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Abstract 

Background:  Transcription factor CREB is involved in the development of pulmonary hypertension (PH). However, 
little is known about the role and regulatory signaling of CREB in PH.

Methods:  A series of techniques, including bioinformatics methods, western blot, cell proliferation and luciferase 
reporter assay were used to perform a comprehensive analysis of the role and regulation of CREB in proliferation of 
pulmonary artery smooth muscle cells (PASMCs) in PH.

Results:  Using bioinformatic analysis of the differentially expressed genes (DEGs) identified in the development of 
monocrotaline (MCT)- and hypoxia-induced PH, we found the overrepresentation of CRE-containing DEGs. Western 
blot analysis revealed a sustained increase in total- and phosphorylated-CREB in PASMCs isolated from rats treated 
with MCT. Similarly, an enhanced and prolonged serum-induced CREB phosphorylation was observed in hypoxia-
pretreated PASMCs. The sustained CREB phosphorylation in PASMCs may be associated with multiple protein kinases 
phosphorylated CREB. Additionally, hierarchical clustering analysis showed reduced expression of the majority of CREB 
phosphatases in PH, including regulatory subunits of PP2A, Ppp2r2c and Ppp2r3a. Cell proliferation analysis showed 
increased PASMCs proliferation in MCT-induced PH, an effect relied on CREB-mediated transcriptional activity. Further 
analysis revealed the raised intracellular labile zinc possibly from ZIP12 was associated with reduced phosphatases, 
increased CREB-mediated transcriptional activity and PASMCs proliferation.

Conclusions:  CREB pathway was overactivated in the development of PH and contributed to PASMCs proliferation, 
which was associated with multiple protein kinases and/or reduced CREB phosphatases and raised intracellular zinc. 
Thus, this study may provide a novel insight into the CREB pathway in the pathogenesis of PH.

Plain English summary 

Transcription factor CREB plays an important role in the development of pulmonary hypertension (PH). However, 
paradoxical roles have been reported in the pathogenesis of PH, and the regulatory mechanisms of CREB activation in 
pulmonary artery smooth muscle cells (PASMCs) proliferation remained unknown. In this study, we showed that CRE-
containing genes were overrepresented among the differentially expressed genes in experimental PH, which resulted 
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Background
Pulmonary hypertension (PH) is a cardiopulmonary 
vascular disease characterized by elevated pulmonary 
arterial pressure and pulmonary vascular remodeling, 
ultimately resulting in the right heart failure and prema-
ture death. The mortality remains high, despite thera-
peutic advances in management of patients with PH. 
Currently approved PH therapies attempt to restore the 
balance between vasodilator and vasoconstrictor media-
tors, but not reverse pulmonary vascular remodeling. 
Pulmonary vascular remodeling, mainly manifested as 
proliferation and migration of pulmonary artery smooth 
muscle cells (PASMCs) and extracellular matrix deposi-
tion, is a common feature of various types of PH. Hyper-
proliferative PASMCs are believed to be the critical 
pathogenic component of pulmonary vascular remolding 
[1, 2]. However, the underlying signaling pathways con-
tributed to PASMCs proliferation and vascular remolding 
in PH were not well understood.

cAMP response element-binding protein (CREB) is a 
ubiquitously expressed transcription factor regulating the 
transcription of multiple genes in response to cAMP and 
cGMP [3]. The interaction of CREB with cAMP response 
element (CRE) is required for CREB-mediated gene tran-
scription. CREB phosphorylation at Ser-133 promotes its 
binding at the CRE, recruitment of transcriptional coac-
tivators CBP/p300 and consequently CREB-mediated 
transcription. CREB is known to regulate the expres-
sion of numerous genes important to the cardiovascular 
remodeling process [4]. For instance, CRE-dependent 
gene transcription played an important role in the sur-
vival and proliferation of vascular smooth muscle cells 
in vascular remodeling [5]. In addition, CREB medi-
ated  tumor necrosis factor α (TNF-α)–induced vascular 
smooth muscle cell migration in vascular stenotic lesion 
[6].

CREB was reported to be selectively activated in the 
in vivo lung in response to hypoxia [7], and CREB expres-
sion and phosphorylation was increased in sugen5416/

hypoxia-induced PH [8]. The elevated CREB phospho-
rylation was also identified in PASMCs derived from 
patients with idiopathic pulmonary arterial hypertension 
[9, 10]. Moreover, Nox1/Ref-1-mediated activation of 
CREB promotes gremlin1-driven endothelial cell prolif-
eration and migration in sugen5416 + hypoxia-induced 
PH model [8]. However, the role of CREB in pulmonary 
vascular remodeling remains elusive, because either of 
the increased and reduced CREB expression has been 
proposed to mediate PASMCs proliferation in pulmonary 
vascular remodeling [9–13]. Additionally, the regulatory 
signaling of CREB activation in PASMCs proliferation 
has not been well characterized in PH.

Previously, we have showed the important role of 
CPT1, a CREB target gene, in regulating PASMC prolifer-
ation in PH [14]. In the present study, we applied a series 
of techniques, such as bioinformatics analysis, western 
blot and luciferase reporter assay to explore the expres-
sion and regulation of CREB in PH, aiming to provide a 
full understanding of the CREB pathway in proliferation 
of PASMCs. The results showed that the proliferation of 
PAMSCs was dependent on the CREB-mediated tran-
scriptional activity and was associated with raised intra-
cellular zinc and reduced protein phosphatases.

