to observe an additional 
deterioration in Dnmt3b−/− rats as hypothesized. WT and Dnmt3b 
deletion rats were then treated with chronic hypobaric (50 kPa) hy-
poxia for 3 weeks. Dnmt3b−/− rats displayed a significant increase in 
RVSP (42.2 ± 3.8 mmHg versus 34.8 ± 3.7 mmHg; P < 0.01) (Fig. 3A), 
mPAP (37.6 ± 4.8 mmHg versus 31.6 ± 2.3 mmHg, P < 0.05) (Fig. 3B), 
RVHI (0.37 ± 0.03 versus 0.31 ± 0.02, P < 0.001) (Fig. 3C), and right 
ventricular free wall thickness (1.5 ± 0.1 versus 1.2 ± 0.1, P < 0.01) 
(Fig. 3D and fig. S2G) compared with WT controls. Consistent with 
the MCT results, Dnmt3b−/− rats exhibited a similar TAPSE to that 
of WT littermates (fig. S2, H and I). Moreover, Dnmt3b deficiency 
aggravated pulmonary vascular remodeling induced by chronic hypo-
baric hypoxia through an elevation of pulmonary vascular wall thick-

ness (Fig. 3, E and F) and muscularization (Fig. 3, G and H). Combined, 
these results provide the first evidence that Dnmt3b confers protec-
tion against PH development and progression.

DNMT3B induction alleviates pulmonary vascular 
remodeling in the PH mouse model
We next examined whether up-regulation of DNMT3B could arrest 
disease development. Human DNMT3B was engineered and pack-
aged into adeno-associated virus 9 (AAV9). After intratracheal de-
livery, a robust increase in DNMT3B expression at the protein level 
was observed by immunofluorescence (Fig. 4A) and mRNA level by 
reverse transcription polymerase chain reaction (RT-PCR) (fig. S3A). 
In addition, the expression of DNMT3B in lung tissues was revealed 
to dominate over those in other organs from AAV9-DNMT3B re-
cipients in ambient atmosphere (fig. S3, B and C). In contrast with 
Dnmt3b deficiency, overexpression of human DNMT3B elicited a re-
markable reduction in RVSP (31.0 ± 0.7 mmHg versus 34.3 ± 0.8 mmHg; 
P < 0.01) (Fig. 4B) and RVHI (0.29 ± 0.01 versus 0.37 ± 0.02; 
P < 0.01) (Fig. 4C) compared to control mice receiving AAV9-null 
virus in response to hypoxia for another 2 weeks. Furthermore, we 
found that the protective effect of DNMT3B against vascular re-
modeling was consistent with suppression of media thickness (Fig. 4, D 
and E) and arteriolar muscularization (Fig. 4F), supporting a notion 
that DNMT3B may have a therapeutic potential to decelerate PH 
progression. In addition, Pcna+ PASMCs in lung tissues from mice 
that received recombinant AAV9-DNMT3B showed a decreased trend 
compared to mice that received AAV9-null under hypoxia condi-
tion by immunofluorescent colocalization staining (fig. S3, D and E).

DNMT3B inhibition leads to a worse phenotype in PASMCs
Vascular smooth muscle cell proliferation is one of the underlying 
mechanisms of vascular remodeling in PH (13, 14). PDGF-BB is 
regarded as a potent mitogen for PASMC, and a higher PDGFB 
mRNA expression was demonstrated in PASMCs from patients with 
PAH compared to those from control subjects (fig. S4A). Thus, the 
role of DNMT3B in PASMC proliferation was assessed under the 
stimuli of PDGF-BB. It was found that DNMT3B expression was in-
creased in PDGF-BB–induced human PASMCs (hPASMCs) (fig. S4B). 
When cells were treated with various concentrations of a DNMT3B 
inhibitor (nanaomycin A), proliferation was increased in a dose- 
dependent manner (Fig. 5A). To test whether DNMT3B inhibition 
affected hPASMC migration, a wound scratch assay was performed 
followed by PDGF-BB treatment. Nanaomycin A facilitated cell mi-
gration, as evidenced by a higher wound confluency in nanaomycin 
A–treated hPASMCs compared to control hPASMCs after PDGF-
BB stimulation (Fig. 5, B and C). In accordance with the findings in 
hPASMCs, a DNMT3B inhibitor led to an increase in proliferation 
(fig. S4, C and D) and a stronger migration capacity (fig. S4, E and 
F) in rat PASMCs (rPASMCs) after PDGF-BB insult.

Small interfering RNA (siRNA) was used against Dnmt3b to in-
vestigate whether Dnmt3b deficiency affected proliferation of rPASMCs. 
The knockdown efficiency was examined by Western blotting (fig. 
S4G). Dnmt3b silencing enhanced the proliferation and migration 
of rPASMCs in response to PDGF-BB at the indicated time points 
(Fig. 5D and fig. S4, H and I).

Moreover, a notable increase in proliferation was observed in 
Dnmt3b−/− rPASMCs compared to WT rPASMCs (fig. S4J). In ag-
gregate, these data demonstrate that Dnmt3b deficiency causes a worse 
phenotype in PASMCs in the development of PH.
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Overexpression of DNMT3B attenuates proliferation 
and migration of PASMCs
We next sought to determine whether overexpression of human 
DNMT3B by adenovirus could improve the phenotype of PASMCs. 
Cells infected with AdDNMT3B exhibited increases in DNMT3B 
expression at indicated multiplicity of infection (MOI), as evidenced 
by immunoblotting and immunofluorescence staining (Fig. 5E 
and fig. S5, A and B). Overexpression of human DNMT3B largely 
abolished the impact of PDGF-BB on proliferation of hPASMCs 

(Fig. 5F). In addition, DNMT3B augmentation resulted in a con-
siderable reduction in migration ability in hPASMCs at each 
time point compared to the control group (Fig. 5, G and H). In 
accord ance with the findings in hPASMCs, human DNMT3B over-
expression resulted in a significant decline in cell viability and mi-
gration ability in rPASMCs in response to PDGF-BB (fig. S5, C to 
E). Collectively, these results suggest that DNMT3B acts against 
PDGF-BB–induced proliferation and migration of PASMCs in a 
protective manner.

