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Abstract: Accumulating evidence indicates that competing endogenous RNA networks play a critical role in cir-
rhosis progression. However, their biological role and regulatory mechanisms in liver sinusoidal endothelial cells
(LSECs) have not been explored. Here, we exposed LSECs to starvation and lipopolysaccharide (LPS) treatment
and assessed changes in TUG1 and miR-142-3p expression, autophagy, and endothelial-mesenchymal transition
(EndMT). We confirmed the effects of targeted binding between miR-142-3p and TUG1 or ATG5 by luciferase activity
and radio-immunoprecipitation assay. Using an in vivo rat model of cirrhosis, we evaluated autophagy and EndMT in
LSECs by immunofluorescence co-localization and immunohistochemical staining. The diagnostic efficiency of miR-
142-3p and LPS were determined by receiver-operating characteristic curve analysis. We found that LSECs survived
starvation by activating autophagy. LPS treatment enhanced autophagy and promoted EndMT of LSECs by upregu-
lating TUGZ. Our rat model of cirrhosis confirmed that serum LPS level, autophagy, and EndMT were increased in
LSECs. TUG1 was highly expressed in LSECs, and TUG1 knockdown suppressed ATG5-mediated autophagy and
EndMT of LSECs. TUG1 regulated ATG5 via shared miR-142-3p response elements. miR-142-3p was expressed at
low levels in LSECs and negatively regulated autophagy and EndMT by reducing ATG5 expression. Our results sug-
gest that TUG1 promotes LPS-induced autophagy and EndMT of LSECs by functioning as an endogenous sponge for
miR-142-3p and promoting the expression of ATG5. LPS and miR-142-3p are potential diagnostic and therapeutic
targets in cirrhosis.
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Introduction soidal endothelial cells (LSECs) make up ~20%
of cells in hepatic sinusoids and play a crucial

A late manifestation of various chronic liver dis- role in the hemodynamics of sinusoidal micro-

eases, liver cirrhosis is characterized by a
hypercoagulative state and changes in intesti-
nal mucosal permeability, which often signify
sinusoidal microthrombotic events and increa-
sed bacterial translocation. This often causes
micro-infarcts/ischemia and gram-negative ba-
cterial endotoxin (i.e., lipopolysaccharide, LPS)
elevation [1-4], leading to tissue collapse and
additional microcirculatory dysfunction and
contributing to fibrosis progression and in-
creased risk of death or poor prognosis [5-7].
Hepatic sinusoids support an efficient network
of liver parenchyma and are strongly implicated
in the pathogenesis of liver cirrhosis. Liver sinu-

circulation [8, 9]. Pathophysiological abnormali-
ties can have serious adverse effects on LSECs.
In turn, damaged LSECs can initiate fibrosis
development through alterations of their mor-
phology and function [10-12]. Therefore, target-
ing LSECs has great therapeutic potential for
liver diseases. However, how LSECs adapt to
microvascular infarcts/ischemia and high envi-
ronmental concentrations of LPS is not known.

Autophagy is a cell-conserved process that
maintains cellular homeostasis in response to
diverse extracellular stresses that influence cell
fate [13]. Autophagy is implicated in liver fibro-
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sis and cirrhosis [14-17]. Although previous
studies show increased autophagy of LSECs in
the human fibrotic liver [18], they did not explore
how LSEC autophagy initiates liver cirrhosis. In
addition, endothelial-mesenchymal transition
(EndMT) is a dynamic process whereby endo-
thelial cells acquire myofibroblastic features,
characterized by a loss of cell-cell junctions
and endothelial markers and a gain of mesen-
chymal cell markers. As accumulating evidence
points to the importance of EndMT in various
forms of fibrosis progression [19-21], we
hypothesize that LSECs promote cirrhosis pro-
gression through their autophagy-mediated
EndMT.

Long noncoding RNAs (IncRNAs) are 200 nucle-
otide (nt)-long transcripts that function as com-
peting endogenous RNAs (ceRNAs) that com-
pete for microRNA (miRNA) binding, thereby
derepressing the expression of miRNA-targeted
MRNAs and altering their response to various
stimuli at transcriptional and posttranscription-
al levels. IncRNA taurine-upregulated gene 1
(TUGL) is a 7.6-kb gene located at chr22g12.2
that is named for its upregulation by taurine
treatment [22]. Aberrant TUG1 is observed in
several biological processes (e.g., cell prolifera-
tion, apoptosis, EndMT) and disorders (e.g.,
tumor initiation, liver fibrosis, myocardial fibro-
sis) [23-26].

Here, we investigated the role of a ceRNA net-
work consisting of TUG1, miR-142-3p, and
autophagy-related 5 (ATGD) in the autophagy
and EndMT of LSECs under starvation (an isch-
emic condition [27]) and exposed to high envi-
ronmental levels of LPS as an in vitro model of
liver cirrhosis.

Materials and methods
Cell line, cell culture and cell treatment

Primary human LSECs were routinely main-
tained in complete endothelial cell medium
(ECM) containing 5% heat-inactivated fetal bo-
vine serum (FBS), 1% endothelial growth sup-
plement, and 1% penicillin/streptomycin (all
acquired from Sciencell, CA, USA). Cells were
incubated in a humidified chamber with a 5%
CO, atmosphere at 37°C. For the starvation
condition, LSECs were cultured in ECM without
FBS.
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Cell proliferation and cell cycle assays

Cell proliferation was determined using WST-1
assay. Briefly, 1 x 10* cells were seeded into
96-well plates in triplicate under routine or
starvation conditions for 8, 16, or 24 h. Optical
density was measured by absorbance at 450
nm.

