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Dengue virus (DENV) continues to be a major public health problem. DENV infection

will cause mild dengue and severe dengue. Severe dengue is clinically manifested

as serious complications, including dengue hemorrhagic fever and/or dengue shock

syndrome (DHF/DSS), which is mainly characterized by vascular leakage. Currently,

the pathogenesis of severe dengue is not elucidated thoroughly, and there are no

known therapeutic targets for controlling the disease effectively. This study aimed

to further reveal the potential molecular mechanism of severe dengue. In this

study, the long non-coding RNA, ERG-associated lncRNA (lncRNA-ERGAL), was

activated and significantly up-regulated in DENV-infected vascular endothelial cells. After

knockdown of lncRNA-ERGAL, the expression of ERG, VE-cadherin, and claudin-5

was repressed; besides, cell apoptosis was enhanced, and cytoskeletal remodeling

was disordered, leading to instability and increased permeability of vascular endothelial

barrier during DENV infection. Fluorescence in situ hybridization (FISH) assay showed

lncRNA-ERGAL to be mainly expressed in the cytoplasm. Moreover, the expression

of miR-183-5p was found to increase during DENV infection and revealed to regulate

ERG, junction-associated proteins, and the cytoskeletal structure after overexpression

and knockdown. Then, ERGAL was confirmed to interact with miR-183-5p by luciferase

reporter assay. Collectively, ERGAL acted as a miRNA sponge that can promote

stability and integrity of vascular endothelial barrier during DENV infection via binding

to miR-183-5p, thus revealing the potential molecular mechanism of severe dengue and

providing a foundation for a promising clinical target in the future.
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FIGURE 3 | Knockdown of lncRNA-ERGAL impaired the adherens junction and tight junction of HUVECs infected with DENV. (A) The gene expression of VE-cadherin

and claudin-5 was reduced after DENV infection (MOI = 10, 24 hpi) with knockdown of lncRNA-ERGAL. Relative mRNA expression of VE-cadherin and Claudin-5 was

(Continued)
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FIGURE 3 | detected in HUVECs by RT-qPCR with knockdown of lncRNA-ERGAL. Values were means ± SD (n = 3). (B) The protein level of VE-cadherin and

claudin-5 was inhibited after infection (MOI = 10, 24 hpi) with knockdown of lncRNA-ERGAL. Relative protein of VE-cadherin and claudin-5 were measured by

western blotting. (C,D) The distribution and expression of VE-cadherin and claudin-5 decreased after infection with knockdown of lncRNA-ERGAL.

Immunofluorescence analysis of VE-cadherin or claudin-5 in HUVECs. Nuclei were stained blue (DAPI), and VE-cadherin or claudin-5 were stained green or red,

respectively. Positive signal represented the area of protein distribution, and the mean fluorescence intensity (Integrated density/Area) represented Semi-quantitative

protein expression. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 vs. siNC groups or NC groups. Original magnification: 40x. The experiments were performed

independently at least three times with similar results.

MiR-183-5p Regulates the Vascular
Endothelial Barrier via
Junction-Associated Proteins and the
Cytoskeleton
In order to explore the potential regulatory mechanism, the
location of ERGAL was confirmed first by RNA FISH, revealing it
to be mainly expressed in the cytoplasm (Figure 5A). RegRNA2.0