Fig. 2. Dnmt3b deficiency exacerbates pulmonary vascular remodeling in MCT-induced PH rat model. (A to D) Compared to WT saline group, Dnmt3b−/− homozygous 
[Dnmt3b−/−, knockout (KO)] Sprague-Dawley rats at week 4 after MCT injection exhibited an elevation in (A) RVSP, (B) mPAP, (C) RVHI, and (D) right ventricular free wall 
thickness (RVFWT) (A to C, n = 8 for WT saline group, n = 6 for KO group, n = 8 for WT MCT group, and n = 10 for KO MCT group; D, n = 4 for WT saline group, n = 5 for KO 
group, n = 7 for WT MCT group, and n = 10 for KO MCT group). (E) Representative photomicrographs of hematoxylin and eosin (H&E) staining and elastin–van Gieson 
(EVG) staining of lung tissue from MCT or saline-treated rats at day 28. Original magnification, ×400. Scale bars, 50 m. (F) Pulmonary vascular remodeling by percentage 
of vascular medial thickness to total vessel size (n = 4 to 7 per group) and (G) quantification of vessel muscularization by immunofluorescence staining with anti–-SMA 
(red, smooth muscle cells), anti-vWF (green, endothelial cells), and 4′,6-diamidino-2-phenylindole (DAPI) (blue, nuclei) for the PH model, demonstrating that Dnmt3b 
deficiency promoted a further elevation of pulmonary vascular wall thickness after MCT injection. Scale bars, 50 m. (H) Proportion of nonmuscularized (NM), partially 
muscularized (PM), or fully muscularized (FM) pulmonary arterioles (20 to 50 m in diameter) from MCT-treated rats, confirming that Dnmt3b deficiency significantly 
increased arteriole muscularization (n = 4 to 5 per group). *P < 0.05, **P < 0.01, and ***P < 0.001 versus WT saline group or WT MCT group, one-way ANOVA with Bonferroni 
correction for multiple comparisons (A to D and F) and two-way ANOVA with Bonferroni’s post hoc analysis (H); mean ± SEM.
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DNMT3B mediated inflammation at transcriptional level
The underlying mechanism by which DNMT3B confers protection 
against PH development was next determined. RNA-sequencing 
(RNA-seq) was performed to investigate the transcriptional profile 
in hPASMCs with adenovirus-mediated overexpression of DNMT3B 
(AdDNMT3B) compared to empty vector (AdControl). By quanti-
tative analysis, 222 transcripts were differentially expressed in re-
sponse to DNMT3B overexpression [q < 0.001; fold change (FC) ≥ 2], 
with 113 up- and 109 down-regulated (Fig. 6A). A total of 37 up- 
regulated and 34 down-regulated unique genes were displayed in a 

heatmap (Fig. 6B). Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathway analysis of the most differentially expressed genes (DEGs) 
highlighted inflammation-related process as the most changed path-
way that might act as a protector against vascular remodeling (Fig. 6C). 
To further explore interactions among the 637 overlapped tran-
scripts, a strong connectivity of proinflammatory genes (i.e., CCL5 
and CXCL6) stood out in protein-protein interaction (PPI) analysis 
(fig. S6, A and B). In addition, we also performed RNA-seq in PDGF-
BB–treated hPASMCs infected with AdDNMT3B or AdControl and 
identified a list of DEGs. Next, we selected the DEGs with similar 

Fig. 3. Dnmt3b deficiency exacerbates pulmonary vascular remodeling in hypobaric hypoxia–induced PH rat model. (A to D) Compared to WT normobaric 
normoxia group, Dnmt3b−/− (KO) Sprague-Dawley rats demonstrated an elevation in (A) RVSP, (B) mPAP, (C) RVHI, and (D) right ventricular free wall thickness (RVFWT) at 
day 21 after exposure to hypobaric hypoxia [A to C, n = 6 for WT normobaric normoxia (NOR) group, n = 6 for KO normobaric normoxia group, n = 7 for WT hypobaric 
hypoxia (HX) group, and n = 9 for KO hypobaric hypoxia group; D, n = 4 for WT or KO normobaric normoxia group and n = 6 for WT or KO hypobaric hypoxia group]. 
(E) Representative images of H&E staining and EVG staining of lung tissue from hypobaric hypoxia– or normobaric normoxia–treated rats at day 21. Original magnifica-
tion, ×400. Scale bars, 50 m. (F) Pulmonary vascular remodeling by percentage of vascular medial thickness to total vessel size (n = 4 to 6 per group) and (G) quantification 
of vessel muscularization by immunofluorescence staining with anti–-SMA (red, smooth muscle cells), anti-vWF (green, endothelial cells), and DAPI (blue, nuclei) for the 
PH model, demonstrating that Dnmt3b deficiency promoted a further elevation of pulmonary vascular wall thickness under hypobaric hypoxic conditions. Scale bars, 
50 m. (H) Proportion of nonmuscularized (NM), partially muscularized (PM), or fully muscularized (FM) pulmonary arterioles (20 to 50 m in diameter) from hypobaric 
hypoxia–treated rats, confirming that Dnmt3b deficiency significantly increased arteriole muscularization (n = 4 per group). *P < 0.05, **P < 0.01, and ***P < 0.001 versus 
WT normobaric normoxia group or WT hypobaric hypoxia group, one-way ANOVA with Bonferroni correction for multiple comparisons (A to D and F) and two-way ANOVA 
with Bonferroni’s post hoc analysis (H); mean ± SEM.
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trend in response to excessive DNMT3B in PDGF-BB–treated hPASMCs 
as in those without PDGF-BB treatment. A heatmap showing the 
selected DEGs was generated (fig. S6C), in which proinflammatory 
genes were still documented. These transcriptome and protein anal-
yses suggest that inflammatory regulation may be one of the under-
lying mechanisms of DNMT3B-mediated protection against PH 
progression.

