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Sepsis is a systemic inflammatory response syndrome
caused by various pathogenic microorganisms or toxins.
Lung damage is one of the causes of death in patients
with sepsis. This study aimed to investigate the role
of miR-19a-3p and its regulation mechanism in sepsis-
induced lung injury. MH-S cells were treated with li-
popolysaccharide (LPS) to establish sepsis-induced lung
injury cell model. C57BL/6 mice were injected with miR-
19a-3p antagomiR and LPS to construct animal model.
LPS-treated and control cells were transfected with miR-
19a-3p mimic, miR-19a-3p inhibitor or USP13 expression
vector. The expression levels of miR-19a-3p and USP13
were examined by quantitative real-time polymerase
chain reaction (qQRT-PCR) and Western blotting. The con-
centration of inflammatory cytokines was measured with
enzyme-linked immunosorbent assay (ELISA). The rela-
tionship of miR-19a-3p and USP13 was validated using
dual-luciferase reporter assay. The lung damage was as-
sessed with hematoxylin-eosin staining (HE). The results
showed that LPS treatment increased the concentration
of TNF-q, IL-6 and IL-1B in MH-S cells. In LPS treated
MH-S cells, the level of miR-19a-3p gradually increased
over time. Both miR-19a-3p knockdown and USP13 over-
expression in MH-S cells inhibited the LPS-induced pro-
duction of TNF-a, IL-6 and IL-1B. Moreover, miR-19a-3p
negatively regulated the expression of USP13 in MH-S
cells. Furthermore, miR-19a-3p inhibitor suppressed lung
damage in sepsis model mice. In conclusion, miR-19a-3p
knockdown could alleviate sepsis-induced lung injury
through enhancing USP13 expression.
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INTRODUCTION

Sepsis, a systemic inflaimmatory response syndrome
(SIRS) in response to infectious process caused by vari-
ous pathogenic microorganisms or released toxins, is a
common complication of severe trauma and infections,
and the main cause of death in the Intensive Care Unit

(ICU) (Dombrovskiy et al, 2007; Juros et al, 2019).
Sepsis can cause multiple organ dysfunction syndrome
MODS) (Mineji, 2018). The lungs are the most vulnera-
ble organ in the course of MODS (Balthesen ¢ al, 1993).
At present, acute lung injury is one of the main causes
of death in patients with sepsis (Stapleton & Steinberg,
2007). Because of the complicated pathogenesis of sep-
sis, it is difficult to treat the patients with sepsis-induced
tissue damage. At the same time, rapid and effective
means of detection and treatment for lung injury caused
by sepsis are still lacking (Opal, 2014). Therefore, it is
necessary to elucidate the molecular pathways in sepsis
for better diagnostics and treatment.

MicroRNAs (miRNAs) are small single-stranded RNA
molecules with a length of 18-25 nucleotides, which
are common in plants and animals (Sotiropoulou e al,
2009). MiRNAs can degrade or inhibit the translation of
target mRNA by complementary pairing with the 3’-un-
translated region (3’UTR) of target mRNA, thus nega-
tively regulating protein expression (Sethi e al, 2013).
A growing number of studies have found that miRNAs
play an important regulatory role in sepsis. For example,
the expression of miR-146a and miR-223 in serum of
patients with sepsis is decreased, which has a high pre-
dictive value for sepsis (Wang e/ al, 2010). It has also
been found that miR-494 promotes acute lung injury
induced by sepsis (Ling e# al, 2018). In addition, miR-
19a-3p was found to be up-regulated in sepsis (Chen ez
al,, 2019). However, the specific effect of miR-19a-3p in
sepsis induced lung injury is unclear.

The ubiquitin-specific protease 13 (USP13) belongs to
the family of ubiquitin-specific proteases encoded by the
genes located in the region of 3q26.2-q26.3 on the long
arm of chromosome 3 in human (Zhang ez al, 2013).
Some studies have found that USP13 can participate in
lung damage induced by LPS and has a certain anti-in-
flammatory effect (Li e al, 2019).