Materials and methods
Animal model
The procedures were approved by the Laboratory Animal 
Welfare and Ethics Committee of Fujian Medical Univer-
sity (Approval No. 2017–070, Fuzhou, China) and con-
ducted in accordance with the ARRIVE guideline. Male 
Sprague–Dawley (SD) rats aged 8 weeks were purchased 
from Shanghai SLACCAS Laboratory Animal Co., Ltd 
(Certificate No. SCXK 2012–0002). The rats were raised 
with water and food ad libitum. The PH model in rats was 
induced by a single intraperitoneal injection of 40 mg/kg 
monocrotaline (MCT) (Sigma-Aldrich, CA, USA), con-
trol and MCT-treated rats were sacrificed at the end of 
week 1, 2, 3 and 4 after MCT treatment, as described in 

from the sustained activation of CREB pathway. The sustained activation of CREB pathway may be associated with the 
activation of multiple protein kinases that positively regulate CREB and down-regulation of numerous phosphatases 
involved in CREB dephosphorylation. Additionally, we found that the proliferation of PAMSCs was dependent on the 
CREB-mediated transcriptional activity in experimental PH. Moreover, the raised intracellular labile zinc possibly from 
ZIP12 may be associated with reduced protein phosphatases, increased CREB-mediated transcriptional activity and 
PASMCs proliferation. Collectively, we found CREB-mediated transcriptional activity in the proliferation of PASMCs in 
PH, which may be associated with multiple protein kinases and/or reduced phosphatases and elevated intracellular 
zinc. This study may reveal a critical role of zinc-mediated activation of CREB pathway in the proliferation of PASMCs, 
thus providing a more comprehensive understanding of CREB pathway in the pathogenesis of PH.
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our previous study [15]. Mice in the hypoxic PH group 
were received a single subcutaneous injection of su5416 
(20  mg/kg) and then exposed to a 10% oxygen hypoxic 
chamber for 8  h a day for 4  weeks, while control mice 
were exposed to indoor air. The mice were killed at the 
end of week 4, and lungs were immediately isolated for 
western blot analysis.

Isolation, culture and treatment of PASMCs
The SD rats were anesthetized with 30  mg/kg sodium 
pentobarbital and killed by cervical dislocation. The iso-
lation of PASMCs from the pulmonary arterioles was 
described in our previous study [14]. The identification of 
PASMCs was performed by staining of α-smooth muscle 
actin (α-SMA), a specific biomarker for vascular smooth 
muscle cells, using α-SMA antibody (Abcam, USA, 
1:200). PASMCs were passaged after growth to 80%-
90% confluence and starved with serum-free DMEM/
F12 (Hyclone, Logan, UT, USA) for 24 h. Then, cells were 
pretreated with a variety of reagents, including protein 
kinase inhibitors (MedChemExpress LLC, USA), such as 
H89, SB203580, PD98059, LY294002, KN62, cheleryth-
rine chloride and staurosporine. For the hypoxia treat-
ment, the PASMCs were exposed to 2% O2 and 5% CO2 
in sealed cell incubator (Thermo Scientific™ 8000, USA) 
for indicated times. The concentration of oxygen in the 
incubator was balanced by nitrogen and detected by an 
oxygen sensor inside the incubator. The PASMCs from 
generation 3 to 5 were used in the present experiments.

Determination of cell proliferation
The cell proliferation was assessed by measurement of 
proliferating cell nuclear antigen (PCNA) expression by 
western blot and methyl thiazolyl tetrazolium bromide 
(MTT) assay. The MTT assay has been used in our pre-
vious study [14]. Briefly, PASMCs were seeded in the 
96-well plates at a density of 1 × 104 per well and cul-
tured for 24  h. After treatment with the indicated rea-
gents including TPEN (Sigma-Aldrich, USA) and FK506 
(MedChemExpress LLC, USA), 20  μl MTT (5  mg/ml; 
Solarbio, Shanghai, China) was added to each well for 4 h 
of incubation. Then, the culture medium was discarded 
and 150 μl DMSO was added to each well in the plates. 
The plates were submitted to a microplate reader (Biotek, 
USA) for absorbance determination at 490 nm. The cell 
proliferation rate was determined by the absorbance 
ratio.

RNA extraction and real‑time PCR
Total RNA was isolated from 50  mg lung tissues and 
cultured PASMCs using Trizol reagent (Life Technol-
ogy, USA) following manufacturer’s instructions [16]. 
The RNA concentration and purity were assessed at 

A260 nm and A280 nm wavelengths using NanoDrop™ 
instruments (Thermo Scientific, USA). Reverse transcrip-
tion of total RNA to cDNA was performed according to 
the manufacturer’s protocol. The first-strand cDNA was 
used for real-time PCR. The forward and reverse primers 
for the amplification of each fragment were as follows: 
forward-5’-TGT CTG CTG ATC CAC GTG TC-3’, and 
reverse-5’-GAA ACG TCA TCC AGG GTC GT-3’ for 
ZIP12; and forward-5’-ACC ACA GTC CAT GCC ATC 
AC-3’, and reverse-5’-TCC ACC ACC CTG TTG CTG 
TA-3’ for GAPDH. Quantification of gene expression was 
performed using Light Cycler 96 (Roche, Switzerland). 
The relative quantification was performed by the com-
parative 2−ΔΔCT method and expressed as fold changes.