Because of the inhibitory effect of methylation, we mainly focused 
on the down-regulated genes [q < 0.001; FC ≥ 2; fragments per 

kilobase per million mapped reads (FPKM) > 0.01] in hPASMCs 
overexpressing DNMT3B (table S2). Because a proliferative, promi-
gratory, and proinflammatory phenotype in PASMCs is the key to 
pathologic vascular remodeling in PH, proinflammatory genes were 
reduced after DNMT3B overexpression by the RNA-seq data analysis. 
We next validated the candidate genes by quantitative PCR and 
demonstrated a reduction of the proinflammatory gene CCL5 (Fig. 6D 
and fig. S6D) as well as several other down-regulated genes (Fig. 6D and 
fig. S6, E to J) at transcriptional levels in hPASMCs overexpressing 
DNMT3B. Moreover, an additional increase in Ccl5 expression was 
observed in Dnmt3b−/− rats compared to WT littermates after MCT 
administration or hypoxia exposure (Fig. 6, E and F). In addition, 
a significant increase of Ccl5 expression was depicted in hypoxia- 
induced PH mice with AAV9-null infection compared to normoxia 
control mice, and a trend toward a down- regulation was displayed in 
AAV9-DNMT3B–infected mice after hypoxia exposure (fig. S6K). These 
findings demonstrated that inflammatory regulation might contribute 
to the protective role of Dnmt3b in vascular remodeling (fig. S7).

DISCUSSION
The acquisition and influence of DNA methylation in PH progres-
sion and establishment have largely been unexplored. The present 
study identifies that (i) global DNA methylation level is up-regulated 
in lungs from rodent models after MCT injection or under hypobaric 
hypoxic condition; (ii) DNMT3B expression increased in individuals 
with CHD-PAH, in two experimental PAH models, and in PASMCs 
of PAH patients as well as in PASMCs stimulated by PDGF-BB, the 
most potent mitogen of PASMCs involved in pathogenesis of PH; 
(iii) Dnmt3b-deficient (Dnmt3b−/−) rats have a markedly deteriorated 
hemodynamic response to hypobaric hypoxia or MCT that is asso-
ciated with a worse vascular remodeling and more severe RVH; (iv) 
overexpression of DNMT3B leads to mitigation of PH development 
in a rodent model; (v) pharmacological inhibition, inactivation, or 
genetic ablation of Dnmt3b enhances PASMC proliferation and mi-
gration, which can be restored by overexpression of DNMT3B; (vi) 
DNMT3B may have a therapeutic potential against pulmonary vas-
culature remodeling via inflammatory regulation.

Archer et al. (8) showed that hypermethylation of a CpG island 
of Sod2 favors a proliferative, apoptosis-resistant state in fawn-hooded 
rats (FHRs) with spontaneous PH, which is associated with signifi-
cantly higher Dnmt3b in lungs and Dnmt3b in isolated PASMCs. 
These findings are in line with our observations that Dnmt3b ex-
pression levels increased in lungs from two classical PH rat models 
and in PASMCs stimulated by growth factor. A reduction in Dnmt1 
and Dnmt3a expression level after MCT administration and hypoxia 
exposure was observed in our study, but Archer et al. showed a 
slight increase in Dnmt1 and no change in Dnmt3a in lungs from 
FHRs (spontaneously develop PAH) compared to Sprague-Dawley 
rat lungs but not FH-BN1 consomic rats (identical to FHRs except 
that they have introgression of a normal chromosome 1 and do not 
develop PAH). One of the possibilities responsible for this discrepancy 
might be that Dnmt1 and Dnmt3a expression patterns vary from dif-
ferent PH experimental models. The expression of Dnmt1, Dnmt3a, 
and Dnmt3l decreased in our PH rodent models, while global DNA 
methylation and expression of Dnmt3b increased. It suggests that 
Dnmt3b might act as the main driver in DNA methylation in PAH. 
In addition, a demethylation agent, 5-aza-2′-deoxycytidine (5-AZA), 
inhibits PASMC proliferation through up-regulation of Sod2 expression, 

