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12 Abstract

13 Ventricular septal defect (VSD) is one of the most common types of congenital heart 

14 disease. To find more and more molecular alteration is conducive to explore the 

15 mechanism and biomarker in VSD. Herein we devised a predictive strategy to 

16 uncover novel lncRNA of VSD integrating DNA methylation, gene expression and 

17 lncRNA expression of early embryo and VSD by profiles from GEO database. In 

18 totally, 175 lncRNAs, 7290 genes and 3002 DNA methylation genes were obtained by 

19 logistic regression analysis associated with embryonic development. Moreover, 7304 

20 DMGs were significant differential methylated by Wilcoxon rank test and Student’s 

21 test in VSD. We constructed the lncRNA-mRNA co-expression network in embryo 

22 (LMCNe). Then, a reconstructed co-expression weighted network (RCWN) was built 

23 integrated LMCNe and the DNA methylation associated network（DMAN）based 

24 on the correlation of the DNA methylation level and protein interaction network 

25 between embryonic development and VSD. We extracted top 10 lncRNAs with higher 

26 score performing DRaWR from the weight network, which as potential VSD related 

27 lncRNAs. Six lncRNAs showed a high level of expression in the heart tissue recorded 

28 in the NONOCOND database. Furthermore, associated lncRNA genes DCAF8L1, 

29 NIT1, SH2D7 and DOCK9-AS2 in validated samples showed a prominently 

30 association with VSD. These outcomes provide a reference for lncRNA involved in 

31 VSD initialization and a new insight for studies of  VSD-associated lncRNAs.

32 Key words: Ventricular septal defect; DNA methylation; lncRNA; network
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34 Author Summary

35 Ventricular septal defect (VSD) is one of the most common types of congenital 

36 heart disease and has a high mortality rate in infants. Many molecular markers have 

37 proved effective as biomarker in VSD like DNA methylation and lncRNA. lncRNA is 

38 a type of non-coding RNA which has important effect in regulation gene expression 

39 and disease occurrence. VSD is an embryonic stage developmental disease. Therefore 

40 we hypothesized that lncRNA which was associated with DNA methylation and 

41 mRNA in early embryonic development may also affect the occurrence of VSD. So in 

42 this work, from the perspective of embryonic development, we devised a predictive 

43 strategy to uncovering novel lncRNA of VSD. In our result, four lncRNA associated 

44 genes were found differential expressed in VSD and normal samples by qPCR 

45 validation. The identification of lncRNA associated with ventricular septal defect is 

46 beneficial to further study the mechanism of VSD from the molecular level and also 

47 provides a good molecular marker for clinical therapeutic and diagnosis. At the same 

48 time, it also provides a new insight for the researches of lncRNA associated with 

49 VSD.
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50 1. Introduction

51 The heart is the first developing organ in embryonic development which can 

52 provide oxygen and nutrients for the baby and many genes and biological processes 

53 are involved in this procedure. A slight disruption in the process of embryonic 

54 development of the heart could cause damage to the embryo, leading to congenital 

55 heart disease(1, 2). Congenital heart disease is one of the most common defects in 

56 infants accompanied with a higher mortality rate(3). Some reports show that 4-14 of 

57 every 1,000 newborns have congenital heart disease, and congenital heart disease 

58 accounts for 40% of infant defects(4-7). Congenital heart disease could be caused by a 

59 variety of factors, including environmental, genetic, epigenetic effects(8). VSD is 

60 considered to be one of the most common types of congenital heart disease, 

61 accounting for about 30% of congenital heart disease(9). VSD could exist in isolation 

62 and could as part of double outlet right ventricle and other cardiac anomalies(10).

63 DNA methylation is an important epigenetic modification that plays an important 

64 role in cell differentiation, regulation of gene expression, disease occurrence and 

65 development and participates in biological processes of progressive organs. DNA 

66 methylation often occurs on the fifth carbon atom of cytosine, formed by DNA 

67 methyltransferase. Hypermethylation in gene promoter can contribute tumor 

68 suppressor silencing leading to disease. DNA methylation is reprogrammed during the 

69 zygote phase of early embryos and rewrite into the genome during cell division and 

70 differentiation (11, 12). Epigenetic marks have a sustained effect on individuals and 

71 progeny and DNA methylation pattern is stable in heredity(13, 14).Furthermore, most 
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72 genes in cell were arranged by DNA methylation in the period of early embryo 

73 development and abnormal DNA methylation could lead to defect in births(15). 