Total proteins extraction and western blot analysis
Lung tissues were homogenized in 1 × lysis buffer 
(2 × SDS, 5 × DTT, Cock tail 2  μl/ml, 100 × PMSF and 
H2O). PASMCs were cultured and treated in 6-well 
plates. When cells grew to 80–90% confluences, the 
medium was discarded. Then, PASMCs were washed 
three times with ice-cold phosphate buffered saline and 
lysed in 200 μl of 1 × lysis buffer. Tissue and cell lysates 
were incubated on ice for 30  min, subsequently centri-
fuged at 10,000 g for 15 min at 4 °C. After determination 
of protein concentration using the BCA protein assay kit 
(Beyotime, China), the supernatants were collected and 
mixed with equal volumes of 2 × SDS sample gel buffer. 
After boiling for 10 min, protein samples were separated 
by 10% SDS-PAGE and transferred to the polyvinylidene 
difluoride membranes. The membranes were washed 3 
times with Tris Buffered Saline Tween (TBST), blocked 
at room temperature with 5% nonfat milk for 1  h, and 
incubated overnight at 4  °C with primary antibodies 
including anti-CREB (Cell Signaling Technology, 1:1000), 
anti-phosphorylated-CREB (Cell Signaling Technology, 
1:1000), anti-PCNA (Abcam, 1:1000), anti-β-actin (Santa 
Cruz, 1:500) and anti-ZIP12 (HuaBio, Co., Ltd. China, 
1:1000). Anti-ZIP12 antibody was produced following the 
methods described in the previous study [17], by HuaAn 
Biotechnology, Co., Ltd., Hangzhou, China. The mem-
branes were then washed 3 times with TBST and incu-
bated with horseradish peroxidase-conjugated secondary 
antibodies (Santa Cruz, 1:2000) for 1  h at 37.5˚C. After 
being washed and revealed with the ECL detection kit 
(Beyotime, China), the bands were visualized by expo-
sure to X-ray film, scanned and quantified by Image J 
software.

Immunofluorescent staining
Immunofluorescence staining was described previously 
[14]. The deparaffinized and dehydrated sections (5 μm) 
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from lung tissues or glass coverslips with cells were 
fixed with 4% formaldehyde in phosphate buffer saline 
(PBS) for 10 min at room temperature. The samples were 
rinsed with PBS, treated with 0.2% Triton X-100 on ice 
for 10  min for permeabilization and then blocked with 
5% non-fat milk for 30  min at room temperature. The 
slides were incubated with anti-phosphorylated-CREB 
antibody (Cell Signaling Technology, 1:200) and anti-
alpha smooth muscle actin antibody (α-SMA, Abcam, 
1:400) in blocking solution overnight. Next, the samples 
were washed three times with PBS and incubated with 
goat anti-rabbit IgG FITC (1:100, ZSGB-Bio, China) and 
goat anti-mouse IgG TRITC (1:100, ZSGB-Bio, China) in 
PBS for 2 h at room temperature. The slides were washed 
three times with PBS before being incubated with 
4’,6-diamidino-2-phenylindole (DAPI) (1  μg/mL; Santa 
Cruz Biotechnology, USA) in PBS for 5 min. The speci-
mens were mounted in 90% glycerol, sealed with nail 
polishoil, and observed under inverted phase-contrast 
immunofluorescent microscope (Ts2R/FL, Nikon, Japan).

Construction of pGL4.20‑TH reporter 
by ligation‑independent cloning
Tyrosine hydroxylase (TH) transcription depends pri-
marily on CRE activity, regardless of the types of induc-
ing stimulus [18]. The TH promoter (-4490 ~  + 10) was 
linked to a luciferase reporter, pGL4.20 (Vazyme Bio-
tech Co.,Ltd, China), to construct pGL4.20-TH (rat) by 
Anti-hela Biological Technology, Xiamen Co. Ltd, China. 
The construction of pGL4.20-TH reporter was briefly 
described as follows: 1) TH promoter (− 4490– + 10) was 
amplified from rat genome by using the primers: forward, 
5’-AAC TGG CCG GTA CCg aag gaa aga tct cca ggg c-3’, 
and reverse, 5’-TCT TGA TAT CCT CGA Gtt tcc act ggg 
ttt taa tat g-3’. 2)The pGL4.20 vector was digested using 
KpnI and XhoI at 37˚C for 2 h. 3) After purification and 
retrieval of DNA fragments, the amplified fragments and 
digested vector were mixed with ExoIII, placed on the ice 
for 1 h, and then added 1μL 0.5 M EDTA and melted at 
70˚C for 5 min to stop the reaction. 4) After E.coli DH5α 
transformation and culture, a single clone was selected 
and grown in LB medium for plasmid preparation. 5) 
The sequences of pGL4.20-TH constructs were verified 
by NextGen Sequencing (Sangon, China). The eligible 
pGL4.20-TH plasmid and pGL4.20 empty vector were 
chosen to amplify and purify for further use.

Transfection and CRE‑luciferase assay
PASMCs were seeded in 24-well plates. After different 
treatments, cells at about 60% confluence were trans-
fected with 1.3  μg of PGL4.2 TH-promoter plasmid 
together with 0.2  μg of PGL4.74-Rluc plasmid using 

Lipofectamine 2000 (Life Technologies, USA). Then 
PASMCs were lysed and the cell lysates were used for 
detection of CRE-luciferase activity. The Luciferase activ-
ity was determined by using Dual-Luciferase Reporter 
Gene Assay (Vazyme Biotech Co.,Ltd, China), according 
to the manufacturer’s instructions.

The overexpression of cAMP response element modulator 
(CREM)
Small isoforms of CREM, in particularly ICER, inhibit 
CREB-mediated transcriptional activity [19]. Premade 
adenovirus vector expressing ICER (Ad-CREM, gene 
sequence number NM_182769) was purchased from 
Vigene biosciences, USA. PASMCs were seeded and cul-
tured in 6-well plates. When PASMCs reached 80%–90% 
confluence, PASMCs were infected with 0.1  μl green 
fluorescent protein-empty adenovirus vector (Ad-GFP, 
Vigene biosciences, USA) or 10 μl Ad-CREM at a multi-
plicity of infection of 100, in the present of 4 μl virus co-
infection reagent ADV-HR (Vigene biosciences, USA).

