

[image: image1]
Dissecting the Roles of LncRNAs in the Development of Periventricular White Matter Damage












	 
	ORIGINAL RESEARCH
published: 30 April 2021
doi: 10.3389/fgene.2021.641526





[image: image]

Dissecting the Roles of LncRNAs in the Development of Periventricular White Matter Damage

Xinyu Wang1†, Heng Liu1†, Xiaoli Liao1, Lixing Qiao1*, Lihua Zhu2*, Shun Wu1, Yan Zhou1, Yi Zhang1, Bangbang Li1, Lili Lin1, Jingjing Ma1, Qianying Gu1 and Jiaping Shu1

1Department of Pediatrics, Zhongda Hospital, Southeast University, Nanjing, China

2Institute of Clinical, Jiangsu Health Vocational College, Nanjing, China

Edited by:
Zhi Lu, Tsinghua University, China

Reviewed by:
Yang Yang, Tianjin Medical University, China
Yumin Zhu, Anhui Medical University, China

*Correspondence: Lixing Qiao, qiaolixing@aliyun.com; Lihua Zhu, drzlh@sina.com

†These authors share first authorship

Specialty section: This article was submitted to Neurogenomics, a section of the journal Frontiers in Genetics

Received: 14 December 2020
Accepted: 29 March 2021
Published: 30 April 2021

Citation: Wang X, Liu H, Liao X, Qiao L, Zhu L, Wu S, Zhou Y, Zhang Y, Li B, Lin L, Ma J, Gu Q and Shu J (2021) Dissecting the Roles of LncRNAs in the Development of Periventricular White Matter Damage. Front. Genet. 12:641526. doi: 10.3389/fgene.2021.641526

Long non-coding RNA (LncRNA) has high expression in the brain. Animal studies have shown that lncRNA plays an important role in brain functions and mediates the development of many neurological diseases. However, data on the expression of lncRNAs and the clinical significance in prematurely born infants with diseases such as periventricular white matter damage (PWMD) remains scant. Here, we compared the expression of the lncRNAs in whole blood samples obtained from prematurely born infants with PWMD with samples from prematurely born infants without PWMD. Our data demonstrated differential expression of the lncRNAs between the two groups. Further, we showed that the lncRNAs play important roles in the development of PWMD. Our findings give insights into the functions of the lncRNAs in PWMD and provide evidence for the improvement of diagnostic and treatment strategies in infants with PWMD.
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INTRODUCTION

Periventricular white matter damage (PWMD) is a brain damage condition that contributes to premature births. Besides, PWMD leads to neurological diseases, including convulsions, cerebral palsy, epilepsy, or cognitive/motor dysfunction, as well as affecting the quality of life in children (Lee, 2017; Liu et al., 2019). The development of PWMD has been associated with fetal intrauterine hypoplasia and extrauterine growth environment. However, data on the molecular mechanisms that define the occurrence of PWMD remains scant. The data would help inform diagnosis and treatment strategies for PWMD.

Premature infants with PWMD might not have typical clinical disease manifestation and their organs or nervous system is relatively immature at birth. Brain imaging tools such as cranial ultrasound and magnetic resonance imaging (MRI) are the mainstay methods in the diagnosis of PWMD. However, the imaging methods are limited by hysteresis. The lack of understanding of the PWMD dynamics greatly hinders early diagnosis, proper interventions, and evaluation of the disease prognosis. Thus, an understanding of the molecular mechanisms of PWMD will not only optimize therapeutic strategies but improve the overall outcomes of PWMD.

With the development of molecular biology tools, studies have demonstrated the roles of long non-coding RNAs (lncRNAs) at multiple levels, including transcriptional, post-transcriptional, as well as epigenetic levels (Qureshi and Mehler, 2013). The high expression of the lncRNAs in the brain tissues does not only mediate the development and differentiation of nerve cells, but also plays an important role in the development and recovery of brain damage (Chen et al., 2019). On the other hand, some studies have shown that the lncRNAs modulate the pathophysiology of neurological and mental diseases (Lipovich et al., 2014; Andersen and Lim, 2018).