74 Folate is a B-vitamin providing methyl group for methylation reactions in embryonic 

75 cell including DNA methylation and could reduce the risks of congenital heart disease 

76 (16). Recently, many studies have been investigated in understanding the role of DNA 

77 methylation in congenital heart disease. For example, higher abundance of 

78 methylation biomark S-adenosylhomocysteine (SAH) in blood increased the risk of 

79 CHD (17). The hypermethylation of RAB43 and KIAA0310 leads to ER-te-Golgi 

80 dysfunction and eventually contributes to the occurrence of VSD and abnormal 

81 embryonic heart development(18). What is more, the hypermethylation of NOX5 

82 frequently occurs in the pathogenesis of VSD(19).

83 In recent years, the human genome is divided into coding and non-coding 

84 regions(20). With the advanced genome sequencing technology, many mRNA-like 

85 functional transcripts have been found in noncoding regions which are non-coding 

86 RNAs (21-23). Non-coding RNA have vital influence in regulating gene expression 

87 instead of being a protein template(24). LncRNA is a type of non-coding RNA whose 

88 length is greater than 200bp having divided into five categories: sense, antisense, 

89 bidirectional, intronic, and intergenic(25, 26). Accumulating evidence suggested that 

90 lncRNA has a wide range of biological functions involved in the regulation of gene 

91 expression networks, such as chromosome printing, cell growth and differentiation 

92 and tumorigenesis(27-29). However, lncRNA associated with VSD is rarely reported. 

93 Herein, by analyzing the DNA methylation, gene expression and lncRNA profile of 
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94 early embryo and DNA methylation data of VSD. We constructed an integrated 

95 RCWN modified by DNA methylation correlation based on protein interaction 

96 network. This network not only illustrated intricate relationship between coding genes 

97 and non-coding lncRNA in embryonic development, but also revealed the DNA 

98 methylation-mediated correlation between embryonic development and VSD. Then 

99 we selected the top 10 lncRANs with higher score as VSD associated lncRANs after 

100 performing DRaWR algorithm in the RCWN. Six lncRNA were found expressed in 

101 heart tissue included in NONCODE database. Furthermore, we investigated the 

102 expression of lncRNA gene were apparently associated with VSD by comparing the 

103 normal and VSD cardiac tissue. These lncRNAs were mainly involved in the function 

104 of regulation of growth heart force and so on, which would be a reference for further 

105 analysis.

106 2. Results

107 2.1 Identification of differential methylation genes(DMGs) in VSD

108 VSD is a disease that caused by abnormal events occurring in embryonic 

109 development. DNA methylation plays an important role in embryonic development, 

110 and may affect VSD. Therefore, we devised an integrated prediction network to 

111 predict lncRNA associated with VSD. We integrated MBD-Seq DNA methylation 

112 data containing four normal right atrium and eight VSD samples and DNA 

113 methylation data lncRAN expression profile and gene expression profile of early 

114 embryos. The LMCNe was built in embryonic firstly. Then， a reconstructed 

115 co-expression weighted network (RCWN) was built integrated LMCNe and DMAN 

WITHDRAWN

see manuscript DOI for details

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted November 1, 2018. ; https://doi.org/10.1101/459677doi: bioRxiv preprint 

https://doi.org/10.1101/459677
http://creativecommons.org/licenses/by/4.0/


116 based on the correlation of the DNA methylation level and protein-protein interaction 

117 between embryonic development and VSD. By performing Discriminative Random 

118 Walk with Restarts (DRaWR), selecting the highest score of 10 lncRNA as a 

119 candidate lncRNA Figure 1. 

