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INTRODUCTION 
 

Hypertension affects ~26% of adults worldwide and 

its prevalence is expected to increase to 29%, 

encompassing 1.56 billion people, by 2025 [1]. 

Essential hypertension (EH) is defined as a chronic 

elevation in blood pressure with no discernible cause. 

EH accounts for about 95% of all hypertension cases 

and is a major risk factor for coronary heart disease, 

stroke, and kidney failure. Despite being a major 

public health problem, the etiology and pathogenesis 

of EH remain incompletely understood.  

 

Xinjiang is a multi-ethnic region with diverse living 

habits and distinct prevalences and characteristics 

defining various chronic diseases such as EH, type 2 

diabetes, and esophageal and cervical cancers. An 

epidemiological investigation has shown that Xinjiang’s 

Kazakhs constitute a high-risk population for EH, as the 

prevalence of EH in Kazakh residents >45 year-old can 

be as high as 53.6%, which is significantly higher than 

that reported for the Uygur and Han populations in the 

same area [2]. EH is a complex disease influenced by 

interactions between genetic and environmental factors. 

A stronger role for lifestyle/environmental factors 
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ABSTRACT 
 

Mounting evidence suggests that noncoding RNAs (ncRNAs) contribute to the pathogenesis of 
cardiovascular diseases. However, their role in essential hypertension (EH) is still unclear. We therefore 
identified differentially expressed long noncoding RNAs (lncRNAs) and circular RNAs (circRNAs) in EH 
patients from a high-risk population group and constructed a competing endogenous RNA regulatory 
network that predicts interactions of potential diagnostic and therapeutic relevance between specific 
lncRNA/circRNA-microRNA-mRNA triplets. Our analysis identified two lncRNAs, transmembrane protein 
183A pseudogene (LOC646616) and leucine aminopeptidase 3 pseudogene 2 (LAP3P2), and two circRNAs, 
hsa_circ_0039388 and hsa_circ_0038648, that are highly co-expressed with both wingless-type MMTV 
integration site family member 3 (WNT3) and calcium/calmodulin-dependent protein kinase II inhibitor 2 
(CAMK2N2) mRNAs and also share common microRNA binding sites with these two transcripts. We also 
confirmed that a mutually regulated network composed of LOC646616/microRNA-637/WNT3 controls WNT3 
expression and influences viability and invasive properties in human arterial smooth muscle cells in vitro. 
These findings highlight a novel ncRNA-based regulatory mechanism potentially driving WNT/β-catenin 
activation in EH, and suggest that the identified ncRNAs may represent useful biomarkers and therapeutic 
targets for this condition. 
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seems apparent given that a single risk allele can only 

explain increases in systolic and diastolic blood 

pressure of 0.5-1.0 mmHg, while to date genome-wide 

association studies could overall attribute less than 2% 

of blood pressure changes to genetic variation [3].  

 

Non-protein-coding RNAs (ncRNAs), including long 

noncoding RNAs (lncRNAs), circular RNAs 

(circRNAs) and microRNAs (miRNAs), have emerged 

as important regulators of gene transcription and protein 

translation that influence both normal physiology and 

major chronic diseases such as cancer, atherosclerosis, 

and type 2 diabetes [4–6]. The advent of high-

throughput RNA sequencing (RNA-Seq) technology 

and bioinformatics tools has allowed the identification 

of thousands of ncRNAs expressed in various 

organisms. In parallel, studies addressing the expression 

of disease-specific ncRNAs highlighted their potential 

as novel diagnostic and prognostic biomarkers. 

However, the contribution of ncRNA species to the 

onset and development of hypertension is still 

incompletely characterized. Various studies have 

documented that lncRNAs, circRNAs, and miRNAs can 

be detected in bodily fluids such as serum, plasma, 

urine, saliva, and within exosomes [7, 8]. This property 

enhances the potential of ncRNAs to serve as non-

invasive markers of disease. The recently advanced 

competing endogenous RNA (ceRNA) hypothesis 

proposes that various RNA species (including lncRNAs, 

circRNAs, pseudogenes, and mRNAs) sharing common 

miRNA response elements (MREs) regulate other RNA 

transcripts by competitive binding to the same miRNA 

[9]. To date, hundreds of putative regulatory ceRNA 

networks typically composed of lncRNA/circRNA-

miRNA-mRNA triplets have been identified through 

bioinformatics tools and many have been validated by 

cellular assays [10, 11].  

 

Wingless-type MMTV integration site (WNT) signaling 

plays an important role during cardiogenesis by directing 

mesoderm formation, cardiac progenitor cell 

specification and proliferation, and angiogenesis [12]. 

Whereas its activity subsides in the healthy adult 

cardiovascular system, canonical WNT signaling through 

β-catenin (i.e. WNT/β-catenin pathway) is reactivated in 

hypertension and contributes to various heart conditions 

including fibrosis, hypertrophy, arrhythmias, and 

infarction [13]. WNT family member 3 (WNT3) is a 

potent activator of the canonical WNT pathway [14]. A 

positive-feedback loop has been described by which β-

catenin occupies the WNT3 promoter in a WNT3-

dependent manner to activate WNT3 expression and 

sustain WNT3/β-catenin signaling [15]. Calcium/ 

calmodulin-dependent protein kinase II (CAMKII) is also 

a key signaling molecule in cardiovascular disease, 

whose activity is endogenously inhibited by two recently 

identified proteins termed CAMK2N1 and CAMK2N2 

[16]. Interestingly, activation of CAMKII through the 

noncanonical WNT/Ca2+ pathway was shown to 

antagonize canonical WNT/β-catenin signaling via 

activation of the TAK1-NLK MAPK pathway [17, 18]. 

Although numerous ncRNAs were shown to regulate 

WNT/β-catenin signaling in various cell types [19–21], 

and a few lncRNAs and miRNAs were recently linked to 

coronary heart disease and hypertension [22], the 

potential regulation of WNT3 and CAMK2N2 expression 

by ncRNAs in EH remains undefined. 

 

Thus, our study aimed to comprehensively identify 

differentially expressed (DE) lncRNAs and circRNAs in 

Kazakh individuals with EH, and to unmask potential 

miRNA-WNT3/CAMK2N2-based ceRNA regulatory 

networks.  

 

RESULTS 
 

Identification of differentially expressed lncRNAs 

and circRNAs in hypertensive patients 

 

An initial high-throughput RNA-seq analysis was 

performed at Novel Bioinformatics Ltd., Co., Shanghai 

for detection of DE lncRNAs and circRNAs in peripheral 

blood mononuclear cells (PBMNCs) from 3 hyper-

tensive subjects and 5 normotensive individuals 

(Supplementary Table 1), all members of the Kazakh 

population of Xinjiang, northwest China. Principal 

component analysis (PCA) revealed that different 

expression profiles distinguished hypertensive from 

normotensive subjects (Figure 1A). For all genes, 

normalized fragments per kilobase per million reads 

(FPKM) densities were similar between hypertension and 

normotension samples (Figure 1B, 1C). The number and 

distribution of mRNAs, lncRNAs, and circRNAs are 

displayed in a volcano plot (Supplementary Figure 1A–

1C). The distribution of lncRNAs and circRNAs on the 

24 pairs of human chromosomes were presented on 

Circos plot (Figure 1D).  
 

Screening for DE lncRNAs, circRNAs, and mRNAs 

was based on log2 fold change (FC)> 1 or <-1 and false 

discovery rate (FDR) <0.05 for the RNA-Seq data. 

Results yielded 131 DE lncRNAs (98 upregulated and 

33 downregulated), 1,002 DE circRNAs (597 up-

regulated and 405 downregulated) and 200 DE mRNAs 

(105 upregulated and 95 downregulated) (Figure 1E). 

Hierarchically-clustered heat maps for the above DE 

RNAs are shown in Figure 1F. 