Cell cycle analysis was conducted using flow
cytometry. After culturing under routine or star-
vation conditions for 24 h, cells were harvest-
ed, washed, fixed, and incubated with PI/RNase
staining buffer (BD Biosciences, MD, USA) for
15 min at room temperature.

Transwell assay

LSECs transfected with negative control (NC)
mimic, miR-142-3p mimics, smart silencer NC,
TUG1 smart silencer, short hairpin RNA (shRNA)
against ATG5, or corresponding negative lentivi-
ral vector control were cultured under normal,
starvation, or starvation plus 1 uyg/mL LPS con-
ditions. Migration ability was evaluated using
24-well plates (Corning Costar, MA, USA) with
8-um pore size (Millipore, MA, USA). Appro-
ximately 5 x 10 cells in 200 yL FBS-free ECM
were added to the upper chamber of each well,
and 600 uyL complete ECM was placed in the
bottom chamber. After 12 h incubation, migrat-
ed cells were fixed in methanol, stained with
crystal violet, and counted in three random
fields using a phase-contrast microscope (Oly-
mpus, Tokyo, Japan).

Cell transfection in vitro

NC mimic, miR-142-3p mimics, smart silencer
NC, TUG1 smart silencer, and riboFECT CP
transfection kits were acquired from RiboBio
(Guangzhou, China). Transfection of all afore-
mentioned RNA reagents at a final concentra-
tion of 100 nM was performed in accordance
with the manufacturer’s instructions.

Lentiviral vectors expressing shRNA against
ATG5 and corresponding negative lentiviral vec-
tor control were purchased from Genechem
(Shanghai, China). Human LSECs were trans-
duced with a 10 multiplicity of infection of lenti-
virus. The stability of shRNA transfection in
ATG5 cell lines was validated using western blot
analysis.
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Autophagy analysis

Tandem fluorescence-tagged LV6-mCherry-
GFP-LC3B lentiviral vector (GenePharma,
Shanghai, China) transduction and electron
microscopy were used to detect autophagy.
mCherry fluorescence was relatively stable
under the acidic conditions of the lysosome
lumen, whereas green fluorescence protein
(GFP) was sensitive to this acidic condition.
Transfection with the LV6-mCherry-GFP-LC3B
lentiviral vector revealed the formation of
autophagosomes that were not fused with lyso-
somes in human LSECs. Representative imag-
es with identical parameter settings were cap-
tured using a confocal microscope (Olympus
BX51).

Structural analysis of autophagy as visualized
by accumulation of double-membraned cyto-
plasmic vesicles was performed by transmis-
sion electron microscopy (TEM). Cells were har-
vested and fixed with a mixture of 2.5% glutar-
aldehyde and 0.1 mol/L sodium cacodylate at
4°C overnight. Specimens were then dehydrat-
ed using ethanol and propylene oxide, embed-
ded in Araldite, cut into ultra-thin sections (50-
60 nm), and stained with 3% lead citrate-uranyl
acetate. Images were obtained using a JEM-
1200 electron microscope (JEOL, Tokyo, Japan).

Quantitative real-time reverse transcriptase-
polymerase chain reaction (QRT-PCR) and miR-
cute plus miRNA qRT-PCR

Total RNA was extracted from human LSECs
using TRIzol reagent (Ambion, CA, USA).
According to the manufacturer’s instructions,
complementary DNA (cDNA) was synthesized
and amplified using the RevertAid First-Strand
cDNA Synthesis Kit and Maxima SYBR Green
gPCR Master Mix Kit (Thermo Fisher Scientific,
MA, USA). Primers for TUG1, metastasis-asso-
ciated lung adenocarcinoma transcript 1 (MA-
LAT1), nuclear paraspeckle assembly transcript
1 (NEAT1), maternally expressed 3 (MEG3),
small nucleolar RNA host gene 5 (SNHG5), miR-
142-3p, and U6 were acquired from RiboBio.
Relative gene expression was normalized to
that of internal control (glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) for mRNA and
IncRNA, U6 for miRNA) using the 222t method.

This study was approved by the Clinical Re-
search Ethics Committee of Zhongshan Hos-
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pital. From September 2017 to May 2018,
serum samples were obtained from patients
pathologically diagnosed with liver cirrhosis
and healthy control volunteers. All participants
signed informed consent forms permitting the
use of serum samples and clinical profiles for
research. Extraction of serum miRNA was per-
formed using the miRcute Serum/Plasma
miRNA Isolation Kit (Tiangen, Beijing, China) fol-
lowing the manufacturer’s instructions. For
miRNA analysis, cDNA synthesis and gqRT-PCR
analysis were performed using the miRcute
miRNA First-Strand cDNA Synthesis Kit and
miRcute miRNA gPCR Detection Kit (Tiangen,
Beijing, China). The expression of miRNAs in
serum samples was normalized to that of exter-
nal control (Tiangen) as a reference. The primer
sequences of target genes are presented in
Table S1.