120 For DNA methylation data of VSD, 18,322,642 CpG sites were obtained by data 

121 filtering and deletion (see methods). 741,027 CpG sites were considered as 

122 differential methylated sites by Wilcoxon rank test. Subsequently, these differential 

123 DNA methylation CpG sites were matched to the promoter region of 9,274 refseq 

124 genes and the 7,292 differential DNA methylation genes (DMG) were screened using 

125 the Student test with setting threshold p<0.05 and districted DNA methylation level 

126 greater than 0.2 between normal and VSD figure 2 A. The overall trend of the 

127 differential DNA methylation genes were that DNA methylation levels of most genes 

128 were upregulated, with only a small fraction of the downregulation in figure 2 B. 

129 Moreover, the DNA methylation level of DMGs in VSDs were significantly higher 

130 than that in the normal samples figure 2 C. The functional enrichment of these DMGs 

131 showed that they were associated with signal transduction, organ development, Rap1 

132 signaling pathways and other basic functions which has great regulatory for bodies 

133 (figure 2 D).

134 2.2 Identification of embryonic development-related lncRNA, mRNA and DNA 

135 methylation gene

136 We treated six stages of early embryonic DNA methylation data including oocytes, 

137 Zygotes, 2-cell-stage, 4-cell-stages, 8-cell-stage, morulae stage. In the following 
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138 analysis, methylated promoter of 14,304 refseq gene were reserved. 8,123 lncRNA 

139 expression and 10,176 mRNA expression were available from the document with 

140 RPKM (see Method). Subsequently, we fitted an Ordered Rogers regression model to 

141 screen for lncRNAs and genes associated with embryonic development. In belief, 

142 3,002 associated DNA methylation genes (AMGs) were regarded as associated with 

143 embryonic development and most of the genes were in a low DNA methylation state. 

144 With further embryo developmental stages, DNA methylation level of AMGs 

145 exhibited a tendency of demethylation which was consistent with previous reports 

146 figure 3 A(30, 31). These AMGs were mainly involved in cell differentiation, cell 

147 adhesion, DNA template regulation, protein transcription, RNA transcription 

148 pathways, and other pathways and biological process that had played an important 

149 role in embryonic development and organ growth(figure 3 B). However, for the 7304 

150 gene expression associated with embryonic development, their expression showed a 

151 slight increase in figure 3 C. The function of these genes were mostly enriched in 

152 transcription, DNA-templated, cell division and other biological processes and 

153 pathways(figure 3D). Similarly, the expression of 175 embryonic associated lncRANs 

154 were identified and we studied protein coding genes within upstream and downstream 

155 100kbp of lncRNAs and found that they were primarily focused on transcription, 

156 DNA-templated, cellular protein localization and signaling pathways of regulating 

157 pluripotency of stem cells(figure 3 E and F). Additionally, as displayed in figure S 1, 

158 overlapped embryonic development-related DNA methylation genes and gene 

159 expression and found 566 overlapping genes indicating that DNA methylation levels 
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160 of the promoters of these genes have a negative regulatory effect on gene expression, 

161 in other words, higher DNA methylation level are obviously associated with 

162 down-regulated gene expression.

163 2.3 Construction of LMCNe

164 In order to illustrate the relationship between lncRNA and protein coding genes in 

165 embryonic development. We established a LMCNe on the basis of embryo-associated 

166 genes and lncRNAs in the figure 3 with Pearson correlation coefficient more than 0.8 

167 between mRNA and lncRNA. LMCNe contained 3,344,593 linkages and 7,304 

168 mRNAs connected with 175 lncRNAs which indicated that many protein-coding were 

169 regulated by the same lncRNA and also governed by differential lncRNA at the same 

170 time figure S 2. The distribution of node degree evenly appeared to pow-law 

171 distribution suggested that LMCNe was a proper network with biology implication 

172 figure S2

173 2.4 Construction of DMAN

174 In recent years, protein-protein interaction network (PPI) has dominated the 

175 network and revealed more complex biological mechanisms and biological processes. 