(Chang et al., 2013) was further utilized to predict the ERGAL
sequences, showing that it contained multiple miRNA binding
sites (Figure 5B). The above predictions suggested that ERGAL
possibly acted as a miRNA sponge, regulating miRNA availability
for binding the target mRNA (Tay et al., 2014). While we noted
miR-183-5p to be widely reported as an important regulator for
many diseases, including cancer and infection, no such report
is available to date for DENV infection. We first measured
the expression of miR-183-5p in DENV-infected HUVECs and
observed that it was highly elevated (over 4-fold) than in mock-
infected cells (Figure 5C), which implied its involvement in
regulating DENV infection. Based on the aberrant expression
of miR-183-5p and its predicted relationship with ERGAL, we
assumed that miR-183-5p might be possibly involved in the
regulation of endothelial barrier during DENV infection. As
shown in Figure 5D, overexpression of miR-183-5p significantly
reduced the protein levels of ERG, VE-cadherin, and claudin-
5 in DENV-infected HUVECs. Furthermore, we performed a
fluorescence assay to visually assess the effects of miR-183-5p on
cell junctions and the cytoskeleton. As shown in Figure 5E, VE-
cadherin was discontinuously distributed and mostly degraded
at the cell–cell junction in the group overexpressing miR-183-
5p, whereas it had a comparatively continuous distribution
along the cell border when miR-183-5p was inhibited. Similarly,
overexpression of miR-183-5p suppressed the expression and
distribution of claudin-5 remarkably, whereas knockdown of
miR-183-5p increased the abundance of claudin-5 (Figure 5F).
In addition, F-actin in the cytoskeleton was depolymerized and
degraded in the miR-183-5p mimic group, whereas the filaments
were well-built and cytoskeleton was remodeled in the miR-183-
5p inhibitor group (Figure 5G). Consistent with our hypothesis,
these results indicated miR-183-5p to be involved in the
endothelial barrier by regulating the expression of VE-cadherin
and claudin-5, as well as remodeling of F-actin cytoskeleton in
DENV infection.

LncRNA-ERGAL Interacts With miR-183-5p
to Regulate ERG
The specific binding sites of ERGAL and miR-183-5p were
obtained by bioinformatics prediction (Figure 6A). A dual-
luciferase reporter gene assay was used to verify their binding

relationship. As shown in Figure 6B, overexpression of miR-
183-5p remarkably decreased the luciferase activity of ERGAL-
WT vector (P < 0.0001), though not of the empty vector.
Mutation of the ERGAL pairing sequence in miR-183-5p
abolished the interactions between ERGAL and miR-183-5p, and
consequently, miR-183-5p overexpression failed to reduce the
luciferase activity of ERGAL-MUT vector, thereby indicating
ERGAL to function as a sponge for miR-183-5p. The finding
suggested that ERGAL/miR-183-5p, as a combination, plays an
important involvement in regulating the permeability of vascular
endothelial barrier during DENV infection.

DISCUSSION

Dengue has been a major public health problem for years and
threatens almost every tropical country, with heavy casualties
and economic loss during each epidemic. Severe dengue is about
the development of the severe dengue complications, such as
DHF/DSS, and has a high mortality rate; it frequently occurs
in secondary heterotypic infection or infant infection. Due to
the complex pathology and heterotypic cross, severe dengue
poses a special challenge to the development of an effective and
affordable vaccine. Thus, there is an urgent need to develop novel
efficient therapeutic strategies and exploit new kinds of molecular
vaccines against the four serotypes simultaneously. Based on a
better understanding of the underlying pathogenic mechanisms,
it has thus far remained unclear. Wang et al. (2017) reported
that the differentially expressed lncRNAs induced by DENV-2
infection in hepatic cells revealed that lncRNAmay serve as a new
diagnostic marker and therapeutic target for DENV-induced liver
damage. Additionally, the expression of lncRNA-NEAT1 was
reduced in peripheral blood of patients with severe dengue, which
is related to the phenotype of severe dengue fever, suggesting that
it would be helpful to understand the progress of DENV-induced
diseases by monitoring the expression of NEAT1 and IFI27 in
peripheral blood (Pandey et al., 2017). Therefore, the study of
lncRNA contributed to dig out its pathogenic mechanism and
explore therapeutic targets in severe dengue.

The distinguishing feature of severe dengue is vascular
leakage that implies damage to the vascular endothelium,
which constitutes the major permeability barrier for the
vessel wall (Ramirez et al., 1984). Owing to the many
important characteristics that resemble the humanmicrovascular
endothelium, a modified HUVEC monolayer that is suitable for
studies on dengue hemorrhagic fever was used as a vascular
endothelial barrier model (Jacobs and Levin, 2002). On the other
hand, HUVECs can be infected with DENV because the results
of immunofluorescence assay showed that DENV antigens were
distributed in the nucleus and cytoplasm in the infectedHUVECs
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FIGURE 4 | Continued
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FIGURE 4 | Knockdown of lncRNA-ERGAL promoted vascular endothelial cells apoptosis, increased monolayer cell permeability, and obstructed cytoskeleton

remodeling. (A) Knockdown of ERGAL enhanced early apoptosis induced by DENV. Apoptotic statues of HUVECs were assessed by flow cytometry. Values were

means ± SD (n = 3). (B) The arrangement of DENV-infected HUVECs with the siRNA-mediated knockdown was sparsely and loosely rearranged, and the gaps

among cells were observed to become notably expanded. The gaps among cells were shown under optical microscope (40x), and the gap size was drawn in red. (C)

The knockdown of ERGAL coincided with increased permeability of HUVECs monolayer to 40 kDa FITC-dextran after DENV infection(MOI = 10, 24 h post-infection).

