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GRHL2 induces liver fibrosis and intestinal mucosal
barrier dysfunction in non-alcoholic fatty liver disease via

microRNA-200 and the MAPK pathway

Ying Wang | ZishuZeng | Lin Guan | Ran Ao

Department of Gastroenterology, the

First Affiliated Hospital of China Medical Abstract

University, Shenyang, China Non-alcoholic fatty liver disease (NAFLD) serves as the most common subtype of

Correspondence liver diseases and cause of liver dysfunction, which is closely related to obesity and
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E;?;FZ?AEEZ:ZO18@163.c0m patients and mice, followed by ectopic expression and depletion experiments in
NAFLD mice and LO2 cells. Next, the correlation between GRHL2 and microRNA
(miR)-200 and between miR-200 and sirtuin-1 (SIRT1) was evaluated. The obser-
vations demonstrated that miR-200 and GRHL2 were overexpressed in the serum
of NAFLD patients and mice, while SIRT1 was poorly expressed. GRHL2 positively
regulated miR-200 by binding to miR-200 promoter region, which negatively targeted
SIRT1. The inhibition of miR-200 and GRHL2 or SIRT1 overexpression lowered HA
and LN in mouse liver tissue, occludin and ZO-1 in mouse small intestine tissue, TNF-a
and IL-6 in mouse serum, glucose, total cholesterol (TC), triglyceride (TG), aspartate
aminotransferase (AST) and alanine aminotransferase (ALT) in mouse serum, and also
inhibited liver fibrosis and intestinal mucosal barrier dysfunction. Meanwhile, GRHL2
induced activation of MAPK signalling pathway in NAFLD mice. Collectively, GRHL2
played a contributory role in NAFLD by exacerbating liver fibrosis and intestinal mu-
cosal barrier dysfunction with the involvement of miR-200-dependent SIRT1 and the
MAPK signalling pathway.
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1 | INTRODUCTION in developed countries.! NAFLD involves a spectrum of liver inju-

ries including steatosis and steatohepatitis with or without fibro-
As a new health problem, non-alcoholic fatty liver disease (NAFLD) sis.2 NAFLD affected nearly one-third of people, and patients with
influences one-third of adults and an increasing number of children NAFLD-related terminal or deteriorative liver diseases have become
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one of the major groups receiving liver transplantation.® Although
lots of advances have been made in the prognosis for NAFLD, the
pathogenesis of NAFLD remains poorly identified. Fibrosis is one
of the causes for NAFLD,* and the degree of liver fibrosis is con-
nected with therapeutic decisions or disease outcomes.® Intestinal
mucosal barrier dysfunction is also intricately relevant to liver dis-
eases, and progression of NAFLD might be attributed to impaired
gut-liver axis.® Thus, the current study was designed to investigate
new molecular mechanisms and explore new targets for NAFLD and
associated disorders.

The transcription factor including sterol regula-
tory element-binding protein-1c was previously found to
modulate lipogenesis and insulin sensitivity and was exper-
imentally involved in NAFLD.” One of the transcription fac-
tors, grainyhead-like 2 (GRHL2), was found to be involved
in hepatocytic differentiation potential of liver stem/pro-
genitor cells.® GRHL2 was also reported to positively tar-
get miR-200B/200A directly at their promoters.9 miR-200
was identified as a prognostic biomarker in different tumour
types.’® Furthermore, sirtuin 1 (SIRT1) has been implied to
control cellular processes, including metabolism and stress
responses by deacetylating a lot of cellular proteins, such as
histones, transcription factors, DNA repair proteins and au-
tophagy factors.** Plasma level of SIRT1 was also identified to
be associated with NAFLD in obese patients.'? Interestingly,
the regulatory role of miR-200a on SIRT1 in mammary epi-
thelial cells was previously investigated.'®> GRHL2 was found
to stimulate MAPK signalling pathway in oral cancer devel-
opment.14 Moreover, Ras-mitogen-activated protein kinase
(MAPK) signalling pathway was found to exert influence on
NAFLD.®

The before-mentioned findings trigger a possible mech-
anism that GRHL2 might be involved in NAFLD via miR-200-
targeted SIRT1 and MAPK signalling pathway. Thus, this study
aimed to verify whether this regulatory network was involved
in the liver fibrosis and intestinal mucosal barrier dysfunction
of NAFLD.