176 It is typically used in network analysis. Here, we constructed the DMAN of early 

177 embryos and VSD by two steps in the background of PPI. First, we acquired 

178 significant correlation DNA methylation gene pairs in embryo and VSD methylation 

179 genes set separately (see Materials and Methods). In the second step, we used the PPI 

180 network as the background network, and the two significant co-methylation gene set 

181 were to be incorporated into a DMAN through commons nodes and edges.
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182 At the first stage, we found 1,464,756 co-methylated DNA methylation gene pairs  

183 (DMP) in embryo and 1,515,563 DMPs in VSD set. We observed that some DMPs 

184 were attended in both embryo set and VSD set suggested that some DMPs 

185 simultaneously affects VSD occurrence and embryo growth. In order to enhance the 

186 correlation between two DNA methylation pair sets, we introduced the protein-protein 

187 interaction network as the background network, and mapped the DMPs to the PPI 

188 network respectively. Only genes that existed in the PPI network were retained and 

189 merged into a DMAN by common nodes and co-methylation relationship. DMAN 

190 consists of 7,925 nodes and 94,945 edges with three categories of interactions: DMPs 

191 occurred in embryo or in VSD’s or in both figure 4 A. Moreover, the node-degree 

192 distribution of DMAN obeyed the power-law distribution revealed that the DMAN 

193 was a scale-free network that only a few nodes were with high connectivity and most 

194 nodes are low in connectivity figure 4 B. The interaction in DMAN were established 

195 by the absolute value of Pearson correlation coefficient greater than 0.8 and to 

196 confirm intensity of DMAN, we randomized the DNA methylation level of the nodes 

197 in the network for 100 times and calculated the Pearson correlation coefficient. It was 

198 found that the Pearson correlation coefficient of DMAN was much higher than the 

199 average stochastic suggested that DMPs were not random events figure 4 C.

200 2.5 Construction of RCWN

201 The RCWN was rebuilt by integrating LMCNe and the DMAN which was as the 

202 weight of edges attribute and included 3,439,296 links and 14,147 nodes figure 4 D. 

203 100 times permutation of Pearson coefficient for each linkage were performed by 
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204 disorganizing the expression value of lncRNAs and mRNAs. Obviously, the 

205 correlation of co-expression networks was greater than the random average 

206 correlation coefficient figure 4 F. Obviously, the degree distribution of nodes in    

207 this network was also subject to power-law distribution indicating that some genes 

208 may regulated by both lncRNA and methylation figure 4 E.

209 2.6 DRaWR analysis for VSD related lncRNA

210 With respect to DNA methylation plays an important role in embryonic 

211 development and abnormal DNA methylation programming could increase the risk of 

212 VSD in neonates (32). Therefore, we hypothesized that VSD was an embryonic stage 

213 developmental disease. LncRNAs which were associated with DNA methylation and 

214 mRNA in early embryonic development may also affect the occurrence of VSD. 

215 Thence we used the DRaWR algorithm to analyze the RCWN and predicted the 

216 lncRNA with VSD figure 5 A (see the materials and methods). In our study, we 

217 selected 120 genes that simultaneously affect embryonic development and VSD 

218 initialization as 'query set' figure 5 B. DNA methylation level of these 120 genes 

219 presented a demethylation pattern figure 5 C during developmental stages. We 

220 retained the top 10 lncRNAs with higher scores as VSD potential lncRNA 

221 lnc-POLE4-8, lnc-DCAF8L1-1, lnc-RAB1A-1, lnc-NIT1-1, lnc-SH2D7-1, 

222 lnc-POTEB-15, LINC01467, lnc-ECI2-5, DOCK9-AS2, LINC01622 as showed in 

223 figure 6 A . At the same time, we also studied 10 genes, MTO1, DNAJB12, 

224 MRFAP1, MAD2L2, MTG1, LPIN2, FBXL22, PEBP1 and POR, which were 

225 connected to the 10 lncRNAs in the network with the highest rank figure 6 B. MTO1 
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226 mutations were associated with hypertrophic cardiomyopathy and PEBP1 could affect 

227 heart failure and lactic acidosis and cause respiratory chain deficiency in humans and 

228 yeast (38,39). FBXL22 is a cardiac-enriched sarcomere protein and is essential for 

229 maintenance of normal contractile function in vivo (40). LPIN2 is likewise a cardiac 

230 gene (41).We also analyzed protein-coding genes located 100 kbp near lncRNA, such 

231 as APOA2, a gene that encodes high-density lipoprotein binding protein, who was 

232 associated with cardiovascular risk(37). The mutation of NDUFS2 and USF1 gene 

233 variants was often occurred in cardiomyopathy and has been a biomark in 

234 cardiovascular disease(38-40) and its promoter hypermethylation is associated with 

235 congenital heart disease which were the neighbors of lnc-NIT1-1(41).