Measurements of intracellular zinc levels
Intracellular labile zinc levels were measured by using the 
cell-permeable zinc specific dye FluoZin™-3, AM (Life 
Technologies, USA). PASMCs were seeded on coverslips 
in 6-well plates. When the cells were near to 70% conflu-
ent, the medium was removed. PASMCs were washed 
twice by the balanced salt solution and incubated with the 
Fluozin-3 AM for 30  min at 37  °C. Then, the cells were 
washed twice with balanced salt solution to remove excess 
probe. Fluorescence emission intensity was detected by 
fluorescence microscope (Olympus, Inc., Tokyo,Japan) at 
the wavelength of 515 nm after excitation at 495 nm.

RNA sequencing and bioinformatics analysis
cDNA library preparation and RNA sequencing were 
described in our previous study [15]. The raw RNA 
sequencing data that support the findings were depos-
ited in the gene expression omnibus repository with 
an accession number GSE149713. Dataset of phos-
phatase profiling in hypoxia and hypoxia + su5416-
induced PH was downloaded and extracted from gene 
expression omnibus repository with an accession 
number GSE8078 (https://​www.​ncbi.​nlm.​nih.​gov/​geo/​
query/​acc.​cgi?​acc=​GSE80​78). GSE8078 dataset was 
comprised of 3 sample groups, including normoxia/
vehicle (n = 4), hypoxia/vehicle (n = 4), hypoxia/
su5416 (n = 3) [20]. Heatmap creation and hierarchi-
cal clustering of DEGs were conducted by Morpheus 
(https://​softw​are.​broad​insti​tute.​org/​morph​eus/) and 
ClustVis (https://​biit.​cs.​ut.​ee/​clust​vis/). The identi-
fication of CRE-containing genes was performed by 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE8078
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE8078
https://software.broadinstitute.org/morpheus/
https://biit.cs.ut.ee/clustvis/
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use of a searchable database called CREB Target Gene 
Database (http://​natur​al.​salk.​edu/​CREB) [21].

Statistical analysis
Data were showed as mean ± S.E.M. GraphPad Prism 
8 was used for statistical analysis. Comparison of two 
groups was performed by using unpaired t test. For mul-
tiple comparisons, the data were analyzed by using one-
way ANOVA, and followed by the Turkey test within 
groups. A p value of < 0.05 was considered as statistical 
significance.

Results
Involvement of CREB‑mediated transcription 
in the development of PH
Our previous transcriptomic analysis of MCT-induced 
PH showed differential expression of 280, 1342, 908 and 
3155 genes at the end of week 1, 2, 3 and 4 after MCT 
treatment [15]. Because the CRE site in a gene promoter 
is a prerequisite for the CREB-mediated transcription, 
we examined the CRE sites in the differentially expressed 
genes (DEGs) at week 4. Analysis of DEGs through 
searching CREB Target Gene Database showed that 
50.8% DEGs have one or more CRE sites in their promot-
ers, the corresponding volcano plot showed that CRE-
containing DEGs were highly overrepresented among 
DEGs at week 4 (Fig. 1a). To investigate the relevance of 
MCT-induced PH model to hypoxia-induced PH model, 
we examined the DEGs in the development of hypoxia-
induced PH. A total of 29, 38 and 42 DEGs were iden-
tified in mice subjected to 1, 7 and 21  days of hypoxia, 
respectively [22]. Further analysis of the DEGs showed 
that 83.87%, 80.43% and 93.33% of DEGs have the CRE 
sites in their promoters at the corresponding time point, 
respectively (Fig. 1b). As a result, these results suggested 
the involvement of CREB-mediated transcription in the 
development of PH.

Verification of the activated CREB pathway in PH
CREB-mediated transcription requires phosphoryla-
tion at CREB serine-133, thus, we determined whether 
CREB serine-133 phosphorylation was increased in 
MCT-induced PH. Total- and phosphorylated-CREB 
were determined by western blot. A sustained increase 
in phosphorylated- and total-CREB were observed in rat 
lungs and corresponding PASMCs (Fig. 2a, b and Addi-
tional file  1: Figure S1a, b), indicating a role of CREB 
in the development of MCT-induced PH. To assess the 
phosphorylated-CREB level in the distal pulmonary 
arteries, immunofluorescence staining was performed in 
the lung tissues and PASMCs. As showed in the Fig. 2c, 
CREB phosphorylation was increased in the distal pul-
monary arteries by immunofluorescence. Moreover, 

immunofluorescence staining also demonstrated an 
increased entry of phosphorylated-CREB in the nuclear 
of PASMCs isolated from rats with PH (Fig.  2d). Col-
lectively, these results indicated that CREB pathway was 
activated in the development of MCT-induced PH.

Hypoxia is a stimulating factor for induction of pulmo-
nary vasoconstriction and pulmonary vascular remod-
eling. To determine whether CREB was activated in 
hypoxia + su5416-induced PH model, we isolated the 
lung tissues and examined the phosphorylated CREB. 
Consistently, western blot analysis showed that CREB 
phosphorylation was increased in hypoxia + su5416-
induced PH (Additional file 1: Figure S1c). To assess the 
role of hypoxia in CREB phosphorylation in PASMCs, 
the PASMCs isolated from control rats were exposed to 
hypoxia (2% O2) for various times. It was showed that 
CREB phosphorylation and expression were not directly 
affected by hypoxia (Additional file  2: Figure S2a). 10% 
serum (FBS) treatment induced CREB phosphoryla-
tion in a time-dependent manner with a peak phos-
phorylation at 15  min, and soon afterwards declined 
near to baseline levels at 1  h (Additional file  2: Figure 
S2b). To determine whether the lack of CREB phospho-
rylation in response to hypoxia was due to the absence 
of serum, PASMCs were grew in 10% serum and then 
exposed to hypoxia. Similarly, hypoxia treatment did 
not directly increase the CREB phosphorylation in 10% 
serum cultured PASMCs (Additional file  2: Figure S2c). 
To determine whether hypoxia indirectly affected the 
CREB phosphorylation, the PASMCs were cultured in 
serum-free medium and pretreated with 2% O2 for 24 h, 
and then treated with 10% serum for the indicated times. 
Interestingly, pretreatment of PASMCs with hypoxia for 
24  h exhibited enhanced and prolonged serum-induced 
CREB phosphorylation (Additional file 3: Figure S3a, b). 
Taken together, these results suggested that the effect of 
hypoxia on CREB phosphorylation in PASMCs was not 
direct but indirect.

