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Brain microvascular endothelial cells (BMECs) constitute the structural and functional basis for the blood–brain

barrier (BBB) and play essential roles in bacterial meningitis. Electrical cell-substrate impedance sensing (ECIS)

measurement and Western blot assay demonstrated lncRSPH9-4 overexpression in hBMECs mediated the BBB

integrity disruption.
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1. Introduction

Bacterial meningitis is the most important life-threatening infection of the central nervous system (CNS) with high

morbidity and mortality and Escherichia coli is the most common gram-negative pathogenic bacterium causing this

outcome . Most bacterial meningitis develops from bacterial penetration of the BBB . Vascular endothelium

constitutes the structural and functional basis of the BBB and plays an important role in maintaining the integrity of

the BBB, as well as CNS homeostasis . BMECs are characterized by the presence of tight junction proteins

(TJs), including Claudins, Occludin and zonula-occludens . BMECs dysfunction is often caused by the

decrease or re-distribution of these TJs, which lead to disruption of the BBB . Thus, protecting and maintaining

the BBB function is of positive significance in alleviating brain damage after the CNS-invading pathogens infection.

LncRNAs are considered regulators of diverse biological processes, including imprinting control, cell differentiation

and development , as well as many pathological processes, such as cancer, chronic inflammation and

infectious diseases . Aberrant expression and mutations of lncRNAs uncovered in various brain

dysfunctions have led researchers to investigate the potential roles of lncRNAs in brain physiology and pathology

. For example, lncRNAs MALAT1 GAS5 and NEAT1 are widely recognized to be implicated in cancer, vascular

diseases and neurological disorders . MALAT1 was reported to promote the BMEC autophagy; NEAT1

was able to activate the NF-κB signaling pathway in nerve cells . Regarding lncRNAs, the competing

endogenous RNA (ceRNA) working mechanism has been largely evidenced, in which lncRNAs act as the ceRNA

to interact competitively with miRNAs and regulate the expression of the target proteins . Our previous lncRNA

transcriptomics sequencing identified a batch of significantly different lncRNAs in hBMECs upon meningitic E. coli

infection  and we further noticed one novel lncRNA, lncRSPH9-4, that was significantly up-regulated along with

the infection. We focused on this lncRNA because we found that overexpressing lncRSPH9-4 in hBMECs would

cause a decrease of the impedance values. However, the specific working mechanism of this lncRNA in the
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pathogenic process is unclear. A variety of miRNAs have been reported to regulate the integrity of the BBB, such

as miR-18a, miR-338-3p and miR-182 .

2. Discussion

Due to their extensive involvement in biological processes, lncRNAs have attracted immense research interest in

recent years. LncRNAs have been increasingly involved in the regulation of multiple central nervous system

disorders, such as ischemic stroke, multiple sclerosis and Huntington’s disease . However, in CNS

infectious diseases, the regulatory function of lncRNAs was largely unclear. In this study, we identified and

characterized an up-regulated lncRNA, lncRSPH9-4, in hBMECs challenged with meningitic E. coli. We

demonstrated that lncRSPH9-4 helped the infection-caused disruption of the BBB integrity via sponging miR-17-5p,

thus promoted the expression of MMP3 and eventually increased the degradation of TJs.

Lots of lncRNAs were involved in the development of neurodegenerative diseases. A well-studied lncRNA,

MALAT1, was reported to contribute to protecting the BBB after stroke . Other lncRNAs, such as BC200 and

Sox2OT, were found to be associated with Alzheimer’s disease or Parkinson’s disease . Accumulating pieces

of evidence have also supported the essential roles of lncRNAs in virus infection. For example, a lncRNA called

lncRNA-ACOD1 was found to facilitate Vesicular vtomatitis virus replication in macrophages through enhancing

GOT2 enzymatic activity . LncRNAs exerted their functions from many aspects. In recent years, the concept of

ceRNA as a new regulatory mechanism has been raised and widely accepted in diverse physiological and

pathological processes, which means that lncRNAs could act as a ceRNA to competitively sponge miRNA, thus

resulting in a decreased mRNA degradation . Numerous studies have increasingly reported that lncRNAs

function as sponges to interact with miRNAs at the post-transcriptional level . For example, a lncRNA named

linc-EPHA6-1 can sponge miR-4485-5p to regulate NKP46 expression and enhance NK cells cytotoxicity against

Zika virus-infected cells . However, there are few studies about the lncRNAs function in bacterial infectious

diseases. We previously found one lncRNA, lncRSPH9-4, that was significantly increased in meningitic E. coli-

infected hBMECs. Here, we further analyzed the transcriptomic profiles in hBMECs in response to the

overexpression of lncRSPH9-4 via RNA-sequencing. A total of 639 mRNAs and 299 miRNAs with significant

alteration upon lncRSPH9-4 overexpression have been identified and the ceRNA regulatory network was built

based on the sequencing data. One miRNA, miR-17-5p, showed the possibility of being sponged by lncRSPH9-4

and influenced the expression of MMP3, an important protein associated with intercellular integrity and

permeability.