Besides, previous studies have demonstrated differential expression of the lncRNAs in the brain tissues from hypoxic-ischemic brain damage (HIBD) in rats, as well as the lncRNAs’ participation in brain damage by regulating mRNA expression (Lee et al., 2015; Zhao et al., 2015; Jablonska et al., 2016). However, there are no data on the potential shifts in lncRNA expression in patients with PWMD. Here, we evaluated the differential expression of the lncRNAs in peripheral venous blood from premature infants. We focused on assessing the differentially expressed (DE) lncRNAs and mRNAs, as well as their functional correlation. Our data robustly demonstrate differential lncRNA expression between the PWMD group and the control group. We then selected the DE lncRNAs and constructed a lncRNA-mRNA co-expression network. In addition, we conducted in silico analyses, such as Gene Ontology (GO) analysis, Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway, and Gene Set Enrichment Analysis (GSEA), on the lncRNAs, to predict the underlying functions in PWMD. Together, we provide new insights into the mechanisms of PWMD which could inform the development of diagnostic and prognostic tools for PWMD.



MATERIALS AND METHODS


Ethics Statements

Our study protocols were approved by the Clinical Research Ethics Committee of Zhongda Hospital Affiliated to Southeast University (2018ZDKYSB119) prior to the commencement of the study. We obtained written informed consent from the parents of all the children who participated in the study.



Samples

We collected the samples following the protocol described in our previous study (Qiao et al., 2020). Thereafter, a total of six samples (N12, N15, N27 from PWMD group and N13, N55, N78 from control group) were used for RNA sequencing (Table 1).


TABLE 1. Sample grouping.
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RNA Sequencing, Read Mapping, and Differential Expression Analysis

RNA sequencing was performed by Aksomics, Shanghai, China. Out of the six samples submitted for inspection, a total of 1–2 μg RNA per sample was extracted for sequence library construction. The quality of the constructed library was evaluated by Agilent 2100 Bioanalyzer, and then the library was quantified using qPCR. The mixed libraries were sequenced using Illumina HiSeq 4000 sequencer. RNA-seq library was prepared using KAPA Stranded RNA-Seq Library Prep Kit (Illumina), which incorporates dUTP into the second cDNA strand, rendering specificity to the RNA-seq library strand.

Image analysis and base calling were performed using Solexa pipeline v1.8 (Off-Line Base Callersoftware, v1.8). We then assessed the quality of the sequences using the FastQC software. The trimmed reads (trimmed 5′, 3′adaptor bases using cutadapt) were aligned to the reference genome using Hisat2 software. Genome version used in reads mapping is GenCode GRCh37. On the other hand, we estimated the transcript abundance in each sample using StringTie (version 1.3.3b), while the FPKM (Fragments Per Kilobase of gene/transcript per Million mapped fragments) value for the gene or transcript was calculated by the R package Ballgown, and then represented by the average log2(FPKM+1). In addition, we evaluated the differentially expressed genes (DEGs) and transcripts using the R package Ballgown. The novel genes and transcripts were predicted from assembled results by comparing to the annotated reference using StringTie and Ballgown, while the coding potential for the sequences was assessed by CPAT. The genes or transcripts that significantly differed between the groups were defined by a 1.5-fold change, with a p-value < 0.05.



RNA Isolation and Quality Control

Within 24 h postpartum, 0.5 ml venous blood samples were drawn from the infants into EDTA tubes and were preserved in liquid nitrogen. The blood samples were lysed by TRIzol LS Reagent (Thermo Fisher Scientific, United States), and then the total RNA was extracted with chloroform. Thereafter, the samples were precipitated with absolute ethanol and rinsed, followed by purification and recovery using the RNAprep pure Cell/Bacteria Kit (Tiangen Biotech, China), following the manufacturer’s instructions. RNA completeness and purity were monitored by resolving on a 1% agarose gels. The concentration and purity of the RNA was assessed using a NanoDrop spectrophotometer ND-1000. Samples observed at optical density (OD) 260/280 with a ratio between 1.8 and 2.1 or OD260/230 with a ratio > 1.8 were considered eligible.



Quantitative Real-Time PCR (qRT-PCR) Assay

The total RNA extracted from the blood samples was used to synthesize cDNA by HiScriptII Q RT SuperMix for qPCR (+g DNA wiper) kit and the quantitative real-time PCR (qRT-PCR) experiments were performed with the ChamQTM Universal SYBR qPCR Master Mix kit (Vazyme Biotech, Nanjing, China). Briefly, we conducted the amplification in a total reaction volume of 10 ul. The reaction included 5 ul SYBR qPCR Master Mix, 0.5 ul forward primer, 0.5 ul reverse primer, 1 ul cDNA and 3 ul H2O. The PCR amplification protocol involved 5 min denaturation at 95°C, followed by 40 repetitive cycles (10 s at 95°C and 30 s at 60°C). The relative expression of the genes was calculated by ΔCT method and all the samples were normalized to GAPDH. The reactions were conducted in triplicates. The primers used in this experiment are as shown in Table 2.