The permeability assays were performed by detected the FITC-dextran permeability coefficient. Values were means ± SD (n = 3). (D) The distribution and expression

of F-actin decreased, and cytoskeleton remodeling disordered after infection with knockdown of ERGAL. Immunofluorescence analysis of F-actin cytoskeleton was

performed in HUVECs. Nuclei were stained blue (DAPI), and F-actin were stained green. Positive signal represented the area of protein distribution, and the mean

fluorescence intensity (Integrated density/Area) represented Semi-quantitative protein expression. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 vs. siNC

groups or NC groups. Original magnification: 40x. The experiments were performed independently at least three times with similar results.

(Supplementary Figure 1). More importantly, the viral load in
cells was measured with different MOIs (MOI= 0.1, 1, 5, and 10)
at different time periods (24 h, 48 h, and 72 h) in order to optimize
the infectious model based on the fact that early hyperviremia
in patients with dengue fever is related to the development of
severe dengue (Vaughn et al., 2000). The results showed that
the higher viral load was tested in the cells with the larger
MOI and the longer infectious time (Figure 1A). HUVECs were
likely to develop growth inhibition within 48–72 h, leading to
aging and decline and reducing cell viability. Besides, we also
found that the virus load in cells was not significantly different
between 24 and 48 h with MOI = 10. Therefore, HUVECs
with MOI = 10 at 24 h post-infection were selected as the

infection model for all the following experiments. Not only could
it simulate the early hyperviremia in cells of DENV-infected
patients, it also relatively maintained cell viability. We infected
this model with DENV (MOI = 10, 24 h post-infection) for
high-throughput RNA sequencing and found that the infection
could significantly induce a mass of differentially expressed
lncRNAs. Furthermore, the differentially expressed lncRNAs and
the predicted corresponding target genes were mainly involved in
important biological processes closely related to severe dengue,
indicating that these lncRNAs might regulate the pathology of
severe dengue (Zheng et al., 2019).

In the present study, we discovered a DENV-specific-induced
lncRNA (non-code transcript ID: NONHSAT190967, non-code
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FIGURE 5 | Continued FIGURE 5 | Continued
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FIGURE 5 | miR-183-5p involved in functioning the endothelial barrier via

regulating junction associated proteins and cytoskeleton. (A) ERGAL was

mainly expressed in the cytoplasm. Localization of ERGAL was detected by

FISH in HUVECs. Nuclei were stain blue (DAPI) and ERGAL were stained green

(white arrow). Scale bars: 5µm. (B) ERGAL sequence contained multiple

miRNAs binding site. The putative microRNAs binding ERGAL were predicted

on RegRNA20 (http://regrna2.mbc.nctu.edu.tw/). (C) The expression of

miR-183-5p was significantly increased after DENV infection. The expression

levels of miR-183-5p were detected in HUVECs by RT-qPCR (MOI = 10, 24

hpi). Values were means ± SD (n = 6). (D) The protein level of VE-cadherin

and claudin-5 was inhibited in HUVECs with miR-183-5p overexpression and

DENV infection. The protein level of VE-cadherin and claudin-5 was measured

by western blotting. (E) The protein level of ERG was decreased with

overexpression of miR-l 83-5p. The protein level of ERG in DENV-infected

HUVECs was evaluated by western blotting. (F, G) MiR-183-5p regulated the

expression of VE-cadherin and claudin-5, F-actin, and cytoskeletal remodeling

after DENV infection. Immunofluorescence analysis of VE-cadherin, claudin-5

in DENV-infected HUVECs transfected with microRNA mimic or inhibitor.