Therefore, this study aims to investigate the role of
miR-192-3p and its regulation mechanism in sepsis-in-
duced lung injury using the LPS-induced cell model i
vitro and mouse model in vivo.

MATERIALS AND METHODS

Cell treatment and transfection

Murine alveolar MH-S macrophages (Mingzhoubio,
Ningbo, China) were incubated in 90% Roswell Park
Memorial Institute (RPMI)-1640 medium (Thermo Fish-
er Scientific, Waltham, USA) and 10% fetal bovine se-
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rum (FBS, Thermo Fisher Scientific) at 37°C with a cell
density of 70-80%.

MH-S cell were treated with lipopolysaccharide (LPS,
1 pg/mL, Solarbio, Beijing, China) for 6, 12, or 24 h.

MiR-19a-3p inhibitor, negative control (NC) inhibitor,
miR-192-3p mimic, NC mimic, vector or USP13 expres-
sion vector were transfected into control or LPS-treated
MH-S cells using Lipofectamine 3000 (Thermo Fisher
Scientific).

Mouse model

C57BL/6 mice obtained from Experimental Animal
Center of Southern Medical University (Guangzhou,
China) at 6-8 weeks with a weight of 21-25 g were
randomly divided into 3 groups (12 mice each): the
sham group, the LPS + NC antagomiR group and the
LPS + miR-19a-3p antagomiR group. The mice in lat-
ter two groups were injected with 25 nM of NC antago-
miR or miR-19a-3p antagomiR designed by GenePharma
(Shanghai, China) through tail vein once a day for 3
consecutive days (Liu e a/, 2018). After 24 h of the last
injection, 1 mg/kg of LPS was injected into the trachea
of the mice to carry out the follow-up experiments (Li ef
al., 2019). Meanwhile, the mice in the sham group were
injected with the equal amount of normal saline. Then
lung tissues and alveolar lavage fluid were obtained from
the mice. The sequence of miR-19a-3p antagomiR was
5-TCAGTTTTGCATAGATTTGCACA-3, and the
sequence of NC antagomiR was 5-AAGGCAAGCU-
GACCCUGAAGUU-3. All animal experiences were ap-
proved by the Ethics Committee of Nanjing First Hos-
pital-Nanjing Medical University.

Quantitative real-time polymerase chain reaction (qRT-
PCR)

The total RNA was extracted from alveolar lavage
fluid and MH-S cells using TRIzol™ Reagent (Thermo
Fisher Scientific) and reverse transcribed to ¢cDNA us-
ing mRNA Selective PCR Kit (TaKaRa, Dalian, Chi-
na). SYBR™ Green PCR MasterMix (Solarbio, Beijing,
China) was used to detect the level of miR-19a-3p and
USP13. The PCR primers of were purchased from San-
gon Biotech Co., (Shanghai, China). The primers were:
miR-192-3p, Forward: 5-AATAACTAGTAGGAA-
GCACTGTTGGAGCTACTG-3; Reverse: 5-ATAA-
GCGGCCGCAGTCACCAAAATGTATTATAA-
GGG-3’; USP13, Forward: 5-CCTGAATACTTGG-
TAGTGCAGATAAAGAA-3; Reverse: 5-GCGCAT-
GTTTAAGGCCTTTGT-3". The expression levels were
normalized to U6 and calculated with the 2-44¢t method
(Livak & Schmittgen, 2001).

Enzyme-linked immunosorbent assay (ELISA)

Supernatants from MH-S cell cultures were collected
to detect tumor necrosis factor-oo (TNF-a), interleukin- 6
(IL-6) and IL.-18 levels using ELISA Kit (Thermo Fisher
Scientific). The absorbance was measured at 450 nm us-
ing a Microplate Reader (Bio-Rad, Hercules, USA).

Dual-luciferase reporter assay

MH-S cells were co-transfected with miR-19a-3p
mimic or NC mimic and pGL3-USP13-wild type (WT)
or pGL3-USP13-mutant (MUT). Then, the luciferase
activity was measured and analyzed according to Dual-
Luciferase® Reporter Assay System Protocol (Promega,
USA).