 

Gene ontology and KEGG pathway analyses 
 

To predict the potential functional implication of the 

identified DE RNAs, we performed Gene Ontology 
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(GO) and Kyoto Encyclopedia of Genes and Genomes 

(KEGG) functional enrichment analyses. GO analysis 

results for the top 15 DE mRNAs are shown in 

Supplementary Figure 2A. DE lncRNAs were mainly 

enriched in ‘phosphorylation’, ‘large ribosomal 

subunit’, and ‘transferase activity, transferring 

phosphorus-containing groups’ (Supplementary Figure 

2B), while DE circRNAs were mainly enriched in 

‘protein phosphorylation’, ‘nucleoplasm’, and ‘protein 

binding’ (Supplementary Figure 2C). KEGG pathway 

 

 
 

Figure 1. Profiling of differentially expressed RNAs between hypertensive subjects and normotensive controls. (A) 3D Principal 
Component Analysis (3D-PCA) showing the distribution of sequenced samples from hypertensive and normotensive subjects. (B) Boxplots of 
FPKM values (log10-scale) for different samples indicating the distribution of these values about the median. (C) FPKM density distribution for 
each sample. Different colors represent unique samples. (D) LncRNAs and circRNAs were broadly distributed across the 24 pairs of human 
chromosomes. Upregulation is indicated in red and downregulation is shown in green. Height indicates degree of difference in expression. (E) 
Quantification of DE lncRNAs, circRNAs, and mRNAs. (F) Heat maps based on the expression values of DE (log2 FC>1 or <-1, FDR<0.05) 
lncRNAs, circRNAs, and mRNAs. Expression values are represented by a color scale; red indicates high relative expression, and green indicates 
low relative expression. Each column represents one sample, and each row indicates a specific transcript.  
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analysis showed that the DE mRNAs were significantly 

enriched in pathways related to non-alcoholic fatty liver 

disease (NAFLD), glycerophospholipid metabolism, 

TNF signaling, and WNT signaling (Supplementary 

Figure 2D, 2E), which are all related to inflammatory 

processes and dyslipidemia. Meanwhile, DE circRNAs 

were considerably enriched in pathways related to RNA 

degradation, WNT signaling, and MAPK signaling 

(Supplementary Figure 2F), all of which have been 

linked to hypertension. In contrast, we found no 

pathways in association with our DE lncRNA set in the 

KEGG database. 

 

Gene co-expression network 
 

Gene co-expression network analysis was carried out to 

investigate key genes related to EH in our patient cohort. 

We hypothesized that genes with high k-core values may 

be involved in hypertension. By calculating the Pearson’s 

correlation coefficient for each RNA pair, we constructed 

a co-expression network for 124 DE lncRNAs and 193 

DE mRNAs with a k-core value ≥5 (Supplementary 

Figure 3A). A similar approach was used to correlate 

these 193 DE mRNAs with 178 DE circRNAs identified 

in hypertensive cases (Supplementary Figure 3B). This 

analysis revealed that 7 DE lncRNAs and 14 DE 

circRNAs were positively correlated with both WNT3 

and CAMK2N2 (Figure 2A, 2B). Among the lncRNAs, 

LOC646616 and LAP3P2 showed the highest correlations 

(k-core value = 14), while for circRNAs, the highest 

correlations (k-core value = 20) were observed for 

hsa_circ_0039388 and hsa_circ_0038648. There was also 

a high correlation between WNT3 and CAMK2N2 

(Supplementary Table 2). 

 

Establishment of a miRNA-based ceRNA regulatory 

network 
 

Combined analysis of predicted interactions between 

the DE lncRNAs/circRNAs/mRNAs and previously 

annotated miRNAs was carried out to establish a 

ceRNA network. The results showed that 131 lncRNAs 

(98 upregulated and 33 downregulated), and 164 

mRNAs (89 upregulated and 75 downregulated) bound 

to 1,475 miRNAs. In turn, 187 circRNAs (110 up-

regulated and 77 downregulated) and 159 mRNAs (84 

upregulated and 75 downregulated) bound to 955 

miRNAs. Subsequently, we constructed a miRNA-

based sponge regulatory network to test the specific 

association of DE lncRNAs and circRNAs with WNT3 

and CAMK2N2 (Supplementary Figure 4A), from 

which we derived a subnetwork that included only the 

most significant DE lncRNAs and circRNAs 

(Supplementary Figure 4B). This analysis showed that 5 

and 12 miRNAs, respectively, could potentially mediate 

LOC646616/WNT3 and LOC646616/CAMK2N2 

interactions (Figure 2C, 2D). Interestingly, we found 

that the LOC646616/miR-637 pair interacted with both 

WNT3 and CAMK2N2. In addition, it was predicted 

that 4 and 3 miRNAs, respectively, could mediate 

hsa_circ_0038648/WNT3 and hsa_circ_0038648/ 

CAMK2N2 interactions (Supplementary Figure 4C, 4D). 

Expression data (in units of FPKM) for the most 

significant DE lncRNAs and circRNAs are shown in 

Supplementary Table 3.  

 

Validation of differentially expressed lncRNAs and 

circRNAs 

 

We selected 7 DE lncRNAs and 2 DE circRNAs (both 

exonic) for validation in 60 hypertensive and 60 

normotensive Kazakh individuals (Figure 3A and 

Supplementary Table 4). The results of qRT-PCR assays 

for both lncRNAs (Figure 3B, left panel) and circRNAs 

(Figure 3B, right panel) were consistent with those from 

high-throughput RNA-Seq experiments (Supplementary 

Table 5). For circRNAs, we designed specific PCR 

primers verified through Sanger sequencing and agarose 

gel electrophoresis (Supplementary Figures 5 and 6). We 

characterized two DE circRNAs, termed cRBL2 

(hsa_circ_0039388) and cPRKCB (hsa_circ_0038648), 

derived respectively from the RBL2 and PRKCB gene 

loci. To confirm the circular structure of these circRNAs, 

random hexamer or oligo (dT)18 primers were utilized for 

reverse transcription assays. When oligo (dT)18 primers 

were used, the relative expression of both cRBL2 and 

cPRKCB was clearly lower, while that of mRBL2 and 

mPRKCB remain unchanged (Figure 3C). This finding 

proved that cRBL2 and cPRKCB had no poly-A tail. 

Moreover, these circRNAs were more resistant to RNase 

R digestion than their linear host transcripts, suggesting 

that they were true circRNAs (Figure 3D). Next, we 

investigated the expression of LOC646616, LAP3P2, 

hsa_circ_0039388, and hsa_circ_0038648 in human aortic 

smooth muscle cells (HASMCs) and in Human 

embryonic kidney 293T (HEK293T) cells using qRT-

PCR. Results showed high expression of all these 

transcripts in HASMCs (Figure 3E). To verify the 

subcellular localization of the above ncRNAs, we 

employed qRT-PCR. This analysis demonstrated that 

LOC646616 was mainly located in the cytoplasm (Figure 

3F). Consistent with qRT-PCR results, single-molecule 

RNA-FISH analysis revealed a relatively high expression 

and a predominantly cytoplasmic distribution for  

both LOC646616 and hsa_circ_0038648 in HASMCs  

(Figure 3G).  

 

LOC646616 and hsa_circ_0038648 are independent 

risk factors for essential hypertension 
 

Logistic regression analysis conducted on our EH and 

control cohorts showed that LOC646616, hsa_ 
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circ_0038648, systolic blood pressure (SBP), and 

homocysteine (Hcy) levels were all independent risk 

factors for EH in Kazakh individuals (Figure 4A). To 

further investigate the relationship between LOC646616 

and hsa_circ_0038648 expression and other clinical 

indicators, we performed multiple linear regression 

analysis. Results showed that SBP, Hcy, and Cystatin C 

(Cys C) were independent factors affecting the 

expression of LOC646616, whereas SBP and high-

density lipoprotein (HDL) were independent factors 

affecting the expression of hsa_circ_0038648 

(Supplementary Table 6). 

 

On receiver operating characteristic (ROC) analysis, 

both LOC646616 and hsa_circ_0038648 showed 

significant association with diagnosis of hypertension. 