Identification of potential protein kinases involved in CREB 
phosphorylation
A variety of protein kinases including PKA, P38MAPK, 
ERK1/2, Akt, CaMK and PKC have been reported to 
phosphorylate CREB [23]. To identify the upstream 
kinases involved in CREB phosphorylation in MCT-
induced PH, we pretreated PASMCs isolated from rats 
with PH (PH-PASMCs) with various protein kinase 
inhibitors, including PKA inhibitor H89, P38MAPK 
inhibitor SB203580, ERK1/2 inhibitor PD98059, PI3K 
inhibitor LY294002, CaMK inhibitor KN62 and PKC 
inhibitor chelerythrine chloride (CHE). It was showed 
that the sustained CREB phosphorylation in PH-
PASMCs was not markedly attenuated by these protein 

http://natural.salk.edu/CREB
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kinase inhibitors (Fig.  3a, b). Similarly, the enhanced 
and prolonged CREB phosphorylation in hypoxia-pre-
treated PASMCs were not significantly attenuated by 
these kinase inhibitors (Additional file  4: Figure S4a, 
b). The less effect of protein kinase inhibitors alone on 
CREB phosphorylation led to the possibility that sus-
tained CREB phosphorylation was caused by multiple 
protein kinases. Then, we pretreated the PASMCs with 
staurosporine, a multiple protein kinase inhibitor [24]. 
As shown in Fig. 3c and Additional file 4: Figure S4c, the 
CREB phosphorylation was almost completely abolished 
by staurosporine in both PH-PASMCs and hypoxia-pre-
treated PASMCs.

Identification of reduced phosphatases associated 
with CREB dephosphorylation
To further evaluate the protein kinases in CREB phos-
phorylation, we determine the expression of protein 
kinases in MCT-induced PH. Hierarchical clustering 
of the protein kinases identified in our RNA-seq data-
set using ClustVis showed that the majority of protein 
kinases seemed to be downregulated (Fig. 4a). Differential 
expression analysis showed that only the CaMK subunit 
CAMK2A, PKA subunit PRKAR2A, and MSK1/2 subu-
nit RPS6KA5 were differentially expressed, however, they 
were downregulated in the development of PH (Fig. 4b), 

thus indicating less important role of protein kinases in 
regulating sustained CREB phosphorylation. Of note, 
CREB phosphorylation was regulated not only by pro-
tein kinases, but also by phosphatases that antagonize 
the CREB phosphorylation. To determine whether phos-
phatases have a role in regulating CREB phosphorylation, 
the potential enzymes related to CREB dephosphoryla-
tion were extracted from our RNA-seq dataset, including 
PP2A, PP1, PDEs, protein tyrosine phosphatases (PTPs) 
and dual specificity phosphatases (DUSPs). Hierarchical 
clustering of CREB phosphatases using ClustVis showed 
the majority of phosphatases have a trend to be reduced, 
with the maximal numbers at 4 weeks of MCT treatment 
(Fig.  4c). Differential expression analysis using DESeq2 
package identified several phosphatases that were dif-
ferently expressed in comparison of MCT-treatment 
4 weeks with control, including 19 downregulated phos-
phatases and 6 upregulated phosphatases. The down-
regulated phosphatases included regulatory subunits of 
PP2A and PP1, PTPs, as well as DUSPs (Additional file 5: 
Table S1). The adenylyl cyclases that positively regulated 
cAMP production were also downregulated.

Hierarchical clustering of the differentially expressed 
phosphatases using Morpheus revealed the sustained 
reduction in the expression of PP2A regulatory subu-
nits Ppp2r2c and Ppp2r3a, especially for Ppp2r3a whose 
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iszewska et al. Respir Res, 2005. 6: p.109. CRE-containing genes were identified by searching CREB target gene database (http://​natur​al.​salk.​edu/​
CREB)
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expression pattern was in accordance with the sustained 
CREB phosphorylation in the development of MCT-
induced PH (Fig.  4d). In contrast to PP2A, the expres-
sion of PP1 varied with subunits: Ppp1r27 and Ppp1r14b 
expression were upregulated, whereas the other PP1 
regulatory subunits, including Ppp1r12b, Ppp1r16b, 

Ppp1r13b, Ppp1r26, Ppp1r3g and Ppp1r9a were down-
regulated (Additional file  5: Table  S1 and Fig.  4d). The 
increased CREB phosphorylation has been observed 
in hypoxia + su5416-induced PH model from the pre-
sent study. Similar to MCT-induced PH, hierarchi-
cal clustering of CREB phosphatases in hypoxia- and 
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hypoxia + su5416-induced PH revealed decreased expres-
sion of phosphatases, including the subunits of PP2A 
(Ppp2r3a and Ppp2r2c), PP1 and PTPs (Additional file 6: 

Figure S5). Collectively, these results indicated that the 
sustained CREB phosphorylation in PH may be related to 
the reduced phosphatases that dephosphorylate CREB.
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The effect of CREB‑mediated transcriptional activity 
on PASMCs proliferation
Pulmonary vascular remodeling in PH is characterized 
by hyperproliferation and migration of PASMCs. Because 
CREB phosphorylation alone is not a reliable predictor 
of target gene activation [21, 25], in the present study we 
sought to assess the effect of CREB-mediated transcrip-
tional activity on PASMCs proliferation. As shown in 
Fig. 5a, MTT assay showed the increased proliferation of 
PH-PASMCs, and the cell proliferation was attenuated by 