Western blotting

Total protein was extracted from LPS-treated or con-
trol MH-S cells. Protein concentration was measured
using Bradford method. The protein samples were pre-
heated at 100°C for 5 min, separated by 10% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE), and transferred into nitrocellulose (NC) mem-
branes. The NC membranes were incubated with 5%
milk — TBST for 2 h at 37°C, then co-incubated with
USP13 antibody (ab109264, 1:1000, Abcam, Cambridge,
USA) or B-actin antibody (ab213262, 1:1000, Abcam)
for 16 h at 4°C. The membranes were next washed four
times with Tris-Buffered Saline Tween (ITBST, Thermo
Fisher Scientific) and incubated with the anti-rabbit IgG
antibody (ab190492, 1 mg/mL, 1: 2000, Abcam) conju-
gated with horseradish peroxidase for another 1 h. The
membranes were incubated in ECL and the exposed
protein bands were observed and recorded using imaging
system (Bio-Rad, USA). The bands were analyzed using
Image J software (NIH Image, USA).

Hematoxylin-eosin staining (HE)

The mice were anesthetized and their lungs were re-
moved by thoracotomy. The lung tissue was fixed with
4% paraformaldehyde (PFA, Thermo Fisher Scientific)
and sliced into 2-mm sections with a scalpel. The sec-
tions were dehydrated with ethanol gradient and dipped
in paraffin for wax immersion. The hardened sections
were cut into 5-8 pm slices using a slicer. The slices
were scalded with hot water, and then dewaxed with xy-
lene. After dewaxing and washing, the slices were stained
in hematoxylin for 20 min, fractionated in ethanol con-
taining 1% hydrochloric acid for 3 s, and reversed blue
with 0.25% ammonia for 15 s. The sections were rinsed
with running water for 1 h, dehydrated with 70% and
90% ethanol for 10 min each, and then stained with eo-
sin for 2-3 min. These stained sections were dehydrated
with ethanol, made transparent by xylene, and finally
sealed with gums (all from Thermo Fisher Scientific).
The stained lung tissue sections were analyzed using an
optical microscope and photographed to record the re-
sults.

Statistical analysis

All data were analyzed with SPSS 21.0 software (SPSS
Inc., USA). The #test and analysis of variance (ANO-
VA) were used to analyze the data. The results were pre-
sented as mean * standard deviation (8.D.). p<<0.05was
considered statistically significant.
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Figure 1. miR-19a-3p expression level was increased in LPS-in-
duced MH-S cells.

(A) The expression level of miR-19a-3p was measured by qRT-PCR
in MH-S cells treated with LPS for 6, 12 and 24 h and in the con-
trol untreated cells (B) The levels of TNF-q, IL-6 and IL-13 were
measured with ELISA in MH-S cells treated with LPS for 24 h.
**p<0.01.
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Figure 2. Knockdown of miR-19a-3p inhibited the production of inflammatory factors in LPS-induced MH-S cells.

MiR-19a-3p inhibitor or its negative control were transfected into control or LPS-treated MH-S cells. (A) The transfection efficiency of
miR-19a-3p inhibitor was measured with qRT-PCR in LPS-treated MH-S cells. (B) The levels of TNF-q, IL-6 and IL-1B were measured with
ELISA. **p<0.01, *describes the comparison of LPS + NC inhibitor and control + NC inhibitor groups. #p<0.01, *describes the comparison

between LPS + miR-19a-3p inhibitor and LPS + NC inhibitor groups.

RESULTS

miR-19a-3p was up-regulated in LPS-induced MH-S cells

LPS was added to MH-S cell cultures to mimic sep-
sis-induced damage 7z vitro, and then the expression of
miR-192a-3p was measured in LPS-stimulated MH-S cells.
As shown in Fig. 1A, miR-192-3p mRNA level gradually
increased over time of LPS treatment (»p<0.01). Moreo-
ver, the concentration of secreted inflammatory cy-
tokines (TNF-a, IL-6 and IL-1f3) was significantly higher
in MH-S cells treated with LPS for 24 h compared to
control (p<0.01). Of these inflammatory factors, TNF-«
increased the most (Fig. 1B). Thus, a sepsis-induced cell
injury model was successfully established and in this
model, LPS promoted high expression of miR-19a-3p.
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Knockdown of miR-19a-3p suppressed the production
of inflammatory factors in LPS-induced MH-S cells