For LOC646616, the area under the curve (AUC) was 

0.816 (CI 0.701-0.931, P<0.05), and sensitivity and 

specificity at the highest Youden index were 70.0% and 

86.7%, respectively (Figure 4B). Meanwhile, for 

hsa_circ_0038648, the AUC was 0.737 (CI 0.609-

0.864, P<0.05), and sensitivity and specificity (highest 

Youden index) were 70.0% and 66.7%, respectively 

(Figure 4C). These results indicated that assessment of 

LOC646616 and hsa_circ_0038648 expression has 

potential value in the clinical diagnosis of EH in the 

Kazakh population. 

 

We also conducted correlation analysis between 

LOC646616, LAP3P2, hsa_circ_0039388, and 

hsa_circ_0038648 and general clinical data in the 

hypertension group. Utilizing the counts for each bin, 

we calculated the pairwise Spearman’s correlation 

coefficients for each pair of corrections to create a 

correlation coefficient matrix. A heat map of this matrix 

is shown in Figure 4D. 

 

LOC646616 inhibits miR-637 by direct binding   
 

Our analysis showed that LOC646616 is significantly 

upregulated, while miR-637 expression is instead 

reduced in hypertensive subjects (Figure 5A). Since we 

predicted that LOC646616 might act as a ceRNA to 

regulate the expression of both WNT3 and CAMK2N2 

through competition for miR-637, we conducted 

cellular expression studies on these non-coding RNAs 

to verify their interaction in situ. LOC646616 

expression was examined by qRT-PCR in 5 human cell

 

 
 

Figure 2. Co-expression subnetwork of DE lncRNAs associated with WNT3 and CAMK2N2. (A) Co-expression network analysis 
indicating positive correlation between 7 DE lncRNAs and both WNT3 and CAMK2N2. (B) A positive correlation with both WNT3 and 
CAMK2N2 was detected for 14 circRNAs. We used the circBase database for gene annotation; only one gene was not annotated in circBase. 
(C, D) A miRNA-based sponge regulatory subnetwork depicting LOC646616/miRNA/WNT3 and LOC646616/miRNA/CAMK2N2 interactive 
modules. 
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Figure 3. Validation of DE lncRNAs and DE circNAs. (A) Schematic diagram of validation patterns for DE lncRNAs and circRNAs. All 
samples were sequenced in the same batch. The screening criteria were log2 FC>1 or <-1, FDR<0.05. (B) qRT-PCR expression analysis of 7 DE 
lncRNAs (left panel) and 2 DE circRNAs (right panel) in PBMNCs from 60 hypertensive subjects and 60 normotensive controls. (C) qRT-PCR 
analysis of relative RNA levels generated using random hexamer or oligo (dT)18 primers in reverse transcription experiments. Data are 
normalized to those generated using random hexamer primers. (D) qRT-PCR analysis of 2 DE circRNAs and their linear host transcripts after 
treatment with RNase R. (E) Expression of LOC646616, LAP3P2, hsa_circ_0039388, and hsa_circ_0038648 detected by qRT-PCR in HASMCs 
and HEK293T cells. (F) Cytoplasmic and nuclear expression of LOC646616 in HASMCs measured by qRT-PCR. GAPDH served as cytoplasmic 
control, whereas U6 served as nuclear control. (G) RNA fluorescence in situ hybridization (FISH) analysis indicating predominantly cytoplasmic 
distribution for LOC646616 and hsa_circ_0038648 in HASMCs (red fluorescence indicates LAP3P2 and LOC646616 expression; green 
fluorescence indicates hsa_circ_0038648 and hsa_circ_0039388 expression). Scale bar = 20 μm. Data are presented as the mean ± SD. n = 3 
biologically independent samples. *P<0.05, **P<0.01. 
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lines derived from different tissues. Results showed 

prominent expression of LOC646616 in HASMCs and 

weak expression in human arterial vascular endothelial 

cells (HAVECs) (Figure 5B). In addition, we detected 

the expression of miR-637 in HASMCs and HEK293T 

cells transfected with miR-637 mimics or negative 

control miRNA (mimic NC) (Figure 5C), and examined 

whether miR-637 overexpression affected invasive and 

proliferation potential in these cell lines. Transwell 

Matrigel invasion assays showed that miR-637 mimics 

transfection impaired invasive ability (Figure 5D) and 

reduced proliferative activity (Figure 5E) in HASMCs. 

To confirm the interaction between LOC646616 and 

miR-637, we performed RNA immunoprecipitation 

(RIP) and dual-luciferase reporter assays. RIP results 

revealed that LOC646616 and miR-637 were co-

immunoprecipitated by an Ago2 antibody in HASMCs, 

indicating that both ncRNAs were in the same RNA-

induced silencing complex (RISC). Subsequently, we 

confirmed through qRT-PCR that the precipitated 

products were indeed LOC646616 and miR-637 (Figure 

5F). Considering the effect of miR-637 transfection, we 

conducted dual-luciferase reporter assays on HEK293T 

cells co-transfected with miR-637 mimics or mimic NC 

and luciferase constructs containing wild-type 

LOC646616 (Luc-LOC646616-wt) or a mutated trans-

cript form (Luc-LOC646616-mut) (Figure 5G, left 

panel). Results showed that miR-637 expression 

suppressed luciferase activity driven by LOC646616-

wt, and it had a much lower effect on its mutated form 

(Figure 5G, right panel). These results revealed that 

LOC646616 inhibits the expression of miR-637 by 

direct binding. 

 

miR-637 is a negative regulator of WNT3 expression  
 

Using qRT-PCR and western blot, we verified that 

WNT3 and β-catenin expression was considerably 

increased in hypertensive subjects (Figure 6A, 6B). 

Based on results of our ceRNA network analysis, we 

performed dual-luciferase reporter assays in HEK293T 

cells to confirm the interaction between miR-637 and 

WNT3. Results revealed that in the presence of miR-

637 mimics the wild-type 3’-UTR of WNT3 exhibited a 

low translation level compared to the mutant 3’-UTR 

(Figure 6C, 6D). Furthermore, combined RIP-PCR 

assays showed that an Ago2 antibody was able to co-

precipitate miR-637/WNT3 complexes in HASMCs 

(Figure 6E). To further verify that WNT3 is a direct 

target of miR-637, we transfected miR-637 mimics into 

HASMCs and examined WNT3 levels using western 

blot. We found that upregulation of miR-637 expression 

led to a significant decrease in WNT3 expression 

(Figure 6F), thus confirming that WNT3 protein levels

 

 
 

Figure 4. Clinical correlations between DE ncRNAs and hypertension. (A) Forest plot depicting logistic regression analysis results for 
the association between DE lncRNAs and circRNAs and general clinical data in hypertensive subjects. (B, C) Receiver operating characteristic 
(ROC) analysis of the relationship between LOC646616 and hsa_circ_0038648 expression and diagnosis of hypertension. (D) Heat map 
representation of a pairwise Spearman's correlation matrix for selected DE ncRNAs in hypertensive subjects (red and blue indicate positive 
and negative correlation, respectively; an r value of 1 or -1 indicates perfect correlation). 
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are negatively regulated by miR-637. Finally, we 

performed Spearman’s correlation analysis on our 

hypertensive cohort and found a positive correlation 

between WNT3 and LOC646616 expression, whereas 

miR-637 expression was inversely correlated with both 

LOC646616 and WNT3 levels (Figure 6G). This 

analysis also showed that WNT3 levels were positively 

correlated with those of β-catenin. Taken together, these 

findings provide clear evidence that WNT3 is a direct 

target of miR-637 and suggest a critical role for  

miR-637 as a regulator of WNT3/β-catenin protein 

expression in EH. 