2 | MATERIALS AND METHODS
2.1 | Ethics statement

All participants signed the informed written consents. The
current study was approved by the Ethics Committee of the
First Affiliated Hospital of China Medical University (Approval
Number: 201511016) and carried out in accordance with the
Declaration of Helsinki. All animal experiments in this study strictly
adhered to the Guide for the Care and Use in of Laboratory
Animal by National Institutes of Health under a protocol ap-
proved by the Laboratory Animal Care and Use Committee of the
First Affiliated Hospital of China Medical University (Approval
Number: 201903011).

2.2 | Study subjects

The study enrolled 57 NAFLD patients (aged from 22 to 59 years with
amean age of 41.30 + 7.93 years) who received specialist outpatient
service in the First Affiliated Hospital of China Medical University
from January 2016 to December 2017. Among them, 35 were males
and 22 were females. All patients met the B-ultrasonography diag-
nostic criteria for NAFLD. And the patients with hypertension, coro-
nary heart disease, diabetes, viral hepatitis, history of alcoholism or
any hereditary diseases were excluded. According to B-mode ultra-
sound images, the number of mild, moderate and severe cases was
17,22 and 18, respectively.

Moreover, thirty healthy people, without alcoholism, who had a
check-up in the First Affiliated Hospital of China Medical University
from January 2016 to December 2017 were enrolled and served as
control. These people, comprising 18 males and 12 females, aged
from 29 to 61 years with a mean age of 42.93 + 8.44 years. All the
healthy people had normal liver and kidney function as well as nor-
mal electrocardiogram. Likewise, people with a medical history of
hypertension, hyperlipidaemia, diabetes, hepatitis and neurological
diseases were excluded.

Blood sample (5 mL) was collected from limosis patients in the
early morning and healthy people during the check-up, respectively.
Then, the blood samples were added into the tube containing sodium
citrate solution, followed by a 15-min centrifugation at 3000 rpm
and 4°C to isolate plasma from cells. Lastly, the plasma was stored at

-80°C for subsequent experiments.

2.3 | Animal models and treatment

C57BL/6 mice were purchased from the Animal Center of Academy
of Military Medical Sciences. Eight mice were fed with a standard diet
(326 kCal for 100 g). Mouse model of NAFLD (n = 72) was success-
fully established using 4-week high-fat feeding (20% lard, 4% sugar,
15% milk powder, 1% cholesterol and 73% normal diet; 453 kCal
for 100 g), followed by transduction with the plasmids. Animal
diets were purchased from Changchun Yisi Experimental Animal
Technology Co., Ltd. Then, the mice were killed after anaesthesia
using 10% sodium pentobarbital. Serum from the inferior vena cava,
liver tissues and small intestine tissues were collected. An automatic
biochemical analyzer (Beckman, Fullerton, CA, USA) was adopted to
measure the glucose, total cholesterol (TC), triglyceride (TG), aspar-
tate aminotransferase (AST) and alanine aminotransferase (ALT) in
the plasma, followed by model identification using HE staining. Pure
water without endotoxin was applied to dilute nucleic acid (12.5 pg)
into 1 pg/uL, followed by addition of 12.5 uL water and 10% glucose
solution (w/v; 25 pL) with the final volume of 50 pL. EntransterTM-
invivo animal in vivo transduction reagent (25 pL; Engreen) was di-
luted by 10% glucose solution (25 pL) with the final volume of 50 pL,
followed by rapid addition into diluted nucleic acid solution and 15-
min standing at room temperature. The mixture was injected into

mice (100 pg nucleic acid and 50 pL transduction reagent every time
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for each mouse). With 8 untreated modelled mice as model group,
NAFLD mice were transduced with miR-200 inhibitor, NC inhibitor,
oe-GRHL2, oe-NC for oe-GRHL2, sh-GRHL2, sh-NC or oe-NC for
0e-SIRT1 and oe-SIRT1 plasmids, with 8 mice for each group.

2.4 | Cell treatment

Human normal hepatocytes LO2 (3142C0001000000077; Cell Bank
of Typical Culture Preservation Center) were cultured in RPMI1640
medium containing 10% foetal bovine serum (FBS) (12633012,
Shanghai Haoran Biological Technology Co., LTD.) at 37°C with
5% CO,. In line with the instruction of Lipofectamine 2000 kit
(Invitrogen, Carlsbad, CA, USA), cells at the logarithmic phase growth
were transduction with plasmids containing overexpression (oe)-
GRHL2, oe-negative control (NC), short hairpin (sh)-GRHL2, sh-NC,
miR-200 mimic and NC mimic alone or in combination. After another
4 hours of incubation, G418 (400 pg/mL) was added. The culture
medium was changed every three days, and G418 was reduced to
maintain screening until stably transduced cells were harvested.