236 2.7 Validation of lncRNAs in VSD

237 To explore whether the discovered lncRNAs were indeed associated with VSD, 

238 through the NONCODE database, we found that six lncRNAs were highly expressed 

239 in the heart tissue and were validated by quantitative PCR in 13 heart samples (see 

240 method) figure 7A. Four lncRNAs associated genes exhibited high expression level 

241 than control group especially DCAD8L1 and SH2D7 measured by students test. 

242 (figure 7) and their function was mainly focused on the regulation of birth, cardiac 

243 systolic, cell cycle, and other important pathways related to cardiac development 

244 figure 6 C. Some lncRNAs like lnc-POLE4-8 were not only involved in the regulation 

245 of growth but also in the contraction of the heart.

246 3 Discussion

247 VSD is one of the most common defect in newborns, affected by multiple factors 
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248 such as genetic factors and epigenetic factors. DNA methylation as the most apparent 

249 modification plays an important role in the embryonic development, cell growth, 

250 differentiation gradually becoming a diagnostic marker. Hypermethylation of gene 

251 promoter region regulated gene expression.

252 In recent years, the crucial role of DNA methylation in congenital heart disease has 

253 been gradually found, for example, NOX5 promoter hypermethylation occurred more 

254 frequently in VSD, abnormal hypermethylation of gene promoter leads to gene 

255 silencing. In this study, we first obtained DNA methylation gene that was 

256 significantly different with normal samples by compared with the VSD sample, and 

257 also obtained DNA methylation genes associated with embryonic development. By 

258 Pearson correlation analysis, the significant DMPs in the VSD were excavated, and 

259 the DMPs in embryonic development were also investigated. In order to further 

260 increase the relationship of DMPs, we introduced functional correlation 

261 protein-protein interaction network. After constructing a DNA methylation associated 

262 network, Protein-protein interaction network had increased the robustness of DMAN. 

263 Looking for VSD associated related lncRNAs, we used DRaWR algorithm for 

264 network analysis and 120 genes were as seed nodes, the methylation of these genes 

265 were not only related with embryonic development, but also VSD. We considered top 

266 10 lncRNAs as candidate lncRNA. Most of the lncRNAs are lincRAN and adjacent to 

267 the heart disease gene. For example, lnc-POLE4-8 is adjacent to HK2 which is 

268 Hexokinases phosphorylate glucose to produce glucose-6-phosphat was found to be 

269 associated with ventricular function in mice (33).
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270 However there also exist some limitations, firstly it did not have enough data of 

271 VSD to use to support our study, we downloaded MBD-seq methylation data of VSD 

272 containing 8 cases and 4 controls covered only part of CpG sites. Secondly, due to the 

273 use of lncRNA and gene expression data from the early embryonic stage, some values 

274 were somewhat lower and there may exits false positive rate. 

275 4 Method and Materials

276 4.1 Samples and data process

277 VSD methylation data was download from GEO database 

278 (https://www.ncbi.nlm.nih.gov/geo/) with the accession number GSE62629 including 

279 four normal right atrium and eight VSD samples. Methylation dataset of embryo with 

280 six stages was also download from GEO and accession number is GSE49828. As for 

281 DNA methylation data only the CpG sites with read coverages more than five times 

282 were taken into account. When we quantified the average DAN methylation level of a 

283 gene, we calculated the average DNA methylation level of total number of all CpG 

284 site located within 1500bp upstream and 500bp downstream of transcription start site 

285 as gene promoter DNA methylation level. Gene expression and lncRNA expression 

286 profile of embryo with RPKM were reported by Yan (34) . All of genes and lncRNA 

287 with an RPKM>0.0 was considered in the following analysis .The hg19 Refseq genes 

288 and lncRNA annotation were download from the UCSC Genome Browser 

289 (http://genome.ucsc.edu ) and NONCODE database separately(35). The validate 

290 samples were extracted from The first Affiliated Hospital of Harbin Medical 

291 University and the study was approved by The Ethics Committee of First Affiliated 
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292 Hospital of Harbin Medical University.