 

 
 

Figure 5. Interaction between LOC646616 and miR-637. (A) qRT-PCR analysis of relative LOC646616 and miR-637 expression in 
PBMNCs from hypertensive subjects and normotensive controls. (B) qRT-PCR analysis of relative LOC646616 expression in 5 cell lines. GAPDH 
was used for normalization. (C) qRT-PCR analysis of miR-637 expression in HASMCs and HEK293T cells transfected with miR-637 mimics or 
mimic NC. (D) Transwell invasion assay results from HASMCs transfected with miR-637 or mimic NC. (E) Results of CCK-8 viability assays in 
HASMCs with and without enforced miR-637 overexpression. (F) RIP assay results showing co-precipitation of LOC646616 and miR-637 by an 
Ago2 antibody in HASMCs. Verification of RIP products by qRT-PCR is also shown. (G) Bioinformatics evidence of the interaction between 
miR-637 and LOC646616, schematic diagram of the mutant LOC646616 luciferase reporter sequence, and results of luciferase activity assays 
in HEK293T cells co-expressing miR-637 mimics or mimic NC and reporter plasmids containing wild type (wt) or mutant (mut) LOC646616 
sequences. Data are presented as the mean ± SD. *P<0.05, **P<0.01. 
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LOC646616 indirectly activates WNT3 by sponging 

miR-637  

 

To investigate the potential function of LOC646616 in 

HASMCs, we performed siRNA-mediated knockdown. 

Among the 3 probes tested, siRNA-LOC646616-2 (si-

LOC646616-2) showed the highest knockdown efficiency 

(Figure 7A) and was therefore selected for use in 

subsequent experiments. Transwell Matrigel invasion 

assays and CCK-8 proliferation assays revealed that 

 

 
 

Figure 6. WNT3 interacts directly with miR-637. (A) qRT-PCR analysis of relative WNT3 and β-catenin expression in PBMNCs of 
hypertensive subjects and normotensive controls. (B) Western blot analysis of WNT3 and β-catenin levels in plasma of hypertensive subjects 
and normotensive controls. (C) Bioinformatics evidence of the interaction between miR-637 and the 3′-UTR of WNT3. Bottom: schematic 
diagram of the mutations in the WNT3 sequence used to create the mutant luciferase reporter construct. (D) Luciferase activity assay in 
HEK293T cells co-transfected with miR-637 mimics or mimic NC and luciferase report plasmids containing wild type (wt) or mutant (mut) 
WNT3 3′ UTR and. (E) RIP assay results showing co-precipitation of miR-637 and WNT3 mRNA complexes by an Ago2 antibody in HASMCs. 
Validation data obtained by qRT-PCR are also shown. (F) Western blot analysis of WNT3 levels in HASMCs transfected with miR-637 mimics or 
mimic NC. Expression data are normalized to GAPDH. (G) Spearman's correlation analysis of the relationship between LOC646616, WNT3, 
and miR-637 levels, and between WNT3 and β-catenin levels in our hypertensive cohort. Data are presented as the mean ± SD. n = 3 
biologically independent samples. *P<0.05, **P<0.01. 
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LOC646616 knockdown decreased both invasive capacity 

(Figure 7B) and proliferative ability (Figure 7C) in 

HASMCs. In line with the findings presented thus far, we 

found that when LOC646616 was silenced miR-637 

expression increased significantly (Figure 7D, left panel). 

In turn, when HASMCs were transfected with miR-637 

inhibitor (anti-miR-637), WNT3 expression increased 

significantly (Figure 7D, right panel). To verify that 

LOC646616 interacts with miR-637 to activate the 

expression of WNT3, we measured WNT3 mRNA and 

protein levels in HASMCs transfected with siRNAs 

targeting the corresponding ncRNAs. As shown in Figure 

7E and 7F, WNT3 expression was significantly reduced 

by LOC646616 knockdown, and significantly increased 

by miR-637 inhibition. Confirming opposite regulatory 

roles for these ncRNAs on WNT3 expression, further 

expression assays showed that concurrent inhibition of 

miR-637 counteracted the inhibitory effect of 

LOC646616 silencing on WNT3 expression (Figure 7E 

and 7F). These results strongly suggest that LOC646616 

increases WNT3 expression by sponging miR-637. 

 

miR-637 is a negative regulator of CAMK2N2 

expression 
 

Based on the results of our ceRNA network predicting a 

regulatory module composed of LOC646616-miR-637-

CAMK2N2, we assessed CAMK2N2 expression and 

conducted correlation analyses for this ceRNA triplet. 

Both qRT-PCR and western blotting showed that 

CAMK2N2 expression was significantly higher in 

hypertensive subjects compared to normotensive controls 

(Supplementary Figure 7A, 7B). Meanwhile, bivariate 

correlation analysis demonstrated that CAMK2N2 was 

positively correlated with LOC646616 (Supplementary 

Figure 7C) and inversely correlated with miR-637 

(Supplementary Figure 7D). These data strongly suggest 

that LOC646616 and miR-367 exert mutual regulation on 

both WNT3 and CAMK2N2, and indicate that 

LOC646616 upregulation inhibits miR-637 expression to 

activate the WNT3/β-catenin axis in hypertension. 

 

DISCUSSION 
 

Using RNA-seq and bioinformatic analyses, our study 

identified a set of lncRNAs and circRNAs with 

differential expression in hypertensive individuals from 

the Kazakh population in Xinjiang, China. Based on 

RNA co-expression and miRNA-based regulatory 

network analyses, we demonstrate that LOC646616 

(Homo sapiens transmembrane protein 183A 

pseudogene; TMEM183A), a 1,379-nucleotide-long 

lncRNA transcribed from human chromosome 5, is 

upregulated in EH patients and acts as a ceRNA to 

positively regulate WNT3 and CAMK2N2 expression 

by sponging miR-637. This novel finding sheds light on 

a potentially important mechanism leading to activation 

of the WNT/β-catenin signaling pathway in 

hypertension. 

 

Although research on lncRNA functions in EH is still 

scarce, several lncRNAs have been shown to be 

upregulated by angiotensin-II, highlighting important 

contributions to vascular diseases, including hyper-

tension [23]. Examples include AK098656, which 

promotes hypertension through regulation of vascular 

smooth muscle cells (VSMCs) functions [24], GAS5, 

which promotes vascular remodeling and is down-

regulated in hypertension [25], and the TUG1/miR-145-

5p/FGF10 axis, which regulates proliferation and 

migration in VSMCs [26].  

 

We detected 1,002 DE circRNAs in hypertensive 

subjects. Although numerous circRNAs have been 

shown to influence the occurrence and development of 

human diseases [27, 28], only a few have so far been 

linked to hypertension. For instance, recent studies 

showed that two circRNAs, hsa_circ_0005870 and 

hsa_circ_0037911, which are respectively upregulated 

and downregulated in hypertensive subjects, could serve 

as valuable diagnostic biomarkers [29, 30]. 

Interestingly, our ceRNA network showed that besides 

LOC646616, another lncRNA, namely LAP3P2, and 

two circRNAs, i.e. hsa_circ_0039388 and hsa_circ_ 

0038648, were also highly co-expressed with both 

WNT3 and CAMK2N2 mRNAs in hypertensive 

subjects, while qRT-PCR showed effective expression 

of these four ncRNAs in cultured HASMCs. Although 

future validation experiments are warranted, these data 

would suggest that WNT3/β-catenin and CAMK2N2 

(Ca2+/CAMKII) pathway activities are influenced by 

regulation imparted by multiple ncRNAs.  

 

Using miRNA target prediction algorithms, we 

identified miR-637 as a putative binding partner of 

LOC646616 and predicted through further analysis a 

regulatory network conformed by LOC646616/miR-

637/WNT3 with potential relevance in EH. After 

assessing that miR-637 was downregulated in hyper-

tensive samples, we conducted miR-637 over-

expression experiments that led to significant down-

regulation of its target WNT3 and impaired both 

motility and survival in HASMCs. On the other hand, 

the combined results of qRT-PCR and FISH-RNA 

assays showed that LOC646616 was prominently 

expressed in HASMCs, rather than HAVECs, and was 

mainly localized in the cytoplasm, which is consistent 

with a potential function in mRNA translation. 