Fig. 4. DNMT3B overexpression ameliorates hypoxia-induced PH in mice. 
(A) Representative images of lung tissues from mice that received intratracheal 
delivery (AAV9-DNMT3B or AAV9-null) at day 28 under normoxia or hypoxia by 
immunofluorescence staining with anti–-SMA (red), anti-DNMT3B (green), and 
DAPI (blue). Scale bars, 50 m. (B and C) AAV9-DNMT3B–treated mice exhibited a 
reduction in (C) RVSP and (D) RVHI compared to AAV9-null–treated group at day 14 
after exposure to hypoxia (C and D, n = 10 for AAV9-null–treated normoxia group, 
n = 9 for AAV9-DNMT3B–treated normoxia group, n = 10 for AAV9-null–treated 
hypoxia group, and n = 13 for AAV9-DNMT3B–treated hypoxia group). (D) Pulmonary 
vascular remodeling by percentage of vascular medial thickness to total vessel size 
(n = 6 for normoxia group and n = 8 for hypoxia group). (E) Representative images 
of H&E staining, EVG staining, and immunofluorescence staining with anti–-SMA 
(red, smooth muscle cells), anti-vWF (green, endothelial cells), and DAPI (blue, nuclei) 
for the PH model of lung tissue from hypoxia- or normoxia-treated mice at day 14. 
Original magnification, ×400. Scale bars, 50 m. (F) Quantification of vessel muscu-
larization for the PH mouse model demonstrating that augmenting DNMT3B retarded 
pulmonary vascular remodeling under hypoxic conditions (n = 6 for normoxia group 
and n = 8 for hypoxia group). **P < 0.01 and ***P < 0.001 versus AAV9-null–treated 
normoxia group or AAV9-null–treated hypoxia group, one-way ANOVA with Bonferroni 
correction for multiple comparisons (B to D), and two-way ANOVA with Bonferroni’s 
post hoc analysis (F); mean ± SEM.
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Fig. 5. Manipulation of DNMT3B alters PASMC capacity of proliferation and migration in vitro. (A) hPASMCs treated with increasing concentrations (0.3, 1, or 3 M) 
of DNMT3B inhibitor [nanaomycin A (Nana)] or vehicle in the presence or absence of PDGF-BB for 48 hours, demonstrating that nanaomycin A facilitated proliferation of 
hPASMCs in response to PDGF-BB. n = 3 independent experiments. (B) Representative images and (C) quantification analysis of wound confluency showed that nanaomycin 
A (0.3 M) facilitated PDGF-BB–induced hPASMC migration. Red asterisk denotes the comparison to the PDGF-BB–treated group, and blue or gray asterisk denotes the 
comparison to the control (Con) group at examined time point. n = 3 independent experiments. (D) rPASMCs treated with siDnmt3b had higher proliferation compared 
to those with scrambled siRNA in response to PDGF-BB. n = 3 independent experiments. (E) An elevation in DNMT3B protein level in AdDNMT3B-treated hPASMCs was 
observed compared to AdControl-treated PASMCs at 48 hours after infection (MOI = 20). n = 3 independent experiments. (F) hPASMCs infected with either AdControl or 
AdDNMT3B (MOI = 20), demonstrating that Dnmt3b overexpression suppressed cell proliferation in response to PDGF-BB. n = 3 independent experiments. (G) Representative 
images and (H) quantification analysis of wound confluency showed that DNMT3B overexpression rescued PDGF-BB–induced hPASMC migration. Red asterisk denotes 
comparison to the PDGF-BB–treated group (AdControl + PDGF-BB), and blue asterisk denotes comparison to the control (AdControl) group at examined time points. n = 3 
independent experiments. *P < 0.05, **P < 0.01, and ***P < 0.001 versus corresponding controls, Student’s t test (E), one-way ANOVA with Bonferroni correction for multiple 
comparisons (A, D, and F), and two-way ANOVA with Bonferroni’s post hoc analysis (C and H). All data throughout the figure represent mean ± SEM.
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but whether 5-AZA can regress pulmonary vascular remodeling in vivo 
still warrants further investigation.

Apart from the role in pulmonary vascular remodeling, Dnmt3b 
deficiency enhanced RVH in rats, and in a complementary approach, 
overexpression of human DNMT3B via the intratracheal delivery of 
AAV-DNMT3B in mice alleviated hypoxia-induced RVH. In con-
trast to our findings, a site-specific higher DNA methylation was 
associated with an up-regulation of Dnmt3a and Dnmt3b expression 
levels, which contributed to endothelial cell dysfunction and led to 
right ventricular decompensation (15). However, our findings showed 

no increase of DNMT3B expression levels in PAECs in PAH patients 
compared to control subjects. One potential explanation to the di-
vergent role of DNMT3B in PH could be that right ventricles in our 
PAH model were still at the compensation stage, which were different 
from decompensated right ventricles in the previous report.

Recently, one study showed diminished TET2 in peripheral blood 
cells of PAH patients, which engenders the epigenetic link of DNA 
demethylation to PAH progression (16). However, DNA methyla-
tion regulated by DNMTs and TETs is strain, species, organ, and 
stimuli dependent. In our study, we found that higher DNMT3B was 

Fig. 6. Mechanism of protective role of Dnmt3b in vascular remodeling in PAH. (A) Volcano plot of DEGs in hPASMCs infected with AdDNMT3B (MOI = 20) versus 
AdControl indicating up-regulated genes, which are highlighted in red, and down-regulated genes, which are highlighted in green. The thresholds are shown as dashed 
lines (horizontal: q < 0.001; vertical: absolute log2 FC ≥ 1). (B) Heatmap illustrating DEGs for hierarchical clustering. (C) KEGG pathway enrichment analysis of the identified 
DEGs between AdDNMT3B and AdControl groups. The 10 most significantly enriched pathways (P < 0.05 by Fisher’s exact test) are shown. TNF, tumor necrosis factor. 
(D) mRNA expression of selected down-regulated genes out of RNA-seq data was analyzed by RT-PCR. The relative FC, compared with those from AdControl-infected 
hPASMCs, was log-transformed at the base of 2 and shown in the heatmap. *P < 0.05 versus AdControl-infected hPASMCs, Student’s t test, n = 5 per group. (E and F) RT-PCR 
analysis of expression of Ccl5 in lungs of WT and Dnmt3b−/− PH rats after MCT injection (E) or under hypobaric hypoxic conditions (F), demonstrating a higher Ccl5 expression 
in Dnmt3b−/− PH rats (n = 4 to 8 per group). *P < 0.05 versus WT control group or WT MCT or WT hypoxia group as indicated, one-way ANOVA with Bonferroni correction 
for multiple comparisons; mean ± SEM.
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displayed in lungs from PAH patients, different PH rodent models, 
and PASMCs from patients with PAH compared to corresponding 
controls. All these can reflect local DNA methylation signature in 
the setting of PAH. The other study by Joshi et al. (17) unveiled the 
mechanisms that link reprogrammed metabolism to aberrant expres-
sion of functional phenotype-associated genes in PH. They suggest 
that functional TET2 is required for G6PD inhibition to reverse PH 
in mice. In contrast to our finding of up-regulation of Dnmt3b in 
hypoxia condition, Dnmts were not altered significantly in hypoxia 
versus normoxia and in hypoxia + NEOU (G6PD inhibitor) versus 
hypoxia, and we assume that the difference lies in that their finding 
was based on RNA-seq data with limited sample size. Here, the role 
of DNMT3B in the scenario of PAH warrants our further investigation.