It is worth wondering about the relationship between miR-17-5p and the BBB permeability. The BBB is

ultrastructurally assembled by a monolayer of BMECs, which are tightly attached via TJs and adherens junctions

(AJs) . Many miRNAs have been shown to influence the BBB permeability. Some pathogens, such as

Coxsackievirus A16, can increase the expression of miRNA-1303 and trigger the changes in the BBB permeability

. Other miRNAs, such as miRNA-29b and miRNA-15, were reported to control the BBB integrity by targeting

MMP9 . Exosomes-derived miRNA-132 regulated the expression of vascular endothelial cadherin (VE-

cadherin) by directly targeting eukaryotic elongation factor 2 kinase (eef2k) and increased the permeability of the
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BBB . It has been reported that miR-17-5p plays a vital role in endothelial cells by binding to VEGF-A 3′UTR and

inhibiting VEGF-A expression in HUVECs . Here, in our study, we used an immortalized hBMECs cell line,

established by Kwang Sik Kim in Johns Hopkins University School of Medicine, as our in vitro BBB model. This

immortalized hBMECs line was positive for Factor VIII-Rag, could intake DiI-AcLDL and showed a positive reaction

for GGTP, which indicated that they exhibited brain endothelial characteristics . It also expressed VCAM-1,

ICAM-1 and TJs and maintained their barrier properties . The hBMECs monolayer model provided by Kim has

been largely applied in BBB functional research. For example, molecules such as CC chemokine ligand 2 (CCL2)

and snail family transcriptional repressor 1 (Snail1) have been reported to contribute to blood–brain barrier

disruption by the application of the hBMEC monolayer . In our study, we found that miR-17-5p expression

was significantly downregulated in hBMECs when overexpressing lncRSPH9-4. Consistently, miR-17-5p was also

decreased in hBMECs in response to meningitic E. coli infection, as observed in our previous work . Here, we

showed that miR-17-5p was one of the competitive-sponging targets of lncRSPH9-4 and miR-17-5p could bind to

3′UTR of MMP3 to suppress the expression of MMP3. MMP3 is a member of the MMP family, which is widely

involved in the breakdown of extracellular matrix proteins during tissue remodeling, such as embryonic

development and reproduction, as well as in disease processes, such as arthritis and tumor metastasis . MMP3

can degrade collagen, elastin, fibronectin, laminin, as well as tight junctions, so as to increase vascular

permeability and disrupt the BBB . In hBMECs, our results suggested that lncRSPH9-4 was able to

regulate MMP3 expression by acting as a competitive sponge of miR-17-5p. Since previous studies have already

evidenced that MMP3 can directly degrade the TJs of vascular endothelial cells , we therefore next

investigated the potential effects on MMP3 regulated by lncRSPH9-4 and miR-17-5p and results showed that

lncRSPH9-4 could negatively regulate the TJs, while miR-17-5p positively regulated the TJs and, importantly, this

regulatory axis was probably mediated by the change of MMP3 expression during this process.

Taken together, our findings provided substantial evidence, for the first time clarifying the regulatory function of

lncRNA during meningitis-causing bacterial infection. We demonstrated that meningitic E. coli-induced lncRSPH9-4

could function as a ceRNA to compete with miR-17-5p, which led to the increased expression of MMP3 and

therefore the degradation of the TJs barrier (Figure 1). However, the mechanisms of BBB disruption in the

development of bacterial meningitis are quite complex and the contribution of lncRSPH9-4 is just the tip of the

iceberg. At the same time, we investigated the expression specificity of lncRSPH9-4 in the other endothelial cells

(peripheric endothelial cells, such as HUVECs), as well as other barrier-forming (not endothelium) cells, such as

astrocytes, in our previous work. As demonstrated below, lncRSPH9-4 was also significantly induced by the

challenge of meningitic E. coli, indicating that lncRSPH9-4 probably exhibits a similar working mechanism in the

astrocytes cell line U251. We also noticed the expression/transcription of lncRSPH9-4 in the peripheric vascular

endothelial cells HUVECs; however, it was not significantly induced by the infection, suggesting that lncRSPH9-4

might not work in this type of endothelial cells . At last, further efforts are required to explore the generation of

lncRSPH9-4 and whether there are some other targets as well as regulative mechanisms of lncRSPH9-4 in

meningitic bacterial penetration of the BBB.
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Figure 1. Schematic of the working mechanism of lncRSPH9-4 in the regulation of the endothelial barrier

disruption. Meningitic E. coli infection of hBMECs induced the up-regulation of lncRSPH9-4, which could sponge

miR-17-5p and thus increase the expression of MMP3 in hBMECs and finally lead to the tight junction degradation.

3. Conclusions

We demonstrated that meningitic E. coli infection of hBMECs induced the significant upregulation of lncRSPH9-4,

which facilitated the barrier disruption of the endothelial cells, probably through lncRSPH9-4/miR-17-5p/MMP3

axis. This finding provides a new idea for understanding the function of lncRNAs in bacterial infection, especially in

bacterial penetration of the CNS. Blocking these lncRNAs, such as lncRSPH9-4, may also represent a new

strategy to better prevent and improve the CNS dysfunctions.
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