293 4.2 Total RNA extraction and purification

294 The total tissue for RNA extraction varied between 10 and 15 mg from each animal. 

295 In order to ensure unbiased analysis of tissue response, total RNA was isolated from 

296 randomly sectioned (weighting 10- 15 mg) heart. RNA was isolated from 13 to 8 

297 individual samples from each of the treatment and control groups using TRIzol 

298 reagent (inveitrogen, Carlsbad, CA, USA) and purified using RNeasy Plus Mini kits 

299 (Qiagen, Mississauga, ON, Canada) according to the manufacturer’s instruction. Total 

300 RNA concentration was measured using a NanoDrop 2000 spectrophotometer 

301 (Thermo Fisher Scientific Inc., Wilmington, DE, USA), and RNA quality and 

302 integrity were assessed using an Agilent 2100 Bioanalyzer (Agilent Technologies, 

303 Inc. Mississauga, ON, Canada) according to the manufacturer’s instruction. All 

304 samples showed RNA integrity numbers of 7 and above, indicating high quality RNA, 

305 and were used to conduct qPCR experiments.

306 4.3 Real-time quantitative PCR

307 Total RNA were used to perform reverse transcription using PrimeScriptTM RT 

308 reagent Kit (TaKaRa, Tokyo, Japan). Real-time polymerase chain reaction 

309 amplification of cDNA was performed with SYBR Premix Ex TaqTM II (TaKaRa, 

310 Tokyo, Japan). The sequences of the primer sets were listed as follows: 

311 DCAF8L1 forward, 5’- TCAAAGTAGTTTCCAGGCAATCTTGTG-3’ and reverse, 

312 5’- CTGGGATTTGGATGGAGTCGTT-3’; RAB1A forward, 5’- 

313 CAGTCACGAGGCTCTCCGAA-3’ and reverse, 5’- 
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314 AGTTCCTCATAGGCTATTGGACTGA-3’; NIT1 forward, 5’- 

315 GGAAGACCAGATTATGCGAA-3’ and reverse, 5’- 

316 CATTATTCCCCAGTTGTCCA-3’; DOCK9-AS2 forward, 5’- 

317 AGAGAGCAAAACACCTCCGTT-3’ and reverse 5’- 

318 AGGAGGAAATGGGTTAGTGTGT-3’; SH2D7 forward, 5’- 

319 TCCCCTGGGTTACTCCATTC-3’ and reverse 5’- 

320 CTCATTACTCTCCCCAAAACCTG-3’; -actin forward, 

321 5’-GCTCCAAGCAGATGCAGCA-3’ and reverse 

322 5’-CCGGATGTGAGGCAGCAG-3’ Quantification of gene expression was 

323 determined by comparative quantity, using -actin gene expression as inner control.

324 4.4 Statistical analysis 

325 Due to the multiple sorted stages of embryo, ordered logistic Regression model was 

326 used to estimate correlation between development stage of embryo and DNA 

327 methylation performing with R packages MASS plor function.  donated early Y

328 stages of embryonic development, X was delegated the DNA methylation level of 

329 each gene or lncRNA expressiong or gene expression level.

330 logit(Y) = 𝛽0 + 𝛽1𝑋                             (1)

331 For DNA methylation data in VSD, significant differential methylated CpG sites were 

332 identified using Wilcoxon rank test in R software. Bedtools was used to calculate total 

333 CpG sites in Refseq gene promoter. To analyze differences in DNA methylation 

334 between normal tissue and VSD, p value was calculated by Student’s t test. 

335 Co-expression relationships among the lncRNA, gene expression and DNA 
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336 methylation were estimated by Pearson correlation test and correlation coefficient  

337 greater than 0.8 were used in fallowing analysis. 

338 4.5 Go and pathways analysis

339 Enrichment analysis was analyzed in DAVID database. For associated-lncRNA in 

340 embryo, protein-coding genes between 100kbp upstream and 100kbp downstream for 

341 each lncRNA were used for enrichment analysis. Go terms and pathways with the 

342 threshold p-value<0.05 were selected as significant enrichment results and visualized 

343 top 10 terms of biological process, cellular component, molecular function and  

344 pathways of KEGG in Cytoscape3.5 enrichment plug-in.