The excessive proliferation and apoptosis resistance of PASMC 
have emerged as essential mechanisms in the remodeling of the pul-
monary vasculature associated with PH (18, 19). Growing evidence 
shows that DNA methylation is a key regulator for smooth muscle 
cell phenotype switch and vascular remodeling (20). Although Dnmt3b 
was shown to functionally inactivate p53 in vascular smooth muscle 
cells induced by homocysteine, thereby indirectly promoting cell 
growth, our results reveal that dysfunction of Dnmt3b upsets the 
balance between PASMC growth and death and migration ability, 
thus favoring increased muscularization of the vasculature. Collec-
tively, these results suggest that Dnmt3b may modulate smooth muscle 
cells through different pathways and exhibit opposite effects under 
various conditions.

Emerging evidence indicates strong similarities between the dys-
regulated growth of vascular and tumor cells (21, 22). Recent studies 
show that epigenetic disruptions caused by Dnmt3b are also involved 
in tumor transformation and progression. Altered promoter DNA 
methylation is identified as one of the most important epigenetic 
abnormalities in human cancers (23), contributing to some of the 
hallmarks of cancer (24). Dnmt3b can be negatively modulated by 
Ang and activates Mmp2, which contribute to bladder cancer on-
cogenesis (25). A more recent study on the effect of Dnmt3b over-
expression in HaCaT cells on global gene expression was carried out 
to identify targets of Dnmt3b (26). They found that the Dnmt3b 
overexpression modulates the expression of genes related to cancer, 
down-regulating the expression of 151 genes with CpG islands; some 
of which promote tumorigenesis (27, 28), while some are in favor of 
inhibition of proliferation, tumorigenicity, or invasion (29, 30). The 
phenomenon that one active molecule exerts opposite effects in dif-
ferent tumors is not unusual, and the discrepancy may be largely 
attributable to the differences in tumor microenvironment or cell 
lines, and these results highlight the importance of Dnmt3b in gene 
expression and neoplastic transformation.

Dnmt3b was demonstrated to be posttranscriptionally regulated 
by multiple microRNAs (miR-29c, miR-26a, miR-26b, miR-203, etc.), 
and loss of expression of these regulatory microRNAs contributes 
to Dnmt3b overexpression in hypermethylation cell lines (31). Among 
them, the miR-29 family is up-regulated in heritable PAH and an-
tagonism of miR-29 attenuates PAH in transgenic mouse models of 
Bmpr2 mutation (32). We speculate that up-regulation of miR-29 
might contribute to a lower expression of Dnmt3b, thus promoting 
vascular remodeling and PAH. Dnmt3b, however, is not unique in 
this regard, as other molecules could also be regulated by miR-29.

Our current findings demonstrated enrichment of inflammation- 
related pathways in response to DNMT3B overexpression in hPASMCs, 
with an involvement of proinflammatory genes, such as CCL5. 

Chemokine CCL5 exerts a multitude of generally proinflammatory 
effects (33, 34), and the vascular smooth muscle cells are reported to 
orchestrate arterial inflammatory response via acute Ccl5 produc-
tion and subsequent inflammatory cell recruitment, which may, in 
part, explain the development of adventitia remodeling in PH (35). 
Our observation of higher CCL5 in experimental PH models com-
pared to control rats was consistent with previous studies that CCL5 
was elevated in pulmonary adventitial fibroblasts from chronically 
hypoxic hypertensive calves (36) and lungs of patients displaying 
severe PAH (37). Although a further increase of Ccl5 expression was 
observed in Dnmt3b−/− rats after stress (MCT or hypoxia) compared 
to WT littermates, and CCL5 was reduced after DNMT3B over-
expression in vitro, the functional study whether the inhibition or 
knockdown of CCL5 could prevent the adverse effect of DNMT3B 
silencing or vice versa was not investigated in our study, which could 
be one of our limitations. As therapeutic interventions targeting ei-
ther PASMC proliferation (38) or lung inflammation (18) could 
ameliorate experimental PH, the modulation of DNMT3B to main-
tain balanced inflammatory signaling and PASMC proliferation might 
emerge as a therapeutic target for pulmonary vascular homeostasis.

Using PAECs from PAH patients, no difference of DNMT3B ex-
pression levels was detected in PAECs from PAH patients compared 
to those from controls. However, we did not investigate the role of 
Dnmt3b in endothelial function. At this point, we cannot exclude 
the possibility that effects of Dnmt3b on endothelial cells in response 
to stress differentially or synergistically affect PAH in a systemic knock-
out. This limitation precludes any conclusion regarding the cell- 
specific role of Dnmt3b in the progression of PAH. As for animal 
experiments, the efficiency of decreased DNMT3B activity and the 
rescue in rat models had not been explored, which can be consid-
ered as limitations of this study.