Co-immunofluorescence staining

Samples were fixed with 4% paraformaldehyde
at room temperature for 10 min, permeabilized
with 0.1% Triton X-100 (Sangon Biotech, China),
and blocked with 1% bovine serum albumin in
phosphate-buffered saline (PBS). Slides were
then co-incubated with a-SMA (1:100, Boster)
or LC3B (1:100, Cell Signaling Technology) and
CD31 (1:2,000, Abcam) overnight at 4°C. Slides
were then incubated with secondary antibodies
conjugated to Alexa Fluor 488/594 (1:400, Life
Technologies) along with DAPI (Roche, Man-
nheim, Germany) in the dark. Immunofluore-
scence images were captured by a fluores-
cence microscope (Olympus BX51).

Immunohistochemical staining analysis

Paraffin-fixed tissues from healthy control rats
and those with liver cirrhosis were deparaf-
finized and rehydrated. After blocking with goat
serum, slides were probed with primary anti-
bodies against vimentin (1:100, Boster), a-SMA
(1:100, Boster), LC3B (1:100, Proteintech), or
CD31 (1:2,000, Abcam) at 4°C overnight and
then incubated with secondary antibodies.
Sections were visualized using 3,3’-diamino-
benzidine solution and observed under a light
microscope at 200 x magnification.

Western blot analysis

Total protein was lysed and extracted using
radio-immunoprecipitation assay buffer (Beyo-
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time Biotechnology, China) supplemented with
1 mM PMSF and 1 mg/mL phosphatase inhibi-
tors (Roche). Following protein quantification
using the Bicinchoninic Acid Protein Assay Kit
(Thermo Scientific), equal amounts of samples
were loaded onto sodium dodecyl sulfate-poly-
acrylamide gel (SDS-PAGE) for separation and
electrotransferred to polyvinylidene difluoride
membranes (Millipore). After blocking with 5%
non-fat milk and incubating with primary anti-
bodies, membranes were incubated with sec-
ondary antibodies (Table S2). Chemilumines-
cence reagents (Millipore) were used to detect
bands with specific immune complexes.

RNA sequencing (RNA-seq) analysis

Primary human LSECs were collected and lysed
with TRIzol reagent. The RNA-seq library was
constructed using the TruSeq Stranded Total
RNA Library Prep Kit (lllumina) according to sup-
plied protocols [28]. Briefly, after rRNA deple-
tion, cDNA synthesis, and poly(A) addition, the
cDNA library was amplified, and small RNA-seq
libraries were built. Gene expression was calcu-
lated based on Fragments per Kilobase per
Million Mapped Fragments. Due to the high
expression of endothelial coding genes (i.e.,
vascular endothelial growth factor A [VEGFA]) in
human LSECs, IncRNAs with well-conserved
sequences between species and expression
levels higher than that of VEGFA were screened
and validated [28].

Luciferase reporter assay

pGL3 promoter-hTUG1 wild type (WT) or pGL3
promoter-hATG5 WT with a potential miR-
142-3p-binding site or mutation (MUT) site was
synthesized and constructed by Genechem
(Shanghai, China) (Table S3). Briefly, HEK293T
cells were co-transfected with 1 pg pATG5-miR-
142-3p-UTR-WT or pATG5-miR-142-3p-UTR-
MUT and pTUG1-miR-142-3p-UTR-WT or pTUG1-
miR-142-3pUTR-MUT with 100 nM Lipofecta-
mine 2000 reagent (Invitrogen, CA, USA).
Approximately 48 h after transfection, lucifer-
ase assay was performed using the Dual-
Luciferase Reporter Assay System (Promega,
WI, USA) according to the manufacturer’s
instructions. Firefly luciferase activity was nor-
malized to Renilla luciferase activity. Each
experiment was performed in triplicate.
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Fluorescence in situ hybridization (FISH)

FISH (RiboBio) was conducted on LSECs accord-
ing to the manufacturer’s instructions. Briefly,
LSECs were rinsed in cold PBS, fixed with 4%
formaldehyde, and permeabilized using 0.5%
Triton X-100 for 5 min. After blocking with pre-
hybridization buffer at 37°C for 30 min, hybrid-
ization was performed with IncRNA-TUG1, 18S,
or U6 FISH probe at 37°C overnight. Cells were
then washed with saline sodium citrate buffer
(Sangon Biotech) followed by cell nuclei coun-
terstaining using DAPI (Roche). Images were
captured using a confocal microscope.

RNA binding protein immunoprecipitation as-
say

RNA immunoprecipitation (RIP) experiments
were carried out using the RNA Immuno-
precipitation Kit (Sigma, USA) in accordance
with the manufacturer’s instructions. Briefly,
LSECs (~107) were lysed on ice and incubated
with 100 pL RIP wash buffer containing mag-
netic beads conjugated to human anti-Argo-
naute 2 (anti-Ago2) antibody (Abcam) or immu-
noglobulin G (IgG) control. The retrieved RNA
fraction was subjected to gRT-PCR to measure
the expression of TUG1, miR-142-3p, and ATGb.
The primers used for detecting TUG1, miR-142-
3p, ATG5, U6, and GAPDH are listed in Table S4.

Enzyme-linked immunosorbent assay (ELISA)

Concentrations of LPS in the serum of rats and
patients were determined using rat and human
LPS ELISA Kits (NEWGEORGE, China) in accor-
dance with the manufacturer’s instructions.
Each sample was performed with three repli-
cates, and three independent experiments
were carried out.