Nuclei were stained blue (DAPI), VE-cadherin, and F-actin were stained green,

claudin-5 were stained red and F-actin were stained green. Positive signal

represented the area of protein distribution, and the mean fluorescence

intensity (Integrated density/Area) represented Semi-quantitative protein

expression. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Original

magnification: 40x.

gene ID: NONHSAG082924) associated with the function of
the vascular endothelial barrier. This lncRNA, named ERG-
associated lncRNA (ERGAL), increased 2-fold in DENV-infected
HUVECs in a time-dependent manner instead of a virus dose-
dependent manner when compared with mock-infected cells,
indicating that it involved during DENV infection. ERGAL was
identified as a full-length 14-kb untranslated RNA molecule
and was transcribed from chromosome 21, with no predicted
protein-coding potential; further, it was found to locate 20 kb
downstream of the transcriptional factor ERG. We further
noticed that ERGAL was silenced without DENV infection,
suggesting that it might be activated by DENV as a virus-specific
lncRNA. Due to the long length of ERGAL, it was currently
difficult to construct a suitable overexpression vector; hence,
short interfering RNA (siRNA) was used for knocking down
ERGAL to detect its functions. Notably, ERGAL knockdown

FIGURE 6 | LncRNA-ERGAL interacted with miR-183-5p to regulate the

vascular barrier. (A) ERGAL was predicted to bind to miR-183-5p from 8842

to 8862 sequence site. The panel showed schematic representation of the

predicted binding site for miR-l 83-5p in ERGAL. (B) LncRNA could act as

miRNA sponge by binding with miR-183-5p. Upper panel presents the

alignment or mutation of potential miR-183-5p binding sites in ERGAL

transcript. Lower panel showed the interaction between lncRNA-ERGAL and

miR-183-5p was proven by luciferase assay. Values were means ± SD (n = 3).

****P < 0.0001.

suppressed both the gene and protein expression level of ERG.
Previous reports indicated that ERG is highly expressed in the
endothelium and is essential for endothelial cell homeostasis
and angiogenesis (Birdsey et al., 2008, 2015; McLaughlin et al.,
2010; Shah et al., 2017), as well as regulating junction stability
through transcriptional activation of genes encoding junctional
proteins, whereas its loss could increase endothelial permeability
(Yuan et al., 2009). Our study assessed and showed the strong
correlation between ERG and ERGAL, suggesting that ERGAL
might play a potentially important role in regulating the vascular
endothelial barrier function via ERG during DENV infection.

Studies had shown that high DENV load infection altered the
junctional integrity of brain and lung microvascular endothelial
cell (MEC) lines during early infection (24 h post-infection),
with the differential expression of adherent proteins, junctional
proteins, gap proteins, and adhesive molecules, of which VE-
cadherin was up-regulated within the first few hours of infection
with a high MOI of DENV, while the expression slowly decreased
later (Soe et al., 2017). This might be a protective mechanism
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FIGURE 7 | LncRNA-ERGAL was induced by DENV and involved in regulating vascular endothelial barrier during early infection. Dengue virus can activated ERGAL,

which could bind with miR-183-5p to attenuate its inhibition on expression of ERG, VE-cadherin, and claudin-5, besides ERGAL could reduce the early apoptosis and

promote cytoskeleton remodeling for promoting the stability and integrity of endothelial barrier against DENV challenge.

against the DENV infection during early infection, possibly by
increasing anchorage of VE-cadherin to the actin cytoskeleton, as
well as by up-regulating the expression of tight junction proteins
(Taddei et al., 2008). However, ERGAL silencing dramatically
down-regulated the gene and protein expression of VE-cadherin
and claudin-5, leading to intercellular gap formation, as well as
disruptions in the cytoskeletal structure, all of which resulted in
the imperfection and instability of vascular endothelial barrier
during early infection. Moreover, ERGAL knockdown greatly
promoted early apoptosis of endothelial cells, thus aggravating
endothelial injury leading to damage of the blood vessel lining.
In our sequencing analysis, we had predicted that multiple
lncRNAs could regulate the XAF1 gene (NM_199139, up-
regulated 5.6-fold in the sequencing analysis), which contributed
to induce apoptosis in vascular endothelial cells in DENV-
infected HUVECs (Long et al., 2013); thus, we believed that
apoptosis of vascular endothelial cells were more likely to be
related to the regulation of multiple lncRNAs during DENV
infection. There was no doubt that apoptosis could cause
the decreased expression of VE-cadherin and claudin-5 to
some extent. However, as shown in immunofluorescence assays
(Figures 3C,D), VE-cadherin was obviously discontinuous and a
mass reduction was observed, along with severe fractures among
the cell–cell junctions in the silenced ERGAL groups. Similarly,
the expression of claudin-5 was remarkably suppressed in the
membrane and cytoplasm in the group with ERGAL knockdown,