TABLE 2. Primers for qRT-PCR.
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Functional Enrichment Analysis

To infer the possible roles of the regulatory non-coding RNAs, we conducted functional enrichment analysis of the target genes. GO analysis was performed via1 to find out which specific feature terms are most associated with DEmRNAs. Besides, we used KEGG database2 to assess the DEGs, as well as the most relevant functional terms. P-value indicates the significance of the correlation in both the GO and KEGG analysis. A smaller p-value indicates that the genes are more likely to have a descriptive function corresponding to the terms.

In addition, we used the GSEAPrerank in GSEA software to perform the conduct enrichment analyses (GO and KEGG pathway analyses) of the mRNA related to the lncRNA through its pairwise correlation. We then extracted the first five items as sorted by FDR q-values in all lncRNAs related with the enrichment analysis results were extracted respectively, and the lncRNA-Term correlation matrix was constructed with the Normalized Enrichment Score (NES), corresponding to each entry. In addition, the heat maps of the GO and KEGG pathway entries were also created respectively.



Co-expression Analysis and Network Construction

Co-expression analysis is often used to explore the correlation between coding and non-coding RNAs, thus forecasting the function of the non-coding RNA. All DE lncRNAs and DE mRNAs between the two groups were selected for the co-expression analysis. We calculated the Pearson correlation coefficient (PCC) of each of the lncRNAs and mRNAs. An absolute value of PCC > 0.95 and a p-value < 0.05 were used to define strong co-expression correlation between two genes. A PCC > 0 indicated positive correlation whereas a PCC < 0 showed that the two are negatively correlated. We then used the co-expression data to construct a positive or negative co-expression network. For the purposes of clarity and conciseness, we only selected the top 10 up-regulated or down-regulated lncRNAs for visualization using Cytoscape v3.7.2.



Statistical Analyses

We performed statistical analyses using SPSS software 21.0 (SPSS Inc., Chicago, IL, United States). Student’s t-test was also used to assess the differences between groups. And p-value < 0.05 was considered statistically significant.



RESULTS


LncRNAs Profile Among the Groups

Out of the total 11156 lncRNAs detected, 362 (3.24%) were DE in the PWMD group (fold change > 1.5, p-value < 0.05), where 321 were up-regulated while the remaining 41 were down-regulated. The top 10 up- and down-regulated lncRNAs are shown in Table 3. The differences between the two groups of samples were visualized by scatter plots, volcano plots, and hierarchical clustering heat maps (Figure 1). We also analyzed the genome annotation of the lncRNAs (Supplementary Tables 1,2).


TABLE 3. Top 10 up-regulated and down-regulated lncRNAs in the PWMD blood samples compared with control blood samples.
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FIGURE 1. The RNA sequencing data from the lncRNAs and mRNAs obtained from the PWMD and Control groups. Scatter plots of the FPKM of (A) lncRNAs and (B) mRNAs, the r value represents the correlation between the groups. Volcano plots represent differentially expressed (C) lncRNAs and (D) mRNAs, red square dots represent differential expression, gray square dots represent lack of differential expression, the upper area of the green horizontal line represents p-value < 0.05, the left region of the left green vertical line and the right region of the right green vertical line represent the absolute value of the fold change > 1.5. The heatmap shows the clusters of (E) lncRNAs and (F) mRNAs differentially expressed in the PWMD group. N13, N55, N78 represent the group Control; N12, N15, N27 represent the PWMD group. Red patches represent higher relative expression, while green patches represent lower relative expression. P-value < 0.05 was considered statistically significant.




Validation of Dysregulated LncRNAs in PWMD

To validate the sequencing data, we randomly selected six DE lncRNAs from 72 samples (36 control samples and 36 PWMD) for qRT-PCR verification (Table 4). Consistent with the lncRNAs expression data from RNA sequencing, qRT-PCR analysis showed an up-regulation of FCGR2A-212, FAM157C-202, and LINC01270-202, while BID-206, YBX3-210, and GAS5-209 were down-regulated in the PWMD group (Figure 2). These data further confirmed the differential expression of these six lncRNAs in the peripheral venous blood of patients with PWMD. Meanwhile, we have reason to consider that the accuracy of RNA-sequencing results is credible.