Animals

Experimental protocols involving animals were
approved by the Animal Care and Use Com-
mittee of Fudan University and Zhongshan
Hospital Research Ethics Committee (Shanghai,
China). Briefly, a liver cirrhosis model was
established using male Sprague-Dawley rats
(weighing ~200 g; Shanghai Laboratory Animal
Research Center) receiving an intraperitoneal
injection of CCI4 (Sigma; diluted 1:1 in olive ail,
1.5 mL/kg) twice a week for 5 weeks (n = 4).
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Control rats (n = 4) were intraperitoneally inject-
ed with vehicle (1.5 mL/kg olive oil) at the same
time intervals. Thereafter, serum was collected
for LPS detection, and liver samples were har-
vested for immunohistochemical staining.

Statistical analysis

All data are expressed as mean + standard
deviation. Comparisons between two groups or
among more than two groups were performed
by Student’s t-tests or one-way ANOVA, respec-
tively, using GraphPad Prism software (San
Diego, CA, USA). Receiver-operating character-
istic (ROC) curve analysis was used to deter-
mine the diagnostic efficiency of the parame-
ters, and differences in the area under the
curve (AUC) were detected using SPSS 24.0 (IL,
USA). A P-value < 0.05 was considered statisti-
cally significant.

Results

Starvation promoted activation of autophagy
in LSECs

To examine the effects of starvation conditions
in cirrhosis, we cultured LSECs in starvation
medium, which resulted in a stagnant growth
state without obvious proliferation (Figure 1A).
Consistently, an increased proportion of star-
ved LSECs were in GO/G1 phase of the cell
cycle, indicating their slow growth state (Figure
1B). To determine whether LSECs survive star-
vation via autophagy, we analyzed changes in
autophagy-associated gene expression in star-
ved LSECs. RT-PCR and western blotting re-
vealed that LC3B, ATGbH, ATG7, and Beclinl
expression were significantly upregulated, whe-
reas P62 expression was significantly downreg-
ulated (Figure 1C). The expression of LC3B and
P62 were further increased after exposure to
chloroquine (CQ) as evidenced by western blot
analysis (Figures 1D and S1). Next, we stably
transfected LSECs with mCherry-GFP-LC3 lenti-
virus to directly visualize the presence of
autophagic flux. As shown in Figure 1E, starva-
tion enhanced the accumulation of red dots in
LSECs. Consistent with this finding, we detect-
ed double-membraned cytoplasmic vesicles
by TEM, which confirmed the occurrence of
autophagy in LSECs (Figure 1F). These results
suggest that starvation stimulation promotes
autophagy in LSECs.
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LPS promoted EndMT of LSECs by increasing
autophagy

We observed elevated serum LPS levels as
detected by ELISA in an established rat models
of cirrhosis (Figure 2A). We also observed
increased autophagy and EndMT of LSECs in
cirrhotic liver samples as evidenced by in-
creased expression of LC3B, o-SMA, and
vimentin and decreased expression of CD31
via immunofluorescence and immunohisto-
chemical staining (Figures 2B and S2). Thus,
we investigated whether increased autophagy
is responsible for the EndMT of LSECs after
LPS treatment in vitro. As shown in Figure 3A,
LPS treatment further increased starvation-
induced autophagy by upregulating expression
of autophagy-associated genes LC3B and ATG5
and downregulating expression of P62. LPS
treatment also increased EndMT of LSECs as
evidenced by increased expression of a-SMA
and decreased expression of VE-cadherin and
CD31 in a dose- and time-dependent manner
(Figures 3B-D and S3). The (dose-dependent)
increase of autophagy-related gene expression
of ATG7 and Beclinl by LPS in LSECs were not
as prominent as ATG5 and therefore ATG5 was
selected as the targeted gene of autophagy
(Figures 3B and S3). Knockdown of ATG5
decreased LSEC migration ability, autophagy
and EndMT by downregulating LC3B, and
a-SMA expression and upregulating P62, CD31,
and VE-cadherin expression (Figures 3E, 3F
and S3), which was partially reversed by LPS
treatment. These findings indicate that LPS
increases EndMT of LSECs by promoting
autophagy.

TUG1 promoted LPS-mediated autophagy and
EndMT of LSECs

To identify the main mediator of LPS-promoted
autophagy and EndMT of LSECs, we performed
deep sequencing of poly(A)-selected RNA iso-
lated from LSECs. We found that 42.12% of
total RNA was noncoding RNAs (ncRNA), of
which 10.84% were intragenic natural anti-
sense transcripts, 10.22% were long intergenic
ncRNAs, and 21.05% were other ncRNAs
(Figure 4A). By filtering data by IncRNA annota-
tion and expression levels, we identified tran-
scripts with expression levels comparable to
that of the endothelial coding gene VEGFA. As
shown in Figure 4B, we selected five highly
expressed IncRNAs (MALAT1, NEAT1, MEG3,
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Figure 1. Starvation activated autophagy in LSECs. A. WST-1 assay revealed that starvation significantly inhibited LSEC proliferation. B. Flow cytometry showed an in-
creased proportion of LSECs in the GO/G1 phase when cultured under starvation. C. Quantitative RT-PCR showed the expression of autophagy-related genes (LC3B,
ATGb5, ATG7, Beclinl, and P62) in LSECs under starvation. D. The protein expression of LC3B and P62 in LSECs under starvation and starvation plus CQ conditions
was assessed by western blot analysis. E, F. An increase in autophagic flux in LSECs under starvation was validated by punctate mCherry-GFP-LC3 fusion protein
expression using confocal microscopy and double-membraned cytoplasmic vesicles (black arrow) using TEM. CQ, 1.5 uM; **, P < 0.01; *, P < 0.05.