Although various pro-proliferative and inflammatory pathways 
in vascular remodeling have been reported in PH, the contribution 
of each remains to be fully understood. Here, we demonstrate that a 
link may exist between Dnmt3b-mediated proliferation and inflam-
matory response in the pathogenesis of PH and offer insights for 
future therapeutic gains.

MATERIALS AND METHODS
Human lung samples and patient characteristics
To mirror female predominance of clinical prevalence, human lung 
tissue from subjects with CHD-associated PAH (CHD-PAH) (n = 8) 
or CHD (n = 4) were obtained during lung biopsy. Subjects with 
CHD-PAH had a mean age (years ± SD) of 26 ± 2. Control CHD 
had a mean age (years ± SD) of 30 ± 2. The study protocol for tissue 
biopsy was approved by the ethics committee of Fuwai Hospital and 
in accordance with the Declaration of Helsinki. Written informed 
consent was obtained from each individual patient or the patient’s 
next of kin. All the detailed clinical data from lung tissues are listed 
in table S1. hPASMCs for detection of DNMT3B expression levels 
were isolated from five donors and five patients with PAH. PAECS 
used in this study were from three control subjects and patients 
with PAH.

Animal models
All animal protocols were approved by the Ethics and Animal Care 
and Use Committee of Fuwai Hospital and Beijing Shijitan Hospital 
or the University of Illinois at Chicago. All animal work was carried 
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out in accordance with the relevant guidelines and regulations of these 
bodies. To test the DNA methyltransferase profiling in PH rodent 
models, male Sprague-Dawley rats (~250 to 300 g) were purchased 
from Charles River (Beijing, China) and kept either in hypobaric 
hypoxic chamber (50 kPa) or in room air (21% oxygen) for 3 weeks 
(n = 7 to 8 per group) for the hypoxia study. One-dose subcutaneous 
injection of MCT or saline was given to male Sprague-Dawley rats 
for the MCT study (n = 7 to 8 per group). On day 21, both hemo-
dynamics and RVHI were performed, and lung tissues were harvested 
and stored in liquid nitrogen or formalin for subsequent analysis. 
Dnmt3b−/− rats were obtained as a gift from L. Zhang from the In-
stitute of Laboratory Animal Science, Chinese Academy of Medical 
Sciences (39). Eight-week-old male Dnmt3b−/− and WT littermates 
were either put into the hypobaric hypoxic chamber for 3 weeks or 
received one-dose MCT injection to develop PH. At day 21 after hypo-
baric hypoxic exposure or day 28 after MCT injection, hemodynamics 
and RVHI were assessed as described above. Lung tissue were fixed 
in formalin or stored at −80°C. To investigate the effect of DNMT3B 
overexpression on the development of PH, 6- to 8-week-old C57BL/6 
mice were delivered intratracheally with 2 × 1011 genome copies of either 
AAV9- DNMT3B or AAV9-null in a final solution of 100 l at day 
14 under hypoxia or normoxia condition; the mouse was maintained 
at a 45° angle for 1 min. Mice were kept in a hypoxia chamber or in 
normoxia for additional 2 weeks. At day 28, animals were sacrificed for 
analysis. Details are provided in Supplementary Materials and Methods.

Hemodynamic measurement, tissue collection, 
and histopathological analysis
For measurement of RVSP and mPAP in rats, a fluid-filled catheter 
(PE 50 tubing) was inserted into the right ventricle through the right 
jugular vein and connected to a force transducer. Rats were then sac-
rificed, and the hearts and lungs were harvested. RVH was determined 
as the ratio of right ventricular to left ventricular and septal weight 
(RV/LV + S). The right lung was snap-frozen in liquid nitrogen.

A fraction of the excised lungs was fixed in 4% paraformaldehyde, 
embedded in paraffin, and then sliced into 4-m-thick sections. 
Some sections were stained with hematoxylin and eosin (H&E) and 
elastin–van Gieson (EVG) following the standard protocol for mor-
phological examination as in previous studies, and the external di-
ameter and internal diameter of these arteries were measured using 
Image-Pro Plus software (Media Cybernetics, USA). The arterial 
wall thickness was calculated as follows: percentage wall thickness = 
[(external diameter − internal diameter)/external diameter] × 100.

For the assessment of pulmonary arteriolar muscularization, im-
munofluorescent staining of rat lung sections was performed using 
a mouse monoclonal anti–-SMA (smooth muscle actin) antibody 
(Sigma-Aldrich, USA) at 1:1000 in 5% bovine serum albumin (BSA), 
followed by Alexa Fluor 594–conjugated anti-mouse secondary anti-
body (ZSGB-BIO, China) to visualize PASMCs, as well as using a 
rabbit polyclonal anti–von Willebrand factor (vWF) antibody (Abcam, 
USA) at 1:1500 in 5% BSA, followed by Alexa Fluor 488–conjugated 
anti-rabbit secondary antibody (ZSGB-BIO, China), to visualize en-
dothelial cells. Images were taken at ×400 magnification. The degree 
of pulmonary arteriolar muscularization and size was assessed in a 
blinded fashion. Sixty to 80 intra-acinar vessels per rat accompany-
ing either alveolar ducts or alveoli were evaluated. Each vessel was 
categorized as nonmuscularized (i.e., no apparent muscle), partially 
muscularized (i.e., with only a crescent of muscle), or fully muscu-
larized (i.e., with a complete medial coat of muscle). The percentages 

of nonmuscularized and partially or fully muscularized vessels were 
calculated by dividing the number of vessels in each category by the 
total number of blood vessels counted per slide.