FK506 (Fig. 5b). To further determine cell proliferation in 
PH-PASMCs, cell proliferation was assessed by measure-
ment of PCNA, a marker of cell proliferation. Similarly, 
it was showed that PCNA expression was significantly 
increased in PH-PASMCs, a response that was reversed 
by FK506 (Fig.  5d, e). Because FK506 was the inhibitor 
of CREB-mediated gene transcription [26–29], the inhi-
bition of cell proliferation by FK506 suggested a role of 
CREB-mediated transcriptional activity on PASMCs 
proliferation. CREM acts as the negative regulator of 
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CREB-mediated transcriptional activity via competi-
tive CRE binding site in a gene promoter [30]. In further 
support of the effect of CREB-mediated transcriptional 
activity on PASMCs proliferation, we transfected 
PASMCs with a recombinant adenovirus vector express-
ing ICER (Ad-CREM) and an empty adenoviral vector 
(Ad-GFP). Consistently, adenoviral mediated overex-
pression of ICER inhibited PH-PASMCs proliferation, as 
determined by both detection of MTT and PCNA meth-
ods (Fig. 5c, f ). As a result, these results further indicated 
that PASMCs proliferation in MCT-induced PH was 
relied on CREB-mediated transcriptional activity.

Role of zinc in regulation of CREB‑mediated transcription 
and cell proliferation
The finding that numerous downregulated protein 
phosphatases in MCT-induced PH were reminiscent of 
the labile zinc which was well known to inhibit phos-
phatases including PTPs [31–33], PTEN [34], DUSPs 
(MKPs) [35], PP2A [36, 37], etc. As expected, meas-
urement of zinc using fluozin-3 showed that intracel-
lular labile zinc was elevated in PH-PASMCs (Fig.  6a, 
b). In addition, intracellular zinc was reported to regu-
late CREB-mediated transcriptional activity [38]. To 
determine whether intracellular zinc has a role in regu-
lating CREB-mediated transcriptional activity in PH-
PASMCs, we constructed the pGL4.20-TH luciferase 
reporter that has the CRE-luciferase activity (Additional 
file 6: Figure S6a). In line with the elevated CREB phos-
phorylation, the CREB-mediated transcriptional activ-
ity, represented by the pGL4.20-TH luciferase reporter 
activity, was increased in PH-PASMCs, while zinc 
chelation using TPEN resulted in the reduced pGL4.20-
TH luciferase activity (Fig. 6c), thus, indicating the role 
of intracellular zinc in regulating CREB-mediated tran-
scriptional activity in PH-PASMCs. Moreover, we found 
that chelation of intracellular zinc by TPEN also led to 
abolish PH-PASMCs proliferation (Fig.  6d), thus sug-
gesting a role of zinc in regulating PASMCs prolifera-
tion. Taken together, the above results, in combination 
of PASMCs proliferation relied on CREB-mediated tran-
scriptional activity, indicated a role for intracellular zinc 
in regulating PASMCs proliferation via CREB-mediated 
transcriptional activity. Zinc transporter ZIP12 was 
reported to raise the intracellular zinc and mediate cell 
proliferation in hypoxia-treated PAMSCs [17]. To deter-
mine whether ZIP12 played a role in MCT-induced 
PH, we examined the ZIP12 expression in both mRNA 
and protein levels. Quantitative PCR analysis showed 
a marked increase in ZIP12 mRNA expression in both 
lung tissues and PH-PASMCs (Additional file 7: Figure 
S6b, c). Western blot analysis confirmed the significant 
upregulation of ZIP12 protein levels in lung tissues and 

PH-PASMCs (Fig.  6e, f ). Furthermore, we found that 
ZIP12 was markedly upregulated in hypoxia + su5416-
induced PH (Additional file 7: Figure S6d).

Discussion
In the present study, we found that PAMSCs proliferation 
was dependent on the CREB-mediated transcriptional 
activity in MCT-induced PH. CRE-containing genes 
were overrepresented among the DEGs, which resulted 
from the sustained activation of CREB pathway. The 
sustained CREB phosphorylation was associated with 
the activation of multiple protein kinases and/or down-
regulation of phosphatases. Additionally, the raised intra-
cellular labile zinc possibly from ZIP12 may play a role 
in mediating CREB transcriptional activity and PASMCs 
proliferation.

We found the elevated proliferation of PASMCs in 
MCT-induced PH. Because CREB phosphorylation alone 
was not a reliable predictor of target gene transcription 
[21, 25], we did not seek to assess CREB phosphorylation 
on PASMCs proliferation, instead, we evaluated CREB-
mediated transcriptional activity on PASMCs prolifera-
tion through two methods: inhibition of CREB-mediated 
transcriptional activity by FK506 and overexpression of 
CREB negative regulator CREM. Our results demon-
strated a role of CRE-mediated transcriptional activity in 
PASMCs proliferation.