A
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Control

LPS concentration (pg/ml)

Cirrhosi

Figure 2. Increased autophagy and EndMT of LSECs in a rat model of cirrhosis. A. Elevated serum LPS levels were detected in cirrhotic rats. B. Pathological changes
in CCl4-induced liver cirrhosis were examined by H&E and Masson’s trichrome. The expression of autophagy and EndMT proteins (LC3B, CD31, a-SMA, and vimen-
tin) in normal and cirrhotic rats was examined by immunohistochemical staining. **, P < 0.01; *, P < 0.05.
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Figure 3. LPS promoted EndMT of LSECs by increasing autophagy. A. As indicated by ectopic expression of LC3B,
ATG5, and P62, LPS treatment promoted starvation-induced autophagy in a dose-dependent manner. B, C. Dose-
and time-dependent expressions of autophagy (LC3B, ATG5, and p62) and EndMT («-SMA, VE-cadherin, and CD31)
proteins in LSECs under starvation treated with LPS was examined by western blot analysis. D. The increased ex-
pression of LC3B and P62 after LPS treatment was further elevated by CQ. E. Transwell assay revealed that ATG5
knockdown suppressed the migration ability of LSECs, which was partially reversed by LPS treatment. F. Knockdown
of ATG5 decreased autophagy and EndMT of LSECs as shown by the decreased expressions of LC3B and a-SMA,
and increased expressions of P62, CD31, and VE-cadherin. These effects were partially reversed LPS treatment.

CQ, 1.5 uM; **, P < 0.01; *, P < 0.05.

SNHGDB5, and TUG1) whose sequences are well
conserved across species and confirmed their
expression by RT-PCR after LPS treatment
under starvation. The most profoundly upregu-
lated IncRNA was TUG1, which showed a dose-
dependent increase in expression in response
to LPS treatment (Figure 4C). As TUG1 was
more than 7000 nt long and highly expressed
in LSECs, we further explored its role in the
regulation of autophagy and EndMT of LSECs
by silencing its expression. We found that TUG1
knockdown reduced LSEC migration ability;
decreased levels of LC3B, ATG5, and a-SMA
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expression; and increased levels of p62,
VE-cadherin, and CD31 expression (Figures
4D-F and S4). These effects were partially
reversed by LPS treatment. These results show
that TUG1 mediates the regulation of autopha-
gy and EndMT of LPS-treated LSECs under
starvation.

TUG1 promoted autophagy and EndMT of
LSECs by targeting ATG5

As we found shows that starvation and LPS
treatment elevated the expression of both
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Figure 4. TUG1 promoted LPS-mediated autophagy and EndMT of LSECs. A. Poly(A) RNA of LSECs was detected
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knockdown suppressed autophagy and EndMT of LSECs as evidenced by the changes in LC3B, ATG5, P62, VE-
cadherin, CD31, and a-SMA in LSECs. LPS, 1 yg/ml. **, P < 0.01; *, P < 0.05.

TUG1 and ATG5 and that ATG5 was upregulated
autophagy-related gene in starved LSECs after
LPS treatment, we tested whether TUG1 pro-
moted autophagy and EndMT by targeting
ATG5. We found that TUG1 knockdown reduced
the expression of ATG5 in LSECs, which was
also associated with reduced autophagy and
EndMT (Figures 3F, 4E, 4F). These results sug-
gest that ATG5 mediates the effects of TUG1 on
autophagy and EndMT of LPS-treated LSECs
under starvation.
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TUG1 modulated ATG5 through cross-talk with
miRNA-142-3p

INcRNAs have regulatory roles as cis- or trans-
regulators of gene activity via various mecha-
nisms depending on their location in the nucle-
us or cytoplasm. If mainly localized in the nucle-
us, IncRNAs bring together proteins to form
ribonucleoprotein complexes by functioning as
scaffolds and recruit chromatin-modifying com-
plexes to target genes [29]. If mainly localized

Am J Transl Res 2020;12(3):758-772
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Figure 5. TUG1 modulated ATG5 through cross-talk with miRNA-142-3p. A. RNA FISH assay of TUG1 in LSECs. B. RIP
with an antibody against Ago2 in LSECs showed that TUG1, ATG5, and miRNA-142-3p were more preferentially en-
riched in the anti-Ago2 group than in the anti-normal IgG group. C. Dual-luciferase reporter assay revealed that miR-
142-3p-overexpressing plasmid decreased the luciferase activity in the WT vectors of TUG1 and ATG5 compared
with that in the MUT vectors. D. Expression of miR-142-3p in LSECs after TUG1 knockdown or LPS-induced overex-
pression was confirmed by RT-PCR. E, F. Migration ability and changes in LC3B, ATG5, P62, a-SMA, VE-cadherin, and
CD31 expression after transfection of miRNA-142-3p mimics in LSECs treated with LPS were analyzed by Transwell
assay, RT-PCR, and western blot analysis. LPS, 1 ug/ml. **, P < 0.01; *, P < 0.05.

in the cytoplasm, they can competitively bind
miRNA to modulate the derepression of miRNA
targets [30]. RNA FISH assay demonstrated
that TUG1 was abundant in both the cytoplasm
and nucleus (Figure 5A). Thus, we hypothesized
that TUG1 regulates the expression of ATG5 by
engaging in crosstalk with miRNAs. To test this
hypothesis, we performed RIP with an antibody
against Ago2 in LSECs. We found that TUG1
and ATG5 were recruited to Ago2-related RNA-
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induced silencing complexes (RISCs) and may
interact with miRNAs, suggesting that miRNAs
may play essential roles in TUG1-mediated reg-
ulation of ATG5 (Figure 5B).