so we assumed that the reduced expressions of VE-cadherin
and claudin-5 were mainly caused by ERGAL knockdown rather
than apoptosis. Furthermore, previous reports have revealed that
ERG and VE-cadherin were associated with apoptosis resistance
and antiapoptotic signals related to network stability (Birdsey
et al., 2008). Thus, we considered that ERGAL might play an
essential role in cell survival via regulating ERG andVE-cadherin.
Taken together, ERGAL contributed to promote the stability
and integrity of the vascular endothelial barrier during DENV
infection by regulating ERG, junctional proteins, cytoskeletal
remodeling, and cell survival.

An RNA FISH assay was performed and found that ERGAL
wasmainly expressed in cytoplasm, indicating that ERGALmight
participate in the post-transcriptional regulation. Furthermore,
bioinformatics prediction showed that the ERGAL sequence
contained multiple microRNA biding sites, suggesting that it
could act as miRNA sponge to interfere with miRNA pathways.
Notably, miR-183-5p, which belongs to the miR-183 family,
is involved in tumor progression by acting as an oncogene,
tumor suppressor, and a biomarker (Rizos et al., 2015; Cheng
et al., 2016; He et al., 2018; Meng and Zhang, 2019), and is
closely associated with the development of cancer. Additionally,
the miR-183 family has been revealed to target a diverse set
of host mRNA, some of which have potential effects on viral
replication by changing the behavior or resilience to stress in
the infected cells. It was also reported that the miR-183 family
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plays roles in the pathogenicity of viral infection like Epstein–
Barr virus (EBV) or human cytomegalovirus (HCMV) (Stark
et al., 2012; Dambal et al., 2015; Oussaief et al., 2015), but its
role in DENV infection has been unknown thus far. Therefore,
miR-183-5p attracted our interest and attention. In our study,
miR-183-5p was dramatically up-regulated after DENV infection.
Furthermore, its overexpression damaged the endothelial barrier
by suppressing ERG, VE-cadherin, and claudin-5, as well as
destructing the cytoskeleton during DENV infection, whereas
inhibition of miR-183-5p presented the opposite effects. As
ERGAL and miR-183-5p showed opposite functions with regard
to the vascular endothelial barrier during DENV infection, we
conducted a dual luciferase reporter gene assay and confirmed
that ERGAL could target and bind miR-183-5p, thereby acting as
an miRNA sponge to regulate the permeability of vascular barrier
during DENV infection (Figure 7). However, there were also
some limitations of our study. We used mock-infected cells that
were incubated with culture supernatants as the control group
without infection when detecting the expression of some genes
after DENV infection. Since we could not detect the expression
of ERGAL in mock-infected cells, only the infected cells were
used as the control groups including NC groups (normal control
groups with infection) and si-NC groups (negative siRNA control
groups) for functional verification of ERGAL. We also use the
NC-mimic groups (negative microRNA overexpression control
groups) andNC-inhibitor groups (negativemicroRNA inhibition
control groups) as control groups when detecting the function of
miR-183-5p after its overexpression and inhibition. In order to
simulate the early hyperviremia in cells of patients and maintain
cell viability, only one time point (24 h post-infection) with MOI
= 10 was used for all the experiments rather than multiple
time points. The possible role of ERGAL in natural infection in
human patients was also necessary to be further explored through
subsequent animal experiments. Though ERGALwas found to be
induced by DENV and regulate the vascular permeability during
early DENV infection in vitro, it is also very essential to verify
ERGAL functions in vivo.

Overall, based on what we found in the present study,
ERGAL was induced by DENV and promoted the stability
and integrity of endothelial barrier during 24 h infection
by binding with miR-183-5p, which could further reveal
ERGAL/miR-183-5p as regulators involved in the molecular
mechanism of pathogenicity, as well as might provide a
foundation for a promising target for the clinical treatment of
severe dengue.
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