To investigate the specific effects of miR-19a-3p in-
hibitor on intracellular inflammatory factors, miR-19a-
3p inhibitor or its negative control were transfected
into control or LPS-treated MH-S cells. As shown in
Fig. 2A, miR-19a-3p relative expression level in LPS-
induced cells was decreased after miR-19a-3p inhibi-
tor transfection (»p<0.01). The concentration of TNF-a,
IL-6 and IL-1B levels measured with ELISA were not
changed in control MH-S cells upon miR-19a-3p inhibi-
tor transfection but the levels of TNF-u, IL.-6 and IL-1§
levels in LPS-induced cells were reduced (»p<0.01, Fig.
2B). These results suggest that miR-19a-3p knockdown
could inhibit the production of inflammatory factors in
LPS-treated cells.

UUGGUAUUUAUUUAUUUUGCACU...3'

AGUCAAAACGUAUCUAAACGUGU &'

...UUGGUAUUUAUUUAUAAACGUGU...3'

D

== NC mimic
miR-19a-3p mimic
NC inhibitor

miR-19a-3p mimic
NC inhibitor

g 1.5 miR198:3p mimicHSP13-MUT g 420 ™ miR-192:3p inibitor g 2.5 miR-192:3p ihibtor
© = =<
b s& 128 7 5220 1
) . D & 7
g10 In 1 28 oo BE s
£ ki S 15 82
‘S I X = - x o 1.
205 SE 10 I $ a 0 I
o QW Q9 05 *%
2 2% 05 # £ =
5 kS 2 B
s 0.0 K] 0.0 K 0.0
< mm NC mimic
. O miR-19a-3p mimic
E \6\\0 § — NC inhibitor
& £ o miR-19a-3p inhibitor
© K& R 3 _15
SR 5§
& & o & 23 #
<~ &S & ﬁ 510 I
=)
USP13 s s sm— — 5505
. [ =T I
P-actin SN SE—_—— — -% 5 +* |
E 0.0

Figure 3. USP13 was a target of miR-19a-3p.

(A) The target site of miR-19a-3p in USP13 as predicted with TargetScan website. The panel shows the wild type and mutated sequence
of USP13 3'UTR that were used in luciferase assays. (B) The targeting relationship between miR-19a-3p and USP13 was assessed by du-
al-luciferase reporter assay. (C) The transfection efficiency of miR-19a-3p inhibitor and miR-19a-3p mimic was measured with qRT-PCR
(D) The USP13 mRNA level in MH-S cells transfected with miR-19a-3p inhibitor or miR-19a-3p mimic, as detected with qRT-PCR. (E) The
USP13 protein level in transfected MH-S cells detected with Western blotting. **p<0.01, *describes the comparison of miR-19a-3p mimic
group and NC mimic group. #p<0.01, #describes the comparison of miR-19a-3p inhibitor group and NC inhibitor group.
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Figure 4. Overexpression of USP13 inhibited the production of inflammatory factors in LPS-induced MH-S cells.

USP13 expression vector was transfected into control and LPS-treated MH-S cells. (A) The mRNA level of USP13 in LPS-treated MH-S cells
measured with gRT-PCR. (B) The USP13 protein levels detected with Western blotting. (C) The levels of TNF-a, IL-6 and IL-1 measured
with ELISA. **p<0.01, *denotes the comparison of LPS + vector group and control + vector group. #p<0.01, *denotes the comparison of

LPS + USP13 group and LPS + vector group.