To identify the miRNAs that potentially target
TUG1 and ATG5 transcripts, we used StarBa-
se v2.0 (http://starbase.sysu.edu.cn/), which
showed that both TUG1 and ATG5 had a puta-
tive binding site for miR-142-3p. To confirm
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Table 1. The baseline characteristics of recruited two cohorts

in LSECs after transduc-
tion with miR-142-3p mi-

. Health Controls  Cirrhosis

Characteristics (n = 20) (n = 40) p-value mics. As demonstrated
Age (vears) (mean + SD) 59.25+6.15 57.33+12.58  0.52 ;rr‘a':ff”er:;oi& ;F ";‘:i‘;fl—i’
Ge.nder (Male/Female) 10/10 20/20 1.00 142-3p mimics decrea-
Etiology sed the migration ability
HBv - 19 (47.5%) and expression of ATG5
HCV - 1(2.5%) in LSECs. During this pro-
Alcohol - 3 (7.5%) cess, EndMT and autoph-
PBC - 4 (10%) agy were also inhibited,
Schistosomiasis - 4 (10%) as exemplified by decre-
Cryptogenic : 6 (15%) ased expression of LC3B
AlH i 2 (5%) and a—jMA and fche in];
_ creased expression o
Mixed - ] 1(2.5%) P62, VE-cadherin, and
Child-Pugh classification CD31. These effects we-
Class A - 24 (60%) re partially reversed by
Class B - 14 (35%) LPS treatment. These fin-
Class C - 2 (5%) dings indicate that ATG5
Laboratory parameters is a downstream target
ALT (U/L) (mean + SD) 20.1+11.13 24.18+10.76 0.18 of miR-142-3p. Moreover,
AST (U/L) (mean + SD) 1714534 36.45+13.77 <0.0001  MiR-142-3p served as a
Prothrombin time (S) (mean +SD) ~ 10.92+0.83  14.11+2.48 < 0.0001 Z‘;Zpéﬁzm’; Z;g”r:/i?sgz
AlbL.JmIn (g/L) (mean £ SD) 44.2+2.53 36.98+5.44 < 0.0001 the effects of starvation
Ascites (Presence/Absent) 0/20 19/21 < 0.0001 and LPS treatment on

Total Bilirubin (umol/L) (mean + SD) 10.92+3.88 21.1+13.39 0.0016 LSECs.

HCV, hepatitis C virus; HBV, hepatitis B virus; AlH, autoimmune hepatitis; PBC, primary bili-

ary cirrhosis; ALT, alanine aminotransferase; AST, aspartate aminotransferase.

whether TUG1 and ATG5 are regulated by miR-
142-3p, we constructed luciferase reporters
with WT or MUT putative binding sites for TUG1
or ATG5. We found that miR-142-3p-overex-
pressing plasmid decreased the luciferase
activity in the WT vectors of TUG1 and ATG5
compared with that in the MUT vectors (Figure
5C). Furthermore, RIP showed that TUG1 and
miR-142-3p were more enriched in the anti-
Ago2 group compared with the anti-normal IgG
group, indicating that TUG1 and miR-142-3p
were in the same RISC (Figure 5B). Next, we
confirmed that the expression of miR-142-3p
was elevated in LSECs when TUG1 was down-
regulated. By contrast, when TUG1 was overex-
pressed by LPS treatment, the level of miR-
142-3p declined (Figure 5D). These results
imply that TUG1 negatively regulates the ex-
pression of miR-142-3p.

miR-142-3p was expressed at low levels in
LSECs. To further delineate the biological inter-
action between miR-142-3p and ATG5, we used
RT-PCR and immunoblot to assess ATG5 levels
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Taken together, these re-
sults indicated that TU-
G1 may act as a competitive endogenous miR-
142-3p sponge and thereby regulate the auto-
phagy-mediated EndMT targeting of ATG5.

Diagnostic performance of serum LPS and
miR-142-3p among cirrhosis patients

To explore the diagnostic performance of serum
LPS and miR-142-3p, serum samples and med-
ical records were collected from 40 patients
with cirrhosis and 20 matched healthy controls.
The baseline characteristics of the two groups
are presented in Table 1. We found that serum
LPS level was significantly higher and serum
miR-142-3p level was significantly lower in
cirrhosis patients than in control individuals
(Figure 6A). We further examined the diagnos-
tic capability of serum LPS and miR-142-3p lev-
els among cirrhosis patients using ROC curve
analysis. The AUCs for LPS and miR-142-3p
were 0.872 (95% confidence interval [Cl],
0.783-0.962; P < 0.001) and 0.662 (95% ClI,
0.515-0.809; P = 0.044), respectively (Figure

Am J Transl Res 2020;12(3):758-772
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RNA-TUG1 is upregulated in
LSECs in a cirrhosis microenvi-
ronment and that TUG1 con-
tributes to autophagy-mediat-
ed EndMT by binding with miR-
142-3p and subsequently tar-
geting ATG5, thereby relieving
the repressive effect of miR-
142-3p on ATGb.