TABLE 4. Baseline physiological variables.
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FIGURE 2. Validation of six differentially expressed LncRNAs (A–F) in 36 blood samples from the two groups using qRT-PCR. The ordinate is ΔCT value, ΔCT = CT (lncRNA)-CT (internal control), and the expression level of lncRNA is negatively associated with ΔCT value. Student’s t-test was used for comparisons between the two groups (p-value < 0.05). *P < 0.05; **P < 0.01; ****P < 0.0001.




Functional Characterization of the DE LncRNAs in the PWMD Group

To dissect the possible functions of DE lncRNAs, we conducted GO enrichment analysis of the mRNAs. GO analysis consists of three aspects: biological processes (BP), molecular functions (MF), and cellular components (CC).

Our BP terms showed that the up-regulated mRNAs are mainly enriched in neutrophil degranulation, positive regulation of amyloid-β clearance, cellular response to lipopolysaccharide, or positive regulation of synaptic transmission dopaminergic, etc. (Figure 3A). On the other hand, down-regulated mRNAs were mapped to oxygen transport, ubiquitin dependent ERAD pathway, axon-genesis, positive regulation of I-κB kinase/NF-κB signaling, etc. (Figure 3B).
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FIGURE 3. GO and KEGG pathway analysis. TOP 10 GO terms enriched in BP, CC, or MF among the (A) up-regulated mRNAs and (B) down-regulated mRNAs. Significantly enriched KEGG pathways in (C) up-regulated mRNAs and (D) down-regulated mRNAs.


Similarly, the MF analysis showed that the up-regulated mRNAs were mainly enriched in these GO terms: protein binding, transporter activity, extra-cellular matrix constituent conferring elasticity or ARF guanyl-nucleotide exchange factor activity, etc. (Figure 3A). The suppressed mRNAs were mainly involved in oxygen transporter activity, oxygen binding, heme binding, or iron binding (Figure 3B).

In addition, the CC data demonstrated that the up-regulated mRNAs were enriched in plasma membrane, uropod or ficolin-1-rich granule membrane, etc. (Figure 3A). The down-regulated mRNAs were shown to be concentrated in hemoglobin complex, blood microparticle, mitochondrial outer membrane, or endomembrane system, etc. (Figure 3B).

Furthermore, to provide insights into the roles of the DE lncRNAs in signaling pathways, we conducted KEGG pathway analysis of DE mRNAs. Our results indicated that 29 pathways corresponded to the up-regulated mRNAs while one pathway was mediated by the down-regulated mRNAs. Besides, osteoclast differentiation emerged to be the most enriched pathway in the up-regulated protein-coding genes (Figure 3C). Protein processing in endoplasmic reticulum was the only pathway affected by the down-regulated genes (Figure 3D).

We then employed GSEAPreranked in GSEA software to perform GSEA on the DE lncRNAs. The results have been presented by heat maps (Figure 4).
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FIGURE 4. The cluster heat map for enrichment of (A) BP, (B) CC, (C) MF, and (D) KEGG among the differentially expressed lncRNAs gene sets. Each row represents a functional entry while each column represents an lncRNA.




Co-expression Analysis of the DE LncRNAs and DE mRNAs in the PWMD Group

Previous studies demonstrated that lncRNAs regulate the expression of target-genes locally (in cis) or non-locally (in trans) (Mowel et al., 2017; Kopp and Mendell, 2018). Besides, the functions of most of the lncRNAs remain undetermined and possess challenges in direct detection. However, the functions can be reflected in their associated mRNAs. Accordingly, we performed co-expression analysis between the DE lncRNAs and DE mRNAs to help us understand the roles of the DE lncRNAs in the PWMD group. Our analysis showed a total of 5691 positively correlated lncRNA-mRNA pairs and 801 negatively corelated lncRNA-mRNA pairs. The correlation was obtained from the PCC data involving 362 DE lncRNAs and 216 DE mRNAs. Thereafter, based on the co-expression patterns, we constructed corresponding coding non-coding gene co-expression (CNC) networks (Figure 5). The positive co-expression network contained 343 unique lncRNAs and 207 unique mRNAs. LINC01002-214, MEG8-201, CCDC88B-204, LINC02256-201, and LINC01270-201. lncRNAs had the highest degree of association. On the other hand, the negative co-expression network contained 801 lncRNA-mRNA pairs, involving 214 unique lncRNAs and 146 unique mRNAs. BID-206, TMEM50A-205, SERTAD3-205, YBX3-210, and NPEPPS-204 lncRNAs had the strongest association.
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FIGURE 5. LncRNA-mRNA co-expression analysis. The (A) positive co-expression network and the (B) negative co-expression networks were conducted individually. Rectangular nodes represent DE lncRNAs, red color shows up-regulation while the green color denotes down-regulation of the expression. Blue circular nodes represent DE mRNAs.