To evaluate proliferation of PASMCs in vivo, immunofluorescence 
staining of mice lung sections was performed with primary antibodies 
specific to proliferating cell nuclear antigen (PCNA; diluted 1:1000, 
Cell Signaling Technology) and anti–-SMA antibody overnight at 
4°C. Slides were then washed with phosphate-buffered saline (PBS) 
three times and incubated with secondary antibodies conjugated with 
Alexa Fluor 488 and Alexa Fluor 594 for 1 to 2 hours at room tem-
perature. Prolong Gold antifade reagent with 4′,6-diamidino-2- 
phenylindole (DAPI) (Invitrogen) was used to mount and counterstain 
the slides. All of the fluorescence images were captured under a 
fluorescence microscope at 200× and 400×. All images were analyzed 
with ImageJ (National Institutes of Health).

To localize DNMT3B protein expression within pulmonary vascu-
lar lesions, following antigen retrieval, the lung sections were treated 
with 3% H2O2, permeabilized with 0.3%Triton X-100, blocked with 
5% BSA, and incubated with anti-DNMT3B antibody (catalog 
no. ab79822, 1:250 dilution; Abcam, Cambridge, UK) overnight at 
4°C, followed by serial incubations with biotin-conjugated goat anti- 
rabbit immunoglobulin G (IgG) secondary antibody and horseradish 
peroxidase (HRP)–labeled streptavidin (ZSGB-BIO, China). Diamino-
benzidine (ZSGB-BIO, China) was added to initiate the chromogenic 
reaction, and hematoxylin was used to stain the nuclei. The sections 
were mounted and examined under a microscope (DM6000B, Leica, 
Germany) at ×200 magnification.

Echocardiography
Transthoracic echocardiography was performed with the VEVO2100 
system equipped with a 13- to 24-MHz (MS250, rat cardiovascular) 
transducer (VisualSonics). To determine TAPSE, the M-mode cur-
sor was oriented to the junction of the tricuspid valve plane. Right 
ventricular free wall thickness was measured at parasternal short-axis 
view of a right ventricular outflow level as previously described (40).

Global methylation analysis
Global DNA methylation status in lungs of MCT- or hypoxia-induced 
PH rodents was performed using the MethylFlash Methylated DNA 
Quantification Kit (EpiGentek, Farmingdale, NY, USA). Briefly, sam-
ple DNA is bound to high DNA affinity strip wells. Methylated DNA 
is detected using capture and detection antibodies to 5-mC and then 
quantified colorimetrically by reading absorbance at 450 nm using 
a microplate reader (Tecan, Sweden). The amount of methylated DNA 
is proportional to the OD (optical density) intensity measured. The 
absolute amount of methylated DNA was quantified as per protocol 
using a standard curve, plotting the OD values versus five serial di-
lutions of control methylated DNA (0.5 to 10 ng).

Cell culture
rPASMCs were isolated from adult Sprague-Dawley rats. hPASMC 
were purchased from ScienCell (San Diego, CA). Cells were main-
tained in complete Dulbecco’s modified Eagle’s medium (DMEM)/
F12 medium. Passages 3 and 4 were used for subsequent experiments.

Inhibition of DNMT3B
DNMT3B was inhibited either genetically by siRNA oligonucle-
otides using Lipofectamine RNAiMAX (Invitrogen) following the 
manufacturer’s instructions or pharmaceutically by nanaomycin A. 
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Transfection conditions are available in Supplementary Materials 
and Methods.

Overexpression of DNMT3B
PASMCs were infected with pHBAd-MCMV-GFP adenovirus en-
coding the complementary DNA (cDNA) green fluorescent protein 
(GFP) (AdControl) and DNMT3B (AdDNMT3B). Detailed methods 
are available in Supplementary Materials and Methods.

Cell viability and proliferation assays
To test cell viability, culture supernatant was discarded and replaced 
with Cell Counting Kit-8 (CCK-8) solution (Dojindo Laboratories, 
China). Cells were incubated at 37°C, 5% CO2 for 1.5 hours. Absorbance 
values (OD) were determined with a microplate reader (Infinite 
M200 Pro, Tecan, Switzerland) at a wavelength of 450 nm. To test 
cell proliferation, culture supernatant was discarded and incubated 
with 0.1% crystal violet for 10 min at room temperature. The plate 
was washed three times, and 100 l of 0.1% SDS was added. OD 
values were determined at a wavelength of 570 nm.

Cell migration
For nanaomycin A experiments, 1.5 × 104 hPASMCs per well or 
1 × 105 rPASMCs per well were seeded in 96-well plates. A scratch 
was made using a 96-pin WoundMaker in human cells and with a 
P200 pipette tip in rat cells. Cells were left untreated or treated with 
nanaomycin A (0.3 M) or vehicle in response to human PDGF-BB 
(20 ng/ml) or rat PDGF-BB (50 ng/ml) for the indicated time. For 
adenovirus infection experiments, 1 × 104 hPASMCs per well or 
1 × 105 rPASMCs per well were infected with AdDNMT3B or Ad-
Control for 24 hours, followed by a scratch as mentioned above, and 
then treated with PDGF-BB or vehicle for 48 hours. Human cell con-
fluence was imaged by phase-contrast using the IncuCyte HD system 
(IncuCyte live cell). Data were processed and analyzed using Incu-
Cyte Zoom 96-Well Cell Invasion Software Application Module (all 
from Essen BioScience Inc., Ann Arbor, MI, USA). Six phase-contrast 
images of each individual scratch of rat cells were obtained at ×100 
magnification at indicated time points after scratching. Transwell 
assay was also performed to assess cell migration capacity. rPASMCs 
were transfected with siRNA as detailed in Supplementary Materi-
als and Methods. Cells were then seeded into the upper chamber of 
24-well 8-m transwell plates (Corning Costar, Corning, NY, USA), 
with the lower chamber in the presence or absence of PDGF-BB. 
Eighteen hours later, cells were fixed and dyed with 0.1% crystal 
violet dye for 5 min. Detailed method is provided in Supplementary 
Materials and Methods.