In contrast to previous studies
addressing the most-studied
subpopulation of fibrogenic
cells (i.e., activated hepatic
stellate cells) of the liver dur-
ing the profibrotic process,
this study provides novel evi-
dence of phenotypic and func-
tional alterations of LSECs in
a cirrhosis microenvironment
consisting of starvation and a
high concentration of LPS.
TUG1 promotes hepatocellu-
lar carcinoma (HCC) and fibrot-
ic diseases by accelerating
the epithelial-mesenchymal tr-
ansition in HCC cells and fibro-

ers of cirrhosis. **, P < 0.01; *, P < 0.05.

6B). These results suggest that LPS and miR-
142-3p are potential biomarkers of cirrhosis.

Discussion

As liver cirrhosis progresses, the circulation
becomes increasingly hypercoagulable, hepatic
veins outflow is impaired, and hypovolemia
occurs. These pathological abnormalities lead
to chronic hepatic congestion and local nutrient
deficiency. From the perspective of energy
expenditure, most liver cirrhosis patients are
malnourished as a result of intake reduction,
abnormal liver function, and insulin resistance
[31-33]. Thus, the pattern of hemodynamics in
cirrhosis resembles that in starvation [34]. In
addition, a milestone of liver cirrhosis develop-
ment could be microvascular ischemia. Micro-
vascularity of liver sinusoids is presumed to
underlie the clinical presentation of cirrhosis [1,
2]. As ischemia can induce autophagy and star-
vation is one ischemia condition [27], we
employed starvation plus LPS treatment to
mimic the pathological environment of cirrho-
sis. Our experiments demonstrated that Inc-
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blast transformation to myofi-

broblasts in endothelial cells
in cardiac disorders [35, 36]. However, our
results are novel in that they show IncRNA-
TUG1 is enriched in LSECs. More importantly,
this study is the first to explore the cirrhosis
microenvironment-promoting effect of TUG1 in
LSECs via autophagy-mediated EndMT.

Normal LSECs form a vascular type with a true
basement membrane, whereas dedifferentiat-
ed LSECs contribute to the development of cir-
rhotic portal hypertension and microthrombo-
sis. Therefore, it is plausible that LSECs contrib-
ute to the development of cirrhosis. Our study
provides direct evidence that starvation and
LPS treatment promote LSEC autophagy and
EndMT in vitro and in an in vivo rat model of cir-
rhosis. Upregulation of autophagy has been
considered as an adaptive response that pro-
tects LSECs from intracellular stresses [37],
but it may not be sufficient to reverse the dam-
ages caused by cirrhosis. After increased
autophagy, LSECs undergo a series of cellular
transitions, such as loss of integrity and pheno-
type, which accelerate liver fibrogenesis. As
EndMT is a critical process in fibrosis [38], a
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better understanding of EndMT mechanism
could help develop more effective therapeutic
strategies for cirrhosis. The present study re-
veals that autophagy induced by starvation and
LPS treatment is a crucial step in the EndMT of
LSECs. Furthermore, TUG1, as a mediator of
autophagy, is essential for inducing EndMT of
LSECs in a cirrhosis microenvironment.

We found that TUG1 was highly expressed in
LSECs, especially those subjected to starvation
and LPS treatment. To elucidate the biological
function of TUG1 in autophagy-mediated End-
MT, we performed in vitro experiments showing
that TUG1 knockdown inhibited the expression
of genes related to autophagy and EndMT.
Consistent with the increased level of TUG1,
ATG5 was the most prominently increased
autophagy-related gene in LPS-treated LSECs
under starvation. Moreover, knockdown of
TUG1 abolished the increase in ATG5 expres-
sion after LPS treatment, and inhibiting ATG5
attenuated autophagy and EndMT. These find-
ings suggested that TUG1 contributes to
autophagy and EndMT by targeting ATG5. Using
the RNA FISH assay, we found that TUG1 was
enriched in the cytoplasm and nucleus. There-
fore, we assumed that cytoplasmic TUG1 might
actas a ceRNA in the regulation of ATG5 expres-
sion. Using StarBase v2.0 and dual-luciferase
reporter assay, we found that miR-142-3p regu-
lated expression of TUG1 and ATG5. Many stud-
ies confirm that miR-142-3p serves as a tumor
suppressor and cirrhosis blocker [39, 40].
However, its role in LSECs has not been exam-
ined. Furthermore, RIP with an antibody against
Ago2 in LSECs confirmed that TUG1, ATG5 and
miR-142-3p were recruited to an Ago2-related
RISC, indicating that miR-142-3p plays an
essential role in TUG1-mediated regulation of
ATG5 expression in LSECs.

Considering the biological function of the
ceRNA network in LSECs, we found that TUG1
negatively regulated the expression of miR-
142-3p. Autophagy and EndMT were also de-
creased in LSECs after transfection with miR-
NA-142-3p mimics. These results indicate that
the regulatory loop of TUG1-miR-142-3p-ATG5
maintains the transcriptional and posttran-
scriptional networks during the progression
of cirrhosis. As serum LPS was upregulated
whereas serum miR-142-3p was downregulat-
ed in cirrhosis patients, we conclude that serum
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LPS and miR-142-3p levels may inform the
diagnosis and treatment of cirrhosis and that
selectively targeting autophagy and EndMT in
LSECs may be attractive approaches to pre-
venting cirrhosis progression.