345 4.6 DNA Methylation associated network (DMAN)

346 In this study, we introduced a human protein-protein interaction network as 

347 background network for the further analysis. The network integrates the protein 

348 interaction relationship for six database, including HPRD ,DIP ,MINT,BIND, IntAct 

349 (36) and STRING database. A DNA methylation associated network was extracted by 

350 mapping DMG pairs into the background network. DMGs were used as the node of 

351 the network and interaction between DMGs serves as network edges formed by 

352 Pearson correlation analysis with threshold p value<0.05 and coefficient>0.8. Then 

353 1000 random permutations were performed for DMG pairs calculating Pearson 

354 correlation coefficient.

355 4.7 RCWN

356 In order to identify lncRNA associated with VSD, we merged LMCNe and DMAN as 

357 RCWN. The degree of node refers to the number of neighbor nodes and the weight of 
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358 an edge was defined as following principles:

359  refers to co-methylation gene pair dataset in embryo,  is defined as 𝑀𝐸 𝐺𝐸

360 co-expression gene pair in embryo.  donated significant co-methylation gene pairs 𝑀𝑉

361 in VSD.  means significant gene-lncRNA co-expression pair in embryo.𝐺𝐿𝐸

362 weight(edge) = { 1 𝑖𝑓 𝑔𝑒𝑛𝑒 𝑝𝑎𝑖𝑟 𝑜𝑐𝑐𝑢𝑟𝑒 𝑖𝑛 𝑀𝐸 𝑜𝑟 𝐺𝐸 𝑜𝑟 𝑀𝑉 𝑜𝑟 𝐺𝐿𝐸
2             𝑖𝑓 𝑔𝑒𝑛𝑒 𝑝𝑎𝑖𝑟 𝑜𝑐𝑐𝑢𝑟𝑒 𝑖𝑛 𝑀𝐸 𝑎𝑛𝑑 𝐺𝐸
2            𝑖𝑓 𝑔𝑒𝑛𝑒 𝑝𝑎𝑖𝑟 𝑜𝑐𝑐𝑢𝑟𝑒 𝑖𝑛 𝑀𝐸 𝑎𝑛𝑑 𝑀𝑉
2              𝑖𝑓 𝑔𝑒𝑛𝑒 𝑝𝑎𝑖𝑟 𝑜𝑐𝑢𝑟𝑒 𝑖𝑛 𝐺𝐸 𝑎𝑛𝑑 𝑀𝑉
3         𝑖𝑓 𝑔𝑒𝑛𝑒 𝑝𝑎𝑖𝑟 𝑜𝑐𝑐𝑢𝑟𝑒 𝑖𝑛 𝑀𝐸 , 𝐺𝐸 𝑎𝑛𝑑 𝑀𝑉

363 4.8 Discriminative random walk with Restarts (DRaWR) 

364 Discriminative random walk with Restarts is an algorithm to rank genes for their 

365 relevance to a given ‘query’ gene set based on “guilt by association”. The method 

366 performs two times of Random walking with restart (RWR). In the first stage of 

367 DRaWR, a proper subnetwork was extracted from a large original network including 

368 only seed-relevant node. Then ranking all genes according to the relevance to query 

369 gene set in the second stage of DraWR in the light of subnetwork(37).

370 In this study, gene set  refers to the seed gene set and Q = {𝑞1,𝑞2…𝑞𝑛} G = {𝑔1,𝑔2,…

371  is the total node of the RCWN.  denotes an adjacency matrix of network and 𝑔𝑚}  D

372  is the link between  and  .𝐷𝑖𝑗 𝑔𝑖 𝑔𝑗

373                        (2)D = [𝐷11 𝐷12 ⋯ 𝐷1𝑚
𝐷21 𝐷22 ⋯ 𝐷2𝑚

⋮ ⋮ ⋱ ⋮
𝐷𝑛1 𝐷𝑛2 … 𝐷𝑛𝑚

]
374 Then normalized the adjacency matrix :N

375                             (3)𝑁𝑖𝑗 =
𝐷𝑖𝑗

∑
𝑖𝑗𝐷𝑖𝑗

376 Next normalized each columns of then  to creat a transition probability matrix N T

377 Using following equation:
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378 .                            (4)𝑇𝑖𝑗 =
𝑁𝑖𝑗