USP13 was a target of miR-19a-3p in MH-S cells

The target genes of miR-19a-3p were predicted at the
TargetScan website (www.targetscan.org). One of these
genes was USP13, in which several miR-19a-3p target
sites were present (Fig. 3A). To experimentally verify if
USP13 was a miR-19a-3p target, we applied luciferase
assay, in which the cells were co-transfected with either
miR-192-3p mimic, or its negative control mimic, to-
gether with luciferase reporter gene construct fused to
USP13 (Fig. 3B). In the cells co-transfected with miR-
19a-3p mimic and USP13-WT, the luciferase activity was
lower compared to the cells co-transfected with nega-
tive control mimic and USP13-WT (p<0.01). However,
when a mutated sequence of USP13 was used in the
luciferase reporter, there was no significant difference
in luciferase activity between the cells co-transfected
with the miR-19a-3p mimic and USP13-MUT and the
cells co-transfected with the negative control mimic and
USP13-MUT. The above results illustrated that USP13
was a target of miR-19a-3p. To observe a possible cor-
relation between miR-19a-3p and USP13 expression in
MH-S cells, miR-19a-3p mimic and miR-19a-3p inhibitor
were transfected into MH-S cells (Fig. 3C), followed by
qRT-PCR to assess miR-19a-3p and USP13 expression
levels and Western blotting to detect USP13 protein lev-
els in the transfected cells (Fig. 3D and 3E). miR-19a-
3p mimic decreased the expression level of USP13 both
on mRNA and protein level, while miR-19a-3p suppres-
sor had the opposite effect and significantly up-regulat-
ed USP13 expression (p<0.01, both for qRT-PCR and
WB band intensities measurements). In summary, our
data showed that miR-19a-3p could negatively regulate
USP13 expression..

Overexpression of USP13 inhibited the production of
inflammatory factors in LPS-induced MH-S cells

To investigate the influence of USP13 on inflamma-
tory factors in sepsis, USP13 expression vector or nega-
tive control vector was transfected into LPS-treated MH-S
cells. As shown in Fig. 4A and 4B, USP13 transfection of
the MH-S cells resulted in an increase in USP13 mRNA
and protein levels t (p<0.01). However, the overexpression

of USP13 in MH-S cells stimulated by LPS was lower
than that in control cells, indicating that LPS inhibited the
expression of USP13. Interestingly, USP13 overexpression
in control MH-S cells had no influence on TNF-«, 11.-6
and IL-18 concentration. In the LPS-treated MH-S cells,
however, USP13 overexpression significantly reduced the
otherwise elevated TNF-a, IL.-6 and I1.-18 expression lev-
els (p<0.01). Therefore, we conclude that high expression
of USP13 could inhibit the secretion of inflammatory fac-
tors in the injury cell model.

Knockdown of miR-19a-3p inhibited lung damage in
septic mice

To investigate the regulatory effects of miR-19a-3p on
sepsis #n vivo, the LPS-induced sepsis mouse model was
established. As shown in Fig. 5A, LPS promoted the ex-
pression of miR-19a-3p, while reducing the mRNA level
of USP13 in septic mice (p<0.01). The above results
were reversed with miR-19a-3p suppression (p<<0.01).
Also the LPS-induced increase in TNF-o, I1.-6 and IL-
18 levels was alleviated upon miR-19a-3p suppression,
as shown with ELISA (p<0.01, Fig. 5B). On the tissue
level, we observed that mice in the sham group had
clear alveolar structures, their alveolar wall was thin, and
there was no exudate or bleeding in the alveolar cavity
(Fig. 5C), Mice in the LPS group experienced significant
damage to the alveolar structures, the alveolar space was
enlarged, and there was exudates and hemorrhage in the
alveolar interstitial (Fig. 5C). Strikingly, he LPS-induced
damage of alveolar structures and hemorrhage were re-
lieved after inhibiting the expression of miR-19a-3p in
LPS-treated mice. With these findings we conclude that
miR-192a-3p could promote LPS-induced lung damage in
the mouse model.

DISCUSSION

Sepsis is a life-threatening condition that leads to un-
controlled inflammation (Dombrovskiy ez al, 2007). It
has been found that miRNAs can regulate the imbal-
anced inflammatory response by down-regulating the in-
flammatory factors, their receptors and related signaling
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Figure 5. Knockdown of miR-19a-3p inhibited sepsis-induced lung damage in mice.