Our study has several limitations. First, the
administration of 100 ng/mL or 1 yg/mL LPS
treatment in vitro and in vivo, respectively, has
been shown to promote fibrosis progression
[41, 42]. However, whether starvation and 1
pg/mL LPS treatment physiologically reflects
the mechanisms involved in liver cirrhosis
requires verification by additional studies.
Besides starvation, hypoxia, another ischemia
condition, should also be considered because
low oxygen stimulation affects autophagy [43].
Second, as LSECs change their phenotype to
capillarization under pathological conditions, it
may be better to experimentally study the rela-
tionship between autophagy/EndMT and capil-
larization and how such changes in LSECs
affect liver fibrosis. Third, although we mea-
sured the co-localization of CD31 and a-SMA,
more makers of EndMT are needed to verify our
findings. Fourth, in addition to the diagnostic
performance of LPS and miR-142-3p, their
prognostic value deserves further consider-
ation. LPS and miR-142-3p should also be com-
pared to other well-known biomarkers of fibro-
sis. Finally, the possibility of preventing endo-
thelial dysfunction by selectively targeting
autophagy or EndMT in LSECs to interrupt the
progression of liver cirrhosis requires further
research.

In conclusion, our study shows that INRNA-
TUG1 mediates the LPS-induced promotion of
autophagy-directed EndMT via sponging miR-
142-3p and targeting ATG5 and suggests that
miR-142-3p and LPS have considerable diag-
nostic and therapeutic potentials for cirrhosis.
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Table S1. Primers for quantitative RT-PCR

Gene Sequence

ATG7 Forward-5"-CTGTGGCATCTGCTGACCTC-3’
Reverse-5’-AGGTCCGGTCTCTGGTTGAA-3’
ATG5 Forward-5"-TGGACAGTTGCACACACTAGGA-3’
Reverse-5’-TCAGATGTTCACTCAGCCACTG-3’
Beclinl  Forward-5-CACATCTGGCACAGTGGACA-3’
Reverse-5’-GGAGCAGCAACACAGTCTGG-3’
P62 Forward-5"-TGGCCATGTCCTACGTGAAG-3’
Reverse-5’-AGCCATCGCAGATCACATTG-3’
LC3B Forward-5-GGCGCTTACAGCTCAATGCT-3’
Reverse-5’-GATTGGTGTGGAGACGCTGA-3’
GAPDH  Forward-5’-GGAGCGAGATCCCTCCAAAAT-3’
Reverse-5’-GGCTGTTGTCATACTTCTCATGG-3’

Table S2. Lists of antibodies

Name Cat No. Methods Supplier

anti-LC3B 3868 Western blots/Immunofluorescence Cell Signaling Technology, Danvers, MA
anti-P62 88588 Western blots/immunohistochemistry Cell Signaling Technology, Danvers, MA
Anti-CD31 Ab182981 Immunofluorescence Abcam

Anti-CD31 Ab32457 Western blots Abcam

Alexa Fluor 488 donkey anti-rat IgG (H+L) A21206 Immunofluorescence Life technologies

Alexa Fluor 594 donkey anti-rat IgG (H+L) A21207 Immunofluorescence Life technologies

Anti-a-SMA Ab7817/BM0002 Western blots/Immunofluorescence Abcam/Boster

Anti-VE-cadherin 25008 Western blots Cell Signaling Technology, Danvers, MA
anti-Atgb 12994 Western blots/immunohistochemistry  Cell Signaling Technology, Danvers, MA
anti-actin AA128 Western blots Beyotime biotechnology, China
anti-GAPDH AGO19 Western blots Beyotime biotechnology, China

Table S3. TUG1 and ATG5 shared binding site for

miR-142-3p

miR-142-3p binding site

TUG1 3' UTRWT
miR-142-3p
TUG1 3’ UTR Mut
ATG5 3" UTR WT
miR-142-3p
ATG5 3’ UTR Mut

5’-TGTATTAATATTTTACACTACC-3’
3-AGGTATTTCATCCTTTGTGATGT-5’
5-TGTCCTTCCTTTTTCATTCCTC-3’
5’-CCTGTGTTCTTTACACACTACA-3’
3-AGGTATTTCATCCTTTGTGATGT-5’
5’-CCTGTGTTCTTTACCACAGCAA-3’
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Table S4. Primers for RNA immunoprecipitation (RIP) experiment

Gene Primer Sequences (5’ to 3’)
Human GAPDH F: CCATGACAACTTTGGTATCGTGGAA
R: GGCCATCACGCCACAGTTTC
TUG1 F: TTTTTGAGAGCAGCATTGGA
R: GTGACCTTCACGGGATCCTA
ATG5 F: AGAAGCTGTTTCGTCCTGTGG
R: AGGTGTTTCCAACATTGGCTC
ue F: CGCTTCGGCAGCACATATAC
R: TTCACGAATTTGCGTGTCAT
miR-142-3p RT primer: GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTCCATAAA

F: GTCGTATCCAGTGCAGGG
R: CGACGTGTAGTGTTTCCTA
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Figure S1. The original western images of Figure 1D.
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Figure S3. The original western images of Figure 3 and the gene expression of ATG7 and Beclinl in LSECs by LPS
under starvation treatment.
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Figure S4. The original western images of Figure 4.

>N

& &€
@@ & eGP Sf
ATGS — v — — e -55 KDa

-130KDa

e -62KDa
62 ——

VE-cadherin -130-140 KDa
-14KD:
LO3B-I e e 1402 GAPDH e e s s s _36KDa
-42KDa

a-SMA

Figure S5. The original western images of Figure 5.