Subsequently, luciferase reporter assays in HASMCs 

demonstrated that LOC646616 interacted directly with 

miR-637, while RIP assays showed that they could be 

co-detected in association with the RISC complex. 
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Figure 7. LOC646616 increases WNT3 expression by sponging miR-637. (A) qRT-PCR analysis of LOC646616 expression in HASMCs 
transfected with control siRNA (si-NC) or with 3 siRNA variants targeting LOC646616. (B, C) Results of Transwell invasion and viability (CCK-8) 
assays conducted in HASMCs transfected with si-LOC646616-2. (D) Left panel: relative miR-637 expression in HASMCs transfected with si-NC 
or si-LOC646616-2. Right panel: relative WNT3 mRNA expression in HASMCs transfected with NC or anti-miR-637. (E, F) WNT3 mRNA (left 
panel) and protein (middle and right panel) levels in HASMCs following knockdown of LOC646616 (si-LOC-2) with/without concurrent 
inhibition of miR-637. *P<0.05, **P<0.01, ***P<0.001. 
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The WNT/β-catenin signaling pathway is an important 

mediator of cardiovascular development and has shown 

to influence atherosclerosis by regulating inflammation, 

vascular calcification, and the proliferation of different 

cells within vascular tissues [31, 32]. Previous reports 

demonstrated that the WNT/β-catenin pathway is 

activated in hypertension [33], while miR-637 has been 

linked cardiovascular disease, acute ischemic stroke, 

and different cancers [34–36]. The present data adds to 

our understanding of the regulation of WNT/β-catenin 

signaling in hypertension, highlighting a novel 

mechanism by which LOC646616 binds miR-637 to 

relieve its inhibition on WNT3 expression.  

 

Although validation in cellular models is still required, 

combined data from our expression and bioinformatics 

analyses suggest that the LOC646616/miR-637 pair also 

controls CAMK2N2 protein expression. CAMK2N2 is 

a specific inhibitor of CAMKII through binding to the 

kinase’s catalytic domain. It has been proved that 

enhanced contractile responses mediated by alamandine 

in cardiomyocytes from hypertensive rats occur through 

NO-dependent activation of CAMKII [37]. Research 

also showed that CAMKII activation (e.g. by non-

canonical WNT/Ca2+ signaling) can indirectly silence 

transcription mediated by the canonical WNT/β-catenin 

pathway by stimulating TAK1-NLK MAPK activities 

[18]. Therefore, we propose that by releasing miR-637-

mediated inhibition of both WNT3 and CAMK2N2 

expression, LOC646616 upregulation in hypertension 

promotes WNT/β-catenin pathway activation both 

directly, through enhanced WNT3 expression, and 

indirectly, by preventing CAMKII-mediated inhibition 

(Figure 8).  

 

 
 

Figure 8. Schematic representation of the LOC646616/miR-637/WNT3 ceRNA network in EH. LOC646616 indirectly promotes 
WNT3 mRNA translation by sponging miR-637, leading to WNT3/β-catenin pathway activation. 
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Importantly, results of our logistic regression analysis 

indicated that LOC646616 and hsa_circ_0038648 were 

independent risk factors for EH of Kazakh subjects, and 

both were notably correlated with SBP levels. In turn, 

our ROC analysis implied that these ncRNAs may serve 

as valuable biomarkers for hypertension. However, 

more extensive work is needed to define if changes in 

LOC646616 and hsa_circ_0038648 expression are 

indeed causative or are rather a consequence of 

hypertension. To this end, the use of well-validated, 

standardized protocols that produce reliable and 

repeatable results will help translate basic research 

findings into clinical practice, with a potentially 

significant impact on public health [38]. 

 

In summary, our findings unmasked a set of potential 

ceRNA biomarkers of hypertension in Kazakh 

individuals that may improve diagnostic/prognostic 

accuracy for this condition. Still, future work is needed 

to verify whether our results extend to other 

populations. Importantly, our research also highlights a 

potentially critical role for the lncRNA LOC646616 in 

the activation of the WNT/β-catenin pathway by 

relieving the negative regulation exerted by miR-637 on 

both WNT3 and CAMK2N2 expression in human 

vascular smooth muscle cells during hypertension. 

Given the mounting evidence linking various ncRNA 

species to the onset and progression of cardiovascular 

diseases, in-depth study of their expression patterns and 

biological functions should improve risk prediction 

efforts and identify new therapeutic targets to develop 

individualized treatments. 

 

MATERIALS AND METHODS 
 

Study population 
 

The study was approved by the ethics committee of 

the First Affiliated Hospital of Shihezi University 

School of Medicine in China and conducted in 

accordance with current (2013) guidelines of the 

Helsinki Declaration of ethical principles in human 

research. All the participants were Kazakhs living in 

or near the Xinjiang Uygur Autonomous Region and 

were recruited after informed consent at the First 

Affiliated Hospital of Shihezi University between 

March 2016 and July 2017. Diagnostic criteria for 

hypertension were based on the 2018 guidelines for 

hypertension in China [39]. Molecular studies were 

first performed on 3 EH patients (2 females and 1 

male) and 5 normotensive individuals (2 females and 

3 males). Another 60 EH cases, as well as 60 sex- and 

age- (±3 years) matched healthy controls, were 

recruited for further validation and analysis. In total, 

two independent cohorts involving 63 EH subjects 

and 65 healthy controls were defined. 

RNA extraction, sequencing, and quality control 
 

Following collection of 4 ml of venous blood in EDTA-

coated anticoagulation tubes,  PBMNCs were isolated 

by density gradient centrifugation for 30 min at 4000 × 

g using Lymphocyte Separation Medium (cat No. 

P8610, Solarbio, Shanghai, China). Total RNA was 

extracted using Trizol reagent (Invitrogen, CA, USA) 

and quantified on an Agilent 2200 TapeStation (Agilent, 

CA, USA). RNA samples with a RIN>7 were used for 

cDNA library construction using Illumina TruSeq RNA 

Library Prep Kit v2, according to the protocol provided 

by the manufacturer (Illumina, CA, USA). Sequencing 

depths >10 Gb were obtained for each sample. High 

throughput sequencing was completed by Shanghai 

Novel Bioinformatics Co., Ltd. We used Fast-QC 

(http://www.bioinformatics.babraham.ac.uk/projects/fas

tqc/) software to perform an overall assessment of the 

quality of the sequencing data, including distributions of 

base mass and mass value position, GC content, analysis 

of PCR duplicates, and k-mer frequency. The overall 

workflow is show in Supplementary Figure 8A, 8B. 

 

Differential expression, GO, and KEGG pathway 

analyses 

 

The screening criteria to consider a given circRNA, 

lncRNA, or mRNA as DE were log2 FC>1 or <-1 and 

FDR <0.05. Functional and pathway enrichment 

analyses of DE transcripts were conducted by accessing 

the GO (http://geneontology.org/) and KEGG (http:// 

www.genome.jp/kegg/) databases. P<0.05 indicated 

significance for both GO terms and KEGG pathways. 

 

Competing endogenous RNA network construction 

 

A ceRNA network describing lncRNA/circRNA–

miRNA–mRNA interactions was constructed based on 

the hypothesis that lncRNAs/circRNAs increase or 

decrease the activity of mRNAs by acting as miRNA 

sponges [40]. The process consisted of three steps: first, 

we predicted putative miRNA targets for the identified 

DE lncRNAs, circRNAs, and mRNAs using miRanda 

(pairing score > 150; MFE <-20 kcal/mol) and 

RNAhybrid (MFE <-25 kcal/mol); second, we selected 

the final target list from the intersection results of the two 

prediction methods; third, we correlated this list with our 

DE ncRNA data to identify lncRNA/circRNA-miRNA-

mRNA networks (pick up-/-up or down-/-down 

relationship entries). P <0.05 was considered significant. 

 

Co-expression network analysis 
 

The co-expression network analysis was based on 

calculation of the Pearson’s correlation coefficient 

between coding and noncoding genes according to their 

http://www.solarbio.com/brand-3-c0.html
http://www/
http://geneontology.org/)
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expression levels. Genes with P <0.05 and FDR <0.05 

were retained for further analysis. We obtained k-core 

scores to identify core regulatory genes with the highest 

networking degrees in the networks [41]. 