DISCUSSION

There is increased attention toward studies on the functions of lncRNAs (Rinn et al., 2007; Cech and Steitz, 2014; Engreitz et al., 2016). Previous studies have shown that lncRNAs display dynamic expression patterns in the human brain with a high degree of spatial and temporal specificity. Aberrant lncRNA expression may not only cause brain dysfunction but mediate tumorigenesis and neuropsychiatric disorders (Briggs et al., 2015). Although there are data showing variations in lncRNA expression in animal models of PWMD (Wang et al., 2020), little is known about lncRNAs shifts in humans with PWMD. Because of the technical challenges in obtaining brain tissues from infants, we adopted liquid biopsy to analyze peripheral blood and attempt to understand the molecular mechanisms of the disease (Pantel and Alix-Panabieres, 2014). We have previously carried out a preliminary study on circRNA expression signatures in peripheral venous blood from PWMD patients and performed functional analysis (Qiao et al., 2020). Here, we interrogated the expression profile of lncRNAs in infants with PWMD.

Our differential expression analysis showed 362 dysregulated lncRNAs (fold change > 1.5, p-value < 0.05) in the PWMD group. Interestingly, most of the lncRNAs were up-regulated (88.67%), which might indicate PWMD. During necroptotic, there is export of intracellular contents, such as hepatic enzymes, into body fluids, which are associated with liver cell damage (Gui et al., 2015). We hypothesized that a similar phenomenon might exist in the lncRNA in neural cells. There are, however, limited data on how the lncRNAs break through the blood–brain barrier (BBB). It is therefore feasible that exosomes, organelles that contain non-coding RNAs, might serve as vehicles for the lncRNAs across the BBB into systemic circulation (Ramachandran and Palanisamy, 2012). Another study showed that PWMD leads to hyperpermeability of the BBB as a result of the activation of glial cells (Abbott et al., 2006), thus facilitating the movement of lncRNAs across the BBB. Moreover, since the neonatal BBB is immature and more permeable (Goines et al., 2011), the lncRNAs might be directly associated with PWMD. However, this hypothesis needs further interrogation.

In addition, previous studies have shown that lncRNAs act on the coding genome via cis- or trans-regulation (Chalei et al., 2014). Thus, lncRNAs and mRNAs might have a co-expression linkage. Here, we adopted the PCC to assess the strength of association between the two variables. The data showed that LINC01002-214 had the highest negative correlation with mRNA PPM1A. Whereas the functions of the LINC01002-214 have not been defined, its negative correlation with mRNA PPM1A mediates a significant role in cellular functions such as cell cycle progression, apoptosis, and differentiation (Chuderland et al., 2012). Besides, some studies have reported that over-expression of PPM1A in nerve cells results in cell cycle arrest and apoptosis (Shohat et al., 2012), while the lack of PPM1A led to high expression of transforming growth factor-β related genes and subsequent promotion of angiogenesis (Dvashi et al., 2014). On the other hand, oligodendrocyte precursor cells (OPCs) represent the most critical cell population involved in white matter recovery after damage, arresting of cell cycle which leads to inhibited proliferation (Sun et al., 2016) and angiogenesis, thus promoting germination of the OPCs (Miyamoto et al., 2014). It is important to note that, whereas LINC01002-214 was up-regulated, PPM1A was down-regulated in the PWMD group. This finding strongly suggests that LINC01002-214 might be conferring a protective effect by suppressing the PPM1A in response to brain damage.