∑
𝑖𝑗𝑁𝑖𝑗

379  is the probability the walker according to an edge transition from node  to node 𝑇𝑖𝑗 i

380 . Moreover follows the equation to perform the RWR :j

381                   (5)𝑊𝑡 + 1 = (1 ‒ 𝑟)𝑇𝑊𝑡 + 𝑟𝛼

382  where  is the restart parameter, the walker reset the walk by moving directly to r

383 other genes in query gene set.   refers to the probability distribution of all node in 𝑊𝑡

384 the network since  steps of RWR algorithm. Given a cutoff  t |𝑊𝑡 + 1 ‒ 𝑊𝑡| < 0.05

385 ranking all node in  by probability distribution. Notably, in the first stage,  W 𝑊𝑄

386 and  are calculated respectively, and the nodes with the largest difference 𝑊𝐺

387 between  and are reserved to form a subnet. In the second stage of DRaRW , 𝑊𝑄 𝑊𝐺

388 all nodes were ranked by repeating RWR on the subnet until . |𝑊'𝑡 + 1 ‒ 𝑊'𝑡| < 0.05

389 DRaWR is a R packages and performed in R3.3.1 software.
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497 Figure legends

498 Figure 1. An overview of predicting strategy of VSD-associated lncRNA.

499 Figure 2 Differential DAN methylation gene in VSD. (A) Volcano plot of P value as a 

500 function of the differential DNA methylation level in normal tissue and VSD sample. 

501 Red dots represent that DNA methylation level of genes are not significantly 

502 different. Green dots represent that DNA methylation level of genes are significantly 

503 different. (B) Heatmap of DNA methylation level for 7292 DMGs. (C) Distinction 

504 DNA methylation level between normal tissue and VSD sample. Significance was 

505 tested using a Wilcoxon test. (D) DAVID enrichment analysis for DMGs in VSD

506 Figure 3. An overview of DNA methylation lncRAN and gene expression to 

507 embryonic development. (A) Heatmap and DAVID enrichment analysis for 

508 embryonic methylation genes.(B) Heatmap and DAVID enrichment analysis for 

509 embryonic gene expression. (C) Heatmap and DAVID enrichment analysis for 
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510 embryonic lncRAN.

511 Figure 4. RCWN. (A)DMAN. (B) The degree distribution of DMAN follows a 

512 power-low distribution. (C) Comparison of Pearson correlation coefficient between 

513 real network and random network.(D) DNA methylation-lncRNA –mRNA 

514 co-expression weighted network. (E-F) The degree distribution of co-expression 

515 network and comparison of pearson correlation coefficient with permutation.

516 Figure 5 Prediction of VSD-associated lncRAN by DRaWR. (A) An overview of 

517 DRaWR. (B) Overlap of gene expression and DNA methylation of embryo and VSD 

518 as the ‘query set’. (C) The DNA methylation level of ‘query set’ in six stages of 

519 embryo VSD and normal tissue.

520 Figure 6 VSD-associated lncRNAs. (A) The genomic position of the top 10 lncRNAs 

521 and genes, the green line means the interaction between gene and gene. The blue line 

522 represent the interaction between gene and lncRAN and red ones mean 

523 lncRNA-lncRNA co-expression. (B)The subnetwork of top 10 lncRNAs with highest 

524 score genes extracted from extracted from global co-expression network(C) The 

525 function of lncRNA. Black blocks represent that the lncRNA has the function in 

526 NONCODE database.

527 Figure 7 Validation of lncRNA related genes in VSD cardiac tissue. (A) 

528 Electropherogram of validated sampes. (B) Bar plot of lncRNA-related gene 

529 expression in normal and VSD.

530 Figure S1 : Negative regulation of DNA methylation to gene expression. 

531 (A) Venn diagram of detected embryonic DNA methylation gene and embryonic gene 
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532 expression. (B)The scatterplot model shows that the methylation negatively regulates 

533 the gene.

534 Figure S2: lncRNA-mRNA co-expression network in embryo(LMCNe) (A) An 

535 overview of (LMCNe) (B) The degree distribution of (LMCNe) follows a power-low 

536 distribution

537

538
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