 

Cell culture 

 

HEK293T, HAVECs, and HASMCs cells were 

purchased from Enzyme Biotechnology (Shanghai, 

China). HepG2 and HeLa cells were purchased from 

ATCC (Manassas, VA, USA). HAVECs were cultured 

in Endothelial Cell Medium (cat No.1001, ScienCell 

research laboratory, USA). The other cell lines were 

cultured in DMEM/high-glucose medium (cat. 

1859228, Gibco, CA, USA) at 37 °C with 5% CO2. 

Culture media were supplemented with 10% fetal 

bovine serum (FBS; cat No. 04-001-1A/B/C, Biological 

Industries, Kibbutz Beit Haemek, Israel), and 1% 

penicillin-streptomycin solution (cat No. P1400, 

Solarbio, Beijing, China).  

 

Transwell invasion assay 

 

Cell invasion was evaluated in 24-well plates fitted with 

8-μm pore Transwell polycarbonate membrane inserts 

(Corning, NY, USA) coated with 35 µl Matrigel. 

Briefly, after 24 h of transient transfection with miR-

637 mimics or mimic NC, 200 μl of cell suspension 

(1×105 cells) was added to the upper chamber, while the 

lower chamber was filled with DMEM (KeyGen, 

Nanjing, China) containing 10% FBS. After 36-h 

incubation, the membranes were fixed and stained with 

Giemsa. Invading cells were counted in five fields of 

view per well under light microscopy. Each condition 

was assessed in triplicate.  

 

Cell proliferation assay 
 

Cell proliferation was evaluated with the Cell Counting 

Kit-8 assay (CCK-8; cat. YB-0050, Yiyuan, 

Guangzhou, China) according to the manufacturer’s 

instructions. Briefly, cells were seeded at 1×103 

cells/well in 96-well plates. After 24, 48, 72, 96, or 120 

h of incubation, 10 μl CCK-8 reagent was added into 

each well, followed by incubation for 2 h at 37 °C. 

Subsequently, absorbance was measured at 450 nm 

using a microplate reader (Power WaveXS2; Biotek, 

Winooski, VT, USA). Each experiment was conducted 

in triplicate. 

 

RNA fluorescence in situ hybridization (RNA-FISH) 

 

The subcellular localization of LOC646616, LAP3P2, 

hsa_circ_0038648, and hsa_circ_0039388 was detected 

in HASMCs using a FISH probe kit (BOSTER, Wuhan, 

China). In brief, HASMCs were fixed in 4% 

paraformaldehyde for 20 min at room temperature, 

prehybridized with a hybridization solution, and 

incubated with LOC646616 (cat. MK10530-h), 

LAP3P2 (cat. MK10529-h), hsa-circ-0038648 (cat. 

MK10528) and hsa-circ-0039388 (cat. MK10528) 

probes at 37 °C for 30 min. The sections were stained 

with anti-digoxin rhodamine conjugate (Boster) at 37 

°C for 2 h. Then, the sections were stained with SABC-

FITC or SABC-cy3 at 37 °C for 30 min away from 

light. The sections were subsequently stained with 4′,6-

diamidino-2-phenylindole (DAPI, Beyotime, China) for 

nuclear visualization. The LOC646616 probe sequences 

were 5'- Cy3-ATATTTGGCTATTGCTGGC CTCCT 

ATATCTGTCCTGAGGA-3’; 5'- Cy3-TACGGCATC 

ATTGAGTGAGACT GGTGTTTCAAGATTCCCC-

3’; 5'- Cy3-TAGTAATGTACATGCTCTTCAGGTT 

CTAGGGCTCCTGTTA-3’. The LAP3P2 probe 

sequences were 5'- Cy3- CTCTCT TCCGTGG 

AGGTGGATCCCTGTAGAGATGCTCAGG-3’; 5'- 

Cy3-ATTGTGTCT GCTGCAAATCTCAGTTTGCCC 

ATTAATATTA-3’; 5'- Cy3-GACTCTCATAGA 

GTTCTTACTTCGTTTCAGTCAAGACAAT-3’. The 

hsa_circ_0039388 probe sequence was FITC-5’-

AACTTGTGTTTGCTGCGGGGGTCCAGCCATCAA

C ACTGGCTTTCTGAA-3’- FITC. The hsa_circ_ 

0038648 probe sequence was FITC- 5’-CTGGAA 

GGACTTATCTTCTTTTGTGACATTTGCCTGTGAG

TACTTCATGGCAAA-3’- FITC. Cell nuclei were 

stained with 4′, 6-diamidino-2-phenylindole (DAPI) for 

5 min at room temperature. The lncRNAs were stained 

with SABC-cy3 (Red) and the circRNAs were stained 

with SABC-FITC (Green), and visualized under a 

fluorescence microscope (CKX53; Olympus, Tokyo, 

Japan).  

 

Quantitative real-time polymerase chain reaction 

(qRT-PCR) 
 

Total RNA was extracted using TRIzol (Invitrogen, CA, 

USA). The purity and concentration of RNA samples 

were quantified using a NanoDrop ND-1000 device 

(NanoDrop Technologies/Thermo Scientific, 

Wilmington, DE, USA). Total RNA (2 μg) from each 

sample was reverse transcribed using a Hairpin-it qRT-

PCR kit (GenePharma Co., Shanghai, China) according 

to the manufacturer’s instructions. LncRNAs and 

circRNAs levels were normalized to GAPDH mRNA. 

Isolation of miRNAs was performed using a miRNA 

Isolation kit (Thermo Fisher Scientific, Waltham, 

USA), and a Hairpin-it miRNA qPCR Quantitation kit 

(GenePharma Co.) was used to measure miRNA levels 

according to the manufacturer's instructions. Relative 

miRNA gene expression was normalized to U6. Reverse 

transcription reactions were conducted using convergent 

primers for mRNAs and lncRNAs, divergent primers 

for circRNAs, and stem-loop RT primers for miRNAs 
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(GenePharma). Relative changes in gene expression 

were measured using the 2−ΔΔCT method. Primer 

sequences are shown in Supplementary Table 7. 

 

Western blotting 

 

Treated HASMCs and PBMNCs were lysed in RIPA 

buffer and protein content was determined using a BCA 

Protein Assay Kit (cat. P0011, Beyotime). Proteins were 

separated by 12% or 9% SDS-PAGE and transferred to 

PVDF membranes (Millipore, MA, USA). Primary 

antibodies against WNT3 (cat. GTX89319; Gene Tex, 

CA, USA), β-catenin (cat. GTX101435-S; Gene Tex), 

calcium/calmodulin-dependent protein kinase II 

inhibitor 2 (CAMK2N2, cat. TA322113S; Origene, 

MD, USA), and GAPDH (cat. TA-08; ZSGB-BIO, 

Beijing, China) were applied at 4 °C overnight. 

Subsequently, a horseradish peroxidase-conjugated 

secondary antibody (1:10000) was applied at room 

temperature for 1 h. The signals were detected with a 

SuperSignal West Femto Trial Kit (Thermo Fisher 

Scientific). Relative protein content was analyzed by 

ImageJ software and normalized to loading controls. 

 

miRNA mimics/ inhibitor transfection  

 

Cells grown overnight were transfected over 48 h with 

miR-637 mimics/inhibitor or its negative control (both 

designed and synthesized by GenePharma, Shanghai, 

China) using Lipofectamine 2000 (Invitrogen, CA, 

USA) according to the manufacturer’s protocol. 