Western blotting
Tissues and cells after indicated duration of treatment were treated 
with radioimmunoprecipitation assay (RIPA) lysis buffer (Applygen, 
Beijing, China), complete protease inhibitor cocktail, phosphatase 
inhibitor cocktail (both from Roche, Basel, Switzerland), and load-
ing buffer (Applygen, Beijing, China). Lysates were frozen at −80°C 
until used. Cell lysates (20 g total protein) were separated on re-
ducing SDS–polyacrylamide gel electrophoresis (PAGE) gels, and 
proteins were transferred to polyvinylidene fluoride membranes. 
Membranes were then blocked and probed with rabbit monoclonal 
antibodies against DNMT3A (clone D23G1, catalog no. 3598, 1:1000 
dilution), DNMT1 (clone D63A6, catalog no. 5032, 1:1000 dilution; 
all Cell Signaling Technology, Danvers, MA), or DNMT3B (catalog 

no. ab79822, 1:1000 dilution; Abcam, Cambridge, UK) and rabbit 
polyclonal antibodies against DNMT3L (catalog no. A-1005-050, 
1:1000 dilution; EpiGentek, Farmingdale, NY). As a loading control, 
all blots were reprobed with a monoclonal antibody against glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) (catalog no. 2118, 
1:5000 dilution; Cell Signaling Technology, Danvers, MA). Densitom-
etry was performed using ImageJ software.

RNA isolation and RNA-seq library preparation, sequencing, 
and analysis
Total mRNA was isolated from frozen rat lung tissues and hPASMCs 
with TRIzol (Invitrogen). The purity, concentration, and integrity 
of RNA were determined using Agilent 2100 Bioanalyzer. RNA li-
braries were prepared for sequencing using the BGISEQ-500 sequencing 
platform [Beijing Genomics Institute (BGI), Wuhan, China] with a 
single-end read length of 50 base pairs (bp). After quality control 
with SOAPnuke (version 1.5.2), approximately 24.1 million clean reads 
were obtained and the average mapping ratio to the reference gene 
was about 90% (fig. S6A). The RNA-seq analyses were performed 
at the BGI. Briefly, high-quality reads were aligned to the human 
reference genome (GRCh38) using HISAT2 (version 2.0.4) and 
Bowtie2 (version 2.2.5). Normalized gene expression was calculated 
using the FPKM with RSEM (version 1.2.12). A Student’s t test 
algorithm was used to identify DEGs between the different sample 
groups, and P values were corrected using the Benjamini-Hochberg 
algorithm (q values). DEGs defined from the pairwise comparisons 
had to satisfy two selection criteria, including (i) FC ≥ 2 and (ii) 
corresponding q ≤ 0.001. The annotation information regarding 
genes involved in biological pathways was obtained from the KEGG 
database. A KEGG pathway enrichment analysis was performed 
using Fisher’s exact test, and only pathways with a corresponding 
P ≤ 0.05 were considered as significantly enriched. DIAMOND 
(version .0.8.31) was used to map the DEGs to the STRING (ver-
sion 10) database to obtain the interaction between DEG-encoded 
proteins using homology with known proteins. The top 100 inter-
action networks were selected and imported into Cytoscape for net-
work analysis.

cDNA synthesis and real-time PCR
Isolated RNA was subsequently transcribed into cDNA using the 
SuperScript III First-Strand Synthesis System (Invitrogen) accord-
ing to the manufacturer’s instructions. Real-time PCR was then per-
formed with the FastStart Universal SYBR Green Master (Rox) Kit 
(Roche) or TaqMan Real-Time PCR Master Mixes in the ABI 7500 
Real-Time Detection System. The threshold cycle (Ct) values of the 
target genes were normalized to that of the housekeeping gene (en-
dogenous control) encoding GAPDH. All data were analyzed by 
adopting 2−Ct method, with 2−Ct demonstrating the relative ex-
pression ratios of the target gene of the case group to the control group 
(Ct = Ctcase group − Ctcontrol group, Ct = CtTarget gene − CtGAPDH). 
Relative mRNA expression is shown, with the average from control 
samples set to 1. Primers were purchased from AuGUT (Beijing, China), 
and sequences are shown in table S3. The TaqMan gene expression 
assays used in this study were as follows: Hs00966522_m1 (PDGFB), 
Hs00171876_m1 (DNMT3B), and Hs99999905_m1 (GAPDH).

Statistical analysis
Data are presented as the mean ± SEM or median (interquartile range). 
When only two groups were compared, statistical differences were 



Yan et al., Sci. Adv. 2020; 6 : eaba2470     9 December 2020

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

12 of 13

assessed with unpaired two-tailed Student’s t test if normally dis-
tributed. Otherwise, Mann-Whitney U test was used. Statistical sig-
nificance among three groups or over was determined using one-way 
analysis of variance (ANOVA) followed by Bonferroni multiple 
comparison test or Kruskal-Wallis test or two-way ANOVA with 
Bonferroni’s post hoc analysis as appropriate. The data were analyzed 
using GraphPad Prism version 5.0, and P < 0.05 was considered to 
indicate a statistically significant difference.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/50/eaba2470/DC1

View/request a protocol for this paper from Bio-protocol.
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