(A) The expression level of miR-19a-3p in mouse model was measured with qRT-PCR and Western blotting (B) The levels of TNF-a, IL-6
and IL-1P were measured using ELISA. (C) The lung damage in LPS treated mice was assessed with HE staining (Bar = 100 pm). **p<0.01,
*denotes the comparison of LPS + NC antagomiR group and the sham group. #p<0.05, #p<0.01, *denotes the comparison of LPS + miR-

19a-3p antagomiR group and LPS + NC antagomiR group.

pathways, which suggests that miRNAs can play a very
important role in sepsis (Huang ef al., 2014).

It has been shown that the miRNAs levels in serum
differs between patients with sepsis and healthy indi-
viduals. For example, the expression level of miR-150s
was significantly decreased in the serum of patients with
sepsis, as measured with miRNA microarrays (Vasilescu
et al, 2009). The expression level of miR-19a-3p was
shown to be elevated in sepsis (Chen e a/, 2019). In ad-
dition, it has also been reported that overexpression of
miR-199a can exacerbate sepsis-induced acute lung injury
(Liu et al, 2018). miR-145 could also negatively regu-
late sepsis-induced acute lung damage through TGFBR2
signaling pathway (Cao e af, 2019). LPS stimulation
leads to inflammatory responses in human and mouse
immune cells and contributes to the increase in several
miRNAs expression (Liu ez al, 2015). In this study we
focused on miR-19a-3p role in sepsis. We employed LPS
treatment to construct # vitro and /n vive sepsis models.
In the MH-S 7n vitro cell model of lung injury we ob-
served that the level of miR-19a-3p increased with LPS
treatment and was cortrelated with the time of the treat-
ment.. At the same time, miR-19a-3p expression was
stable in untreated (control) MH-S cells, indicating that
miR-192-3p might be a potential marker of sepsis-in-
duced lung injury.

The research from Huang and others revealed that the
high expression of miR-19a is closely related to lymph
node metastasis, and that miR-19a strongly affected
TNF-o — induced epithelial-mesenchymal transformation
(EMT) in colorectal cancer cells (Huang e al, 2015).
Some studies have shown that the 1 IL-6 and TNF-«
level in circulating blood were very low under normal
circumstances, and can be significantly increased in in-
flammation (Ma e# al,, 2014). The levels of inflammatory
factors such as IL.-6 and TNF-a reflected the severity of
inflammatory damage and were related to the severity
of disease (Wu & Li, 2015). The results of the present
study are consistent with the previous studies. We found

that the levels of TNF-a, IL-6 and IL-13 were signifi-
cantly increased in LPS-treated MH-S cells, andmiR-19a-
3p inhibition alleviated this increase. Similarly, knock-
down of miR-19a-3p in LPS-treated mice has also been
found to alleviate the damage to lung tissues. Based on
these results, we speculate that miR-19a-3p might be a
pro-inflammatory molecular marker.

Ubiquitination plays an important role in TNF-a-
mediated cell necrosis (Wu e al, 2014). USP13 can regu-
late the ubiquitination of an oncoprotein, enhance cellu-
lar immunity, and regulate DNA damage repair (Zhang ez
al., 2013). A recent study reported that down-regulation
of USP13 may lead to an increase in LPS-induced lung
injury (Li e al, 2019). At the same time, our target gene
predictions showed that USP13 is one of the targets of
miR-19a-3p, and we experimentally confirmed that miR-
19a-3p negatively regulated USP13 expression. Similar to
previous studies, USP13 overexpression inhibited inflam-
matory factors’ secretion. We show that the effect of
miR-19a-3p knockdown on the secretion of inflamma-
tory factors in LPS-treated MH-S cells can be reversed
by USP13 knockdown.

In conclusion, miR-19a-3p knockdown could alleviate
sepsis-induced lung injury by increasing USP13 expres-
sion, suggesting that miR-19a-3p may be an ideal marker
and therapeutic target for the detection and treatment
of sepsis-induced lung damage. Furthermore, due to
the important role of miR-19a-3p in the inflammato-
ry response, other target genes and signal pathways of
miR-192a-3p should be studied in the future to provide
new theoretical basis for the treatment of lung damage
caused by sepsis.
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