 

Dual-luciferase reporter assay 
 

Luciferase reporters carrying wild-type (wt) or 

mutated (mut) miR-637 binding sites in the WNT3 

3’UTR or LOC646616 sequences (designed and 

synthesized by GenePharma) were inserted into the 

pmirGLO dual-luciferase reporter vector. HEK293T 

cells were plated in 96-well plates and then co-

transfected with 50 nmol/L of constructs along with 

miR-637 mimics or mimic NC. After 48 h, luciferase 

activity was detected using a dual-luciferase reporter 

assay system (Promega, Madison, WI, USA) according 

to the manufacturer’s instructions and normalized to 

Renilla activity. Experiments were performed in 

triplicate. 

 

RIP  
 

The RIP assay was carried out using a Magna RIP RNA 

Binding Protein Immunoprecipitation Kit (Millipore, 

Billerica, MA, USA) according to the manufacturer’s 

instructions. Lysed cells were incubated in RIP wash 

buffer, which contained magnetic beads bound to an 

antibody recognizing the human Ago2 protein or to 

immunoglobulin G (IgG). Extraction of RNA after 

digestion with proteinase K. Immunoprecipitated RNA 

was detected by qRT-PCR. All laboratory supplies are 

guaranteed to be free of DNase and RNase, and three 

sets of repetitions per group. 
 

Transient transfection with siRNAs  
 

HASMCs (5 × 104 cells/well) were seeded in 6-well 

plates and cell confluence reached 70-90% within 24 h. 

Then transfected with siRNAs (100 pmol) targeting 

LOC646616 (si-LOC646616) or with corresponding 

negative siRNA controls (si-NC) using Lipofectamine 

reagent (5 µL). Incubate in CO2 incubator at 37 °C for 

24-48h, after which RNA expression was examined 

using qRT-PCR. All siRNAs were purchased from 

GenePharma, and three biological replicates were 

assayed in each experiment. The relevant siRNA 

sequences are shown in Supplementary Table 8. 
 

Statistical analysis 
 

All the data were checked for normality and 

homogeneity of variance, and are expressed as the mean 

± SD. Student’s t-test was used to compare differences 

between the means of two groups. Non-parametric 

Mann-Whitney test was used to compare non-normal 

distributions. Correlation analysis of the two sets of data 

asked using Spearman’s correlation analysis. Data 

analysis and graphs were completed using the 

NovelBrain® cloud computing platform. Statistical 

analyses were performed with GraphPad Prism 5.01 

(GraphPad, San Diego, CA, USA) and SPSS 17.0 for 

Windows (SPSS Inc, Chicago, IL, USA). Significance 

was defined as P < 0.05. 
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SUPPLEMENTARY MATERIALS 
 

Supplementary Figures 
 

 

 

 

 

 
 

Supplementary Figure 1. All differentially expressed (DE) mRNAs (A) lncRNAs (B) and circRNAs (C) volcanic plots compared to the 
normotension. X-axis: The fold change is expressed as log2(FC); the Y-axis: P value is expressed as -log10(FDR). The reds dot in the figure 
indicates up. The blues dot indicates down. 
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Supplementary Figure 2. Functional annotation of DE mRNAs, lncRNAs and circRNAs in hypertensive patients compared to 
the normotension. (A–C) Gene Ontology (GO) analysis of DE mRNAs, lnRNAs and circRNAs. Biological process (BP); Cellular Component 
(CC); Molecular Function (MF). (D) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of DE mRNAs and disease correlation. 
(E) KEGG pathway enrichment analyses for DE mRNAs. Node size: gene ratio, node color: P value. (F) KEGG pathway analysis of DE circRNAs. 
The red column represents P<0.05 and the blue column represents P>0.05. 
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Supplementary Figure 3. Co-expression network. (A) Co-expression network of DE lncRNAs and mRNAs. (B) DE circRNAs and mRNAs 
co-expression network (GRCh38). Red nodes represent the key regulatory genes with the highest k-core values. Node colors indicate k-core 
values. Node size represents the k-core power, and the distance between two nodes represents the interaction between the two RNAs. The 
solid line in the figure is a positive correlation and the dotted line represents a negative correlation. 
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Supplementary Figure 4. (A) WNT3 and CAMK2N2 related micRNA-based sponge regulatory network. Triangles represent DE lncRNAs, vee 
represents DE circRNAs and squares represent miRNAs. (B) sub-networks of the most significant DE lncRNAs and circRNAs with WNT3 and 
CAMK2N2. (C, D) A miRNA-based sponge regulatory subnetwork depicting hsa_circ_0038648/miRNA/WNT3 and hsa_circ_0038648/ 
miRNA/CAMK2N2 interactive modules. 
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Supplementary Figure 5. (A) The sequence of hsa_circ_0038648 (upper panel) was consistent with the result of Sanger sequencing (lower 
panel). The red arrow indicates the backsplice site. (B) The specific primers of hsa_circ_0038648 were validated by agarose gel 
electrophoresis. (C) Amplification curve and melting curve of hsa_circ_0038648 sample. 
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Supplementary Figure 6. (A) The sequence of hsa_circ_0039388 (upper panel) was consistent with the result of Sanger sequencing (lower 
panel). The red arrow indicates the backsplice site. (B) The specific primers of hsa_circ_0039388 were validated by agarose gel 
electrophoresis. (C) Amplification curve and melting curve of hsa_circ_0039388 sample. 
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Supplementary Figure 7. (A, B) Relative mRNA and protein levels of CAMK2N2 in PBMNCs of hypertensive subjects and normotensive 
controls. Bivariate correlation analysis demonstrated that CAMK2N2 was positively correlated with LOC646616 (C) and inversely correlated 
with miR-637 (D) in the same set of patients. 

 

 
 

Supplementary Figure 8. Comprehensive analyses workflow. (A) Comprehensive analyses workflow of lncRNAs, mRNAs, and 
circRNAs in hypertension and normal controls. (B) Workflow for comprehensive joint analysis between DE lncRNAs, mRNAs and circRNAs. 
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Supplementary Tables 
 

 

Supplementary Table 1. Characteristics of 3 hypertensive patients and 5 normotensive  
individuals of sequencing. 

Characteristics  

Gender (M/F) 
Hypertension  

(n=3) 1/2 
Normotension  

(n=5) 3/2 
Age (years) 59.73 ± 6.08 60.17 ± 4.10 
SBP (mmHg) 161.00 ± 15.10** 114.70 ± 7.40 
DBP (mmHg) 98.77 ± 5.40** 78.97 ± 6.16 
BMI (kg/m2) 25.81 ± 3.29 24.17 ± 2.30 
FBG (mmol/L) 5.36 ± 1.04 5.08 ± 1.16 
TG (mmol/L) 1.67± 1.09 1.17 ± 0.86 
LDL (mmol/L) 2.97 ± 0.91 2.80 ± 0.73 
HDL (mmol/L) 1.14 ± 0.12 1.32 ± 0.27 
CHO (mmol/L) 4.93 ± 1.02 4.71 ± 0.79 

#Data are mean ±standard deviation (SD).  
## M, male; F, female; SBP, systolic blood pressure; DBP, diastolic blood pressure; BMI, body  
mass index; FBG, fasting blood glucose; TG, triglycerides; LDL, low density lipoprotein; HDL,  
high density lipoprotein; CHO, cholesterol.  
**P<0.01 vs. normotensive individuals. 

 

Supplementary Table 2. Correlation between the most significant DE lncRNAs, circRNAs and  
mRNAs. 

Name mRNA Pearson P-value FDR 

WNT3 0.999888 0.009524 0.048855 

CAMK2N2 0.999920 0.008051 0.047351 

WNT3 0.999691 0.015827 0.048855 

CAMK2N2 0.999996 0.001748 0.044093 

WNT3 0.999898 0.009100 0.045505 

CAMK2N2 0.999122 0.026675 0.048718 

WNT3 0.999998 0.001173 0.041120 

CAMK2N2 0.999668 0.016402 0.048514 

WNT3 CAMK2N2 0.999619 0.017575 0.048855 

#FDR: false discovery rate. 
 

Supplementary Table 3. Expression data (in units of FPKM) for the most significant DE lncRNAs and circRNAs. 