CREB was originally identified, due to its response to 
cAMP signaling, while prostacyclin and its analogues, 
the widely used drug for treatment of patients with PH, 
increases intracellular cAMP formation via adenylyl 
cyclase stimulation. The paradoxical role of CREB in 
pulmonary vascular remolding and PH was reported in 
PH. The CREB knockout in animals may provide better 
understanding of the role of CREB in the PH pathogene-
sis. CREB have three functional isoforms alpha, beta and 
delta, produced by alternative splicing. Due to perinatal 
lethality in mice deleted all isoforms of CREB [39], the 
mice with complete deletion of CREB may not be used 
to investigate the role of CREB in PH. However, the mice 
with deletion of alpha and delta isoforms of CREB are 
viable, owing to an overexpression of the CREB beta iso-
form [40]. The mice with deletion of alpha and delta iso-
forms of CREB have already been used to investigate the 
role of CREB in PH [41]. Hypoxia selectively activates the 
CREB family of transcription factors in the in vivo lung, 
contributing to pulmonary vascular remodeling and PH 
[7]. Unexpectedly, the same group revealed that deletion 
of alpha and delta isoforms of CREB in mice contributed 
to elevated pulmonary vascular resistance both in nor-
moxia and following exposure to hypoxic conditions for 
three weeks [41]. They concluded that alpha and delta 
isoforms of CREB regulate homeostatic gene expression 
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in the lung and that normal activity of these isoforms is 
essential to maintain low pulmonary vascular resistance 
and to maintain the normal alveolar structure [41]. In 
fact, this paradoxical role of CREB was also appeared in 
the other conditions [4, 42]. Both VEGF and PAI-1 have 
a CRE site in their gene promoters, beraprost, a prosta-
cyclin analogue used for PH treatment, increases VEGF 
and decreases PAI-1 expression through PKA/CREB 
pathway in vascular smooth muscle cells [43]. Similarly, 
we were able to identify the CRE motif within the pro-
moters of 50.8% DEGs, including the downregulated and 
upregulated DEGs. The exact mechanisms underlying 
these divergent results remained unclear. However, the 
divergent results may be explained by the feature of bidi-
rectional promoters. Previous analysis of genome-wide 
CREB binding events showed occurrence of CREB bind-
ing sites in bidirectional promoters, and CREB regulated 
bidirectional transcription [44]. The subsequent study 

revealed a strong preference for CREB binding at these 
bidirectional promoters, when CREB was bound at the 
bidirectional promoters, promoter activity in one direc-
tion was upregulated, whereas promoter activity in the 
other direction was repressed [45].

CREB ser-133 phosphorylation allows recruitment and 
binding of transcriptional coactivators CBP/p300 and sub-
sequently, CREB target genes transcription. In this study, we 
found a sustained increase in CREB phosphorylation in the 
lungs of MCT-treated rats. CREB phosphorylation is regu-
lated by multiple protein kinases, including PKA, ERK1/2, 
P38MAPK, Akt, CaMK and PKC. Although the concen-
tration of the protein kinase inhibitors used in this study 
were in accordance to with the instructions provided by the 
manufacturers and proved to be effective, pretreatment of 
PASMCs with various protein kinase inhibitors alone failed 
to significantly inhibit sustained phosphorylation of CREB, 
thus coincided with previous study showing failure to 
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Fig. 5  The effect of CREB-mediated transcriptional activity on PASMCs proliferation. a, d The elevated cell proliferation in PH-PASMCs. The PASMCs 
were isolated from control and MCT-treated rats. n = 6, 4. b, e The inhibitory effect of FK506 on cell proliferation. Cells were starved with serum-free 
DMEM/F12 for 24 h, and then treated with FK506 (1 nM) for 24 h. n = 6, 5. c, f The inhibitory effect of CREM on cell proliferation. Cells were starved 
with serum-free DMEM/F12 for 24 h and transfected with Ad-CREM and Ad-GFP for 24 h. n = 6, 5. Cell proliferation was determined by MTT 
assay (a-c) and measurement of PCNA expression (d–f). Ad-CREM, ICER-expressing adenovirus vector; Ad-GFP, green fluorescent protein-empty 
adenovirus vector. Ctr, control; MCT, MCT treatment for 4 weeks. *p < 0.05 vs. Ctr, #p < 0.05 vs MCT
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determine the exact upstream protein kinases in hypoxia-
treated PC12 cells [46]. In the present study, the sustained 
CREB phosphorylation was almost completely abolished by 
staurosporine, a multiple protein kinase inhibitor, indicat-
ing that multiple protein kinases may be involved in CREB 

phosphorylation and/or the compensatory mechanisms 
existed in protein kinases that phosphorylated CREB. 
However, the identification of downregulated multiple pro-
tein kinases indicated limited effect of protein kinases on 
sustained CREB phosphorylation.

Fig. 6  Role of zinc in regulation of CREB-mediated transcription and cell proliferation. a Representative zinc probe fluorescence images in PASMCs 
isolated from control and MCT-treated rats. The intracellular labile zinc levels in PASMCs were stained by fluozin-3. b Summarizing the relative 
intensities of fluorescence in PASMCs. n = 4. c The effect of zinc on CRE-luciferase reporter activity in PH-PASMCs. PASMCs were infected with 
pGL4.20-TH reporter, an adenoviral vector expressing a CRE-luciferase. n = 4. d The effect of zinc on PASMCs proliferation determined by MTT. Serum 
starved cells were pretreated with TPEN (10 μM) for 24 h. n = 6. TPEN, N,N,N′,N′-Tetrakis (2-pyridylmethyl) ethylenediamine; Ctr, control; MCT, MCT 
treatment for 4 weeks. *p < 0.05 vs. Ctr, #p < 0.05 vs. MCT. e Elevated expression of ZIP12 protein in rat lung homogenate. n = 8. f Elevated expression 
of ZIP12 protein in isolated PH-PASMCs. n = 4. Ctr, control; MCT, MCT treatment for 4 weeks. *p < 0.05 vs. Ctr
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Most studies on CREB pathway focused on the protein 
kinases. However, the CREB phosphorylation was also 
regulated by protein phosphatases and few studies have 
evaluated the CREB phosphatases in the development of 
PH. In this study, a number of phosphatases, including 
the subunits of PP2A, PP1, PTPs and DUSPs were found 
to be reduced in MCT-induced PH. PP2A was the phos-
phatases responsible for directly dephosphorylating in 
phosphorylated CREB [47]. PP2A is consisted of a struc-
tural A subunit, a catalytic C subunit and a regulatory 
B subunit. The regulatory B subunit dictates subcellular 
localization and substrate specificity, and 20 different 
regulatory subunits have been identified. We found that 
2 regulatory B subunits of PP2A were reduced, including 
Ppp2r2c and Ppp2r3a. The Ppp2r2c and Ppp2r3a deter-
mine the substrate selectivity and catalytic activity[48], 
The Ppp2r3a expression was persistently downregulated 
with a pattern explained the sustained CREB phospho-
rylation. Therefore, it is likely that the reduced expres-
sion of PP2A regulatory subunits, in particular Ppp2r3a, 
may account for the impaired PP2A activity observed 
by the previous study in PASMCs from patients with 
pulmonary arterial hypertension [49]. PP1 phosphatase 
was also known as the CREB phosphatases [50]. Multi-
ple regulatory subunits of PP1 were identified as differ-
ential expression in this study, including upregulated and 