We then assessed the degree of correlation of the lncRNAs. A lncRNA with more associated mRNAs raises the likelihood of playing a critical node in disease development. Interestingly, LINC01002-214 is also the most highly correlated lncRNA with 43 target genes. On the contrary, BID-206 is a down-regulated lncRNA with the strongest degree of negative correlation in the network. CTSK gene, one of the BID-206 target genes was shown to be associated with the osteoclast differentiation pathway. Conversely, PWMD functions independently of the osteoclast differentiation. Our data showed that Calcium and MAPK pathway, classic signaling pathways, were hidden in the osteoclast differentiation pathway (Figure 6). The activation of calcium pathway has been reported to confer protection against ischemic brain damage (Zundorf and Reiser, 2011), and calcium antagonists are widely used as neuroprotective drugs (Zhang et al., 2019). On the other hand, MAPK pathway plays an important role in HIBD (Hee et al., 2002). Surprisingly, CTSK is a conjunct downstream molecule that develops as a result of crosstalk between the two pathways (Figure 6). Thus, the data demonstrates that the inhibition of BID-206 expression would up-regulate CTSK, thus affecting the prognosis of immature white matter damage. Furthermore, in the negative correlation network, lncRNAs CNIH4-208, NPEPPS-204, and YBX3-210 have several overlapping target genes with BID-206, so we speculate that the potential function of these lncRNAs are similar to BID-206.
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FIGURE 6. Pathway analysis of the Osteoclast Differentiation signaling pathway. Red rectangles represent mRNAs that are significantly differently expressed in this sequencing.


Besides the PCC and the degree of correlation, we also assayed the fold change in the DE lncRNAs in the PWMD group. Our data showed that YBX3-210 was the most suppressed lncRNA and its possible role has been analyzed above. So, we shift focus to the FCGR2A-212 which had the highest fold change in the up-regulated lncRNAs. The FCGR2A-212 target mRNAs are enriched in granulocyte threshing, response to lipopolysaccharide, angiogenesis, signal transduction, apoptosis, cell morphogenesis, and peptide serine phosphorylation. Besides, the target mRNAs participate in the vascular endothelial growth factor receptor signaling pathway, FoxO signaling pathway, and have a negative regulatory effect on Wnt signaling pathway. These factors are all implicated in the pathophysiological mechanisms of white matter damage (Cerisola et al., 2019). Thus, we alluded to the fact that the FCGR2A-212 might play a key player in the development of PWMD.

However, in traditional gene enrichment analysis, we treated only significant DEGs. This approach makes it easy to omit some insignificant DEGs which have important biological functions (Subramanian et al., 2005). Our GSEA data showed that peroxisome proliferator-activated receptor (PPAR) pathway was positively enriched in the up-regulated lncRNAs, which was not found in previous gene enrichment analysis. Nevertheless, it has been shown that activation of the PPAR pathway prevents inflammatory responses throughout the body and reverses tissue damage (Kurtak, 2014). Besides, PPAR pathway is an important factor in reparative processes of various forms of brain injury (Li et al., 2019; Oyagbemi et al., 2020; Tang et al., 2020). On the other hand, our analysis showed that Parkinson’s disease pathway was negatively enriched in the up-regulated lncRNAs. All the evidence above strongly suggests that these up-regulated lncRNAs may play a protective role in brain damage.

Additionally, there are some limitations in the present study. First, the sample size for RNA-seq may be too small. Moreover, we directly extracted RNA from peripheral blood in this study, but the total RNA was dominated by RNA from blood cells. In other words, the lncRNAs being studied were probably from various blood cells, which may not be linked directly to PWMD. This question has been evaluated at the beginning of the research, usually the content of RNA in serum is very low, so it is a more appropriate method to sequence RNA extracted from whole blood than from serum when the source of lncRNA in peripheral blood cannot be determined. Nonetheless, after enrichment analysis we did in fact find several lncRNAs which seem to be highly significantly related to PWMD. In the near future, we will detect the expression of these lncRNAs in serum and blood cells, respectively to reveal whether the candidate lncRNAs are mainly cell-free RNAs or mainly from blood cells.

In summary, our study was based on the perspective of human blood samples to explore the expression characteristics and functions of lncRNAs in PWMD. The data from the human sample is more convincing than that from the animal source due to the poor conservation of lncRNAs among different species (Hezroni et al., 2015). Compared with tissue, blood is easier to obtain and more non-invasive, so molecules derived from blood have more potential to become biomarkers. We found significant shifts in the expression profile of lncRNAs in peripheral blood from patients with PWMD and screened out some lncRNAs that may have great significance. These findings provide new insights into the development for finding diagnostic biomarkers or therapeutic targets for PWMD.
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