 FPKM FPKM FPKM FPKM FPKM FPKM FPKM FPKM EH1/2/3 vs NC1/2/3/4/5 

gene type EH_1F EH_1M EH_2F NC_1M NC_2F NC_2M NC_3M NC_3F EH  average NC  average 

LOC646616 23.32145695 22.82128303 19.68736046 1.43010615 1.863003619 0.90103621 1.722328318 1.744558523 21.94336681 1.532206564 

LAP3P2 0.916949814 0.268886904 0.451702508 0 0.177244944 0 0 0 0.5458464 0.035449 

circ_0039388 7.792171867 1.559141998 3.09035545 0 0 0 0.270651619 0 4.147223105 0.054130324 

circ_0038648 3.896085934 1.133921453 1.85421327 0.116586733 0.117713797 0 0 0 2.29474 0.04686 
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Supplementary Table 4. Characteristics of 60 hypertensive patients and 60 normotensive  
individuals. 

Characteristics 

Gender (M/F) 

Hypertension 

(n=60) 26/34 

Normotension 

(n=60) 30/30 

Age (years) 54.33± 8.94 53.37± 9.18 

SBP (mmHg)  158.33± 13.16** 119.60± 9.59 

DBP (mmHg)  96.20± 5.46** 79.53± 5.75 

Family history (%) 36.67 26.67 

Smoking (%)  43.33 46.67 

Drinking (%) 53.33 50.00 

BMI (kg/m2)  26.29±3.21 25.39±2.81 

FBG (mmol/L) 5.16±0.64 4.99±0.51 

TC (mmol/L) 4.57±0.98* 4.07±0.60 

TG (mmol/L)  1.87±0.14 1.55±0.09 

HDL (mmol/L)  1.06±0.22 1.16±0.19 

LDL (mmol/L)  2.81±0.90 2.58±0.78 

#Data are mean ± SD.  
*P<0.05, **P <0.01 vs. normotensive individuals. 

 

Supplementary Table 5. Whole gene sequencing results of 7 DE lncRNAs and 2 DE cicRNAs.   

Test_id EH NH Log2 FC FDR Style Length 

DE lncRNAs       

SCARNA7 12882.37 338.65 5.25 0.000072 up 329 

RPS3AP20 223.78 9.59 4.55 0.009161 up 858 

LOC646616 13.56 0.92 3.89 0.038099 up 1346 

RPL34P25 7.39 39.60 -2.42 0.003287 down 436 

RPSAP16 31.19 64.98 -1.06 0.006135 down 986 

RPSAP36 6.47 24.99 -1.95 0.024000 down 1010 

LAP3P2 12.83 0.75 4.09 0.006210 up 1695 

DE circRNAs       

hsa_circ_0039388 26.09 1.06 4.63 0.000000 up 381 

hsa_circ_0038648 15.90 0.79 4.33 0.000000 up 533 

*The screening criteria were log2 FC >1 or <-1, FDR<0.05. 
 

Supplementary Table 6. Multiple stepwise regression analysis showing variables  
independently associated with LOC646616 and hsa_circ_0038648. 

 β SE β’ t 

LOC646616     

Constant -0.280 0.276  -0.101 

SBP 0.345 0.098 0.421 3.525* 

Cys C 0.262 0.123 0.230 2.135* 

Hcy 0.317 0.154 0.250 2.051* 

hsa_circ_0038648     

Constant 0.162 0.416  0.390 

SBP 0.300 0.142 0.364 2.119* 

HDL -0.330 0.161 -0.233 -2.039* 

#β': standardized β. Variables included in the original model are SBP, DBP, BMI, FBG, TC,  
TG, HDL, LDL, CRP, Hcy and Cys C. CRP, C-reactive protein; Hcy, homocysteine; Cys C,  
cystatin C. *P<0.05. 

 



 

www.aging-us.com 8288 AGING 

Supplementary Table 7. Primers sequences used for the studies. 

Test_id Primer 

F primer    5’-GCTGAAGACCAGCCTCTCATA-3’ 

R primer    5’-CCACATCAAACCCACGGAGT-3’ 

F primer    5’-ACCGAAGGCACTACACGC-3’ 

R primer    5’-GAGATTGGAGCAGCAAATGG-3’ 

F primer    5’-TTTGAATTGGGAAAGCTCATG-3’ 

R primer    5’-AACAGATTCTTGGACTGGTGG-3’ 

F primer    5’-TCCCAGACCCTTGGTAATAGA-3’ 

R primer    5’-ACATGCCACATGCAGATTTT-3’ 

F primer    5’-GCTTGTGGTGGCTATGGAA-3’ 

R primer    5’-GGTGAGCTGTTCTTGGGTTAT-3’ 

F primer    5’-GGGTGCCCTCTGTGCCTAT-3’ 

R primer    5’-CCTGAGCAGTGGGAGCTGTA-3’ 

F primer    5’-GAGCCCTCAGTCTTCTTG -3’  

R primer    5’-AGATACCACCACTGTCAAA -3’  

F primer    5’-TCTCTGCTCCTCCTGTTCGA-3’ 

R primer    5’- GCGCCCAATACGACCAAATC-3’ 

hsa_circ_0039388 F primer    5’-AGGGGAGACCTCATTCAGTTCTACA -3’ 

R primer    5’-TGTAGAACTGAATGAGGTCTCCCCT-3’ 

hsa_circ_0038648 F primer    5’-TTTTTCTCTATGCAGTCAGCTGAAA -3’  

R primer    5’-TTTCAGCTGACTGCATAGAGAAAAA-3’ 

miR-637 F primer    5’-ACACTCCAGCTGGGACTGGGGGCTTTCGGGCT -3’ 

R primer   5’-CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGACGCAGAG-3’ 

U6 F primer    5’-CTCGCTTCGGCAGCACA-3’ 

R primer    5’-AACGCTTCACGAATTTGCGT-3’ 

miR-637 mimics 

 

Sense      5’-ACUGGGGGCUUUCGGGCUCUGCGU-3’ 

Antisense   5’-GCAGAGCCCGAAAGCCCCCAGUUU-3’ 

miR-637 inhibitor Sense      5’ACGCAGAGCCCGAAAGCCCCCAGU-3’ 

WNT3 F primer    5’- CTGCCAGGAGTGTATTCGCATC -3’ 

R primer    5’- GAGAGCCTCCCCGTCCACAG -3’ 

CAMK2N2 F primer    5’- CGCAGACCCCGAAGGTT-3’  

R primer    5’-TTGCCAGCGAAGAAGGAGTT-3’ 

β-catenin F primer    5’-GGGACACAGCAGCAATTTGT-3’ 

R primer    5’-CAGCTGCACAAACAATGGAA-3’ 

* RPSAP36, ribosomal protein SA pseudogene 36; LOC646616 transmembrane protein 183A pseudogene; RPS3AP20, 

ribosomal protein S3a pseudogene 20; RPL34P25, ribosomal protein L34 pseudogene 25; SCARNA7, small Cajal body-specific 
RNA 7; RPSAP16, ribosomal protein SA pseudogene 16; LAP3P2, leucine aminopeptidase 3 pseudogene 2; GAPDH, 
glyceraldehyde-3-phosphate dehydrogenase; has_circ_0039388, Homo sapiens_circular RNA_0039388; hsa_circ_0038648, 
Homo sapiens_circular RNA_0038648; miR-637, microRNA-637; U6, U6 small nuclear RNA; WNT3, Wnt family member 3; 
CAMK2N2, calcium/calmodulin dependent protein kinase II inhibitor 2. 
 

Supplementary Table 8. siRNA sequences used for the studies. 

 Sequence(5'-3') 

LOC646616-1 Sense     GCGGCUGGAUUAUAUAUCUTT 

Antisense  AGAUAUAUAAUCCAGCCGCTT 

LOC646616-2 Sense     CCAUAUAUGUAUGAGCCAUTT 

Antisense  AUGGCUCAUACAUAUAUGGTT 

LOC646616-3 Sense     CAGGAACCAAUGUGGAAAUTT 

Antisense  AUUUCCACAUUGGUUCCUGTT 

 