downregulated subunits. The role of PP1 in the dephos-
phorylation of CREB remained unknown, due to simul-
taneous identification of upregulated and downregulated 
inhibitory subunits of PP1 in MCT-induced PH. Addi-
tionally, a variety of PTPs that negatively regulated RTKs 
signaling were downregulated. Interestingly, hypoxia 
decreased expression of numerous PTPs, including 
SHP-2, DEP-1, and PTP-1B in PASMCs, resulting in the 
reduced PTPs activity in hypoxia-induced PH [51]. The 
typical CREB phosphorylation elicited by stimulus such 
as TNFα is a rapid response that then declines [6, 46]. In 
the present study, it was showed that hypoxia enhanced 
and prolonged serum-induced CREB phosphorylation. 
It was possible that the prolonged and enhanced serum-
induced CREB phosphorylation induced by hypoxia may 
be due to the reduced phosphatases that negatively regu-
late CREB phosphorylation.

The labile zinc was reported to regulate CREB activa-
tion [38, 52] and inhibit protein phosphatases [32, 35, 
36]. The reduced expression of multiple protein phos-
phatases were identified and may be associated with 
elevated intracellular zinc in MCT-induced PH. As an 
intracellular signaling mediator, zinc is involved in a vari-
ety of biological processes. Interestingly, a role for labile 
zinc in regulating hypoxic pulmonary vasoconstriction 
has been reported [53, 54]. The ZIP12 is localized to the 

Fig. 7  A proposed model for the role and regulation of CREB in the proliferation of pulmonary artery smooth muscle cells in pulmonary 
hypertension
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plasma membrane and capable of mediating the influx of 
extracellular zinc into the cytosol. Recently, ZIP12 was 
reported to promote cell proliferation in hypoxia-treated 
PASMCs through elevation of the intracellular labile 
zinc [17]. In addition, intracellular zinc derived from 
ZIP12 has been reported to regulate neurulation and 
neurite extension through CREB activation [38]. In line 
with a recent study [55], the upregulation of ZIP12 was 
observed in MCT-induced PH. Furthermore, we con-
firmed that ZIP12 was upregulated in hypoxia + su5416-
induced PH. From the present study, it could be 
speculated that intracellular zinc mediated by ZIP12 may 
contribute to PASMCs proliferation through regulation 
of CREB-mediated transcriptional activity (Fig. 7). How-
ever, further research is still needed to investigate the 
role of ZIP12-mediated zinc in regulating phosphatase 
activity and CREB transcriptional activity in PH.

Conclusions
In summary, we found CREB-mediated transcriptional 
activity in the proliferation of PASMCs in PH, which 
may be associated with multiple protein kinases and/or 
reduced phosphatases and elevated intracellular zinc. 
This study may indicate a critical role of zinc-medi-
ated activation of CREB pathway in the proliferation of 
PASMCs, thus providing a more comprehensive under-
standing of CREB pathway in the pathogenesis of PH.
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in PASMCs treated with hypoxia. The PASMCs cultured in 10% FBS were 
exposed to 2% O2 for 0min, 20min, 1h, 3h, 6h and 24h. n=8. *p<0.05 vs. 
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10% fetal bovine serum (FBS) for 1 h in the present of hypoxia. n=3. b 
Prolonged serum-induced CREB phosphorylation in hypoxia-pretreated 
PASMCs. The PASMCs were starved with serum-free DMEM/F12 medium 
and simultaneously exposed to hypoxia for 24h, the cells were then 
stimulated by 10% fetal bovine serum for 1, 3, 6 and 24h in the present 
of hypoxia. n=5. Ctr, control; MCTW1, MCTW2, MCTW3 and MCTW4 
represent MCT treatment for 1, 2, 3 and 4 weeks, respectively. *p<0.05 vs. 
Ctr, #p<0.05 vs. FBS 1h group.

Additional file 4: Figure S4. Identification of protein kinases involved in 
hypoxia-prolonged CREB phosphorylation. a The effect of ERK1/2, CAMK 
and PKC on CREB phosphorylation in hypoxia-treated PASMCs. Serum-
starved PASMCs were pretreated with ERK1/2 inhibitor PD98059 (20 μM), 
CaMK inhibitor KN62 (10 μM) and PKC inhibitor chelerythrine chloride 
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then were stimulated by 10% fetal bovine serum (FBS) for 1 h in the pre-
sent of hypoxia and protein kinase inhibitors. n=5, 6 and 5. b The effect 
of P38MAPK, PI3K and PKA on CREB phosphorylation in hypoxia-treated 
PASMCs. Serum-starved PASMCs were pretreated with P38MAPK inhibitor 
SB203580 (20 μM), PI3K inhibitor LY294002 (50 μM) and PKA inhibitor H89 
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expression omnibus repository with an accession number GSE8078.

Additional file 7: Figure S6. Plasmid profile of pGL4.20-TH and ZIP12 
expression in MCT- and hypoxia+su5416-induced PH. a The TH promoter 
(-4490~+10) was linked to a luciferase reporter, pGL4.20 to make pGL4.20-
TH (TH-promoter reporter). b Elevated expression of ZIP12 mRNA in 
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