2.5 | Chromatin immunoprecipitation (ChIP) assay

Cells were fixed using formaldehyde for 10 minutes, and then,
chromosome DNA fragmentation was performed using ultrasonic
treatment (10 seconds on, 10 seconds off) for 15 times, followed by
12 000 x g centrifugation at 4°C for 10 minutes. The supernatants
were collected and assigned to two tubes, with addition of the nega-
tive control immunoglobulin G antibody (IgG; ab172730, 1:1000,
Abcam) and the target protein-specific anti-GRHL2 (ab86611,
1:1000, Abcam) antibody, respectively, followed by overnight in-
cubation at 4°C. Protein agarose/Sepharose was used to precipi-
tate DNA-protein complex. After a centrifugation at 12 000 x g
for 5 minutes, the supernatant was discarded. Non-specific DNA-
protein complex was washed to remove. After de-crosslinked at
65°C overnight, the DNA fragments were then collected and puri-
fied by phenol chloroform extracting method, and the detection of
combination between miR-200 and GRHL2 was performed using
reverse transcription quantitative polymerase chain reaction (RT-

gPCR) based on the specific primers in miR-200 promoter region.

2.6 | Dual-luciferase reporter gene assay

The 3-untranslated region (3'UTR) of SIRT1 was artificially syn-
thesized and inserted into the pMIR-reporter (Beijing Huayueyang
Biotechnology Co., Ltd., Beijing, China) using restriction endonucle-
ase Spel and Hind lll. The complementary sequence mutation site
of seed sequence was designed on the wild type (WT) of SIRT1 and
miR-200, respectively, and then, target fragments were constructed
into the pMIR-reporter using T4 DNA ligase. The correctly se-

quenced WT and MUT plasmids were cotransfected with mimic NC

or miR-200 mimic into HEK-293T (Cell Resource Center, Shanghai
Institute of Life Sciences, Shanghai Academy of Chinese Sciences).
After transfected for 48 hours, the cells were collected and lysed,
and the luciferase activity was measured using the luciferase assay
kit (K801-200, BioVision Technologies) and Glomax20/20 luminom-
eter (Promega).

Promoter region of WT- and MUT-miR-200 was ligated into
pGL3-Basic vector (Promega) to construct recombinant vector of
WT-miR-200 promoter and MUT-miR-200 promoter. HEK-293 cells
were seeded into 24-well plates at the density of 3 x 10* cells/
well. The WT-miR-200 promoter and MUT-miR-200 promoter were
cotransfected with oe-NC and oe-GRHL2 into HEK-293T cells, re-
spectively. After 48 hours of transfection, cells were collected and
lysed, and the luciferase activity was measured using the luciferase
assay kit (K801-200, BioVision Technologies) and Glomax20/20 lu-

minometer (Promega).

2.7 | Haematoxylin-eosin staining

Liver tissues were extracted from mice and fixed, followed by paraf-
fin embedding and section (4 um). Then, the sections were dewaxed
with xylene and gradient ethanol: xylene (I) for 5 minutes, toluene (II)
for 5 minutes, 100% ethanol for 2 minutes, 95% ethanol for 1 min-
utes, 80% ethanol for 1 minute and 75% ethanol for 1 minute. The
tissues were then stained with haematoxylin for 5 minutes, followed
by differentiation of ethanol hydrochloride for 30 seconds. The sec-
tions were soaked in tap water for 15 minutes or warm water (about
5°C; 5 minutes), followed by eosin staining for 2 minutes. Then, rou-
tine dehydration, clearing and mounting were performed: 95% etha-
nol (I) for 1 minute, 95% ethanol (Il) for 1 minute, 100% ethanol (1)
for 1 minute, 100% ethanol (Il) for 1 minute, toluene carbonate (3:1)
for 1 minute, toluene (I) for 1 minute and xylene (ll) for 1 minute.
Next, the sections were mounted by neutral resin, which were finally
observed and photographed using microscope (XSP-8CA, Shanghai
Optical Instrument Factory) for histological changes of liver tissues.

2.8 | Masson's trichrome staining

Sections were dewaxed and rehydrated conventionally, stained with
Weigert's haematoxylin for 5-10 minutes and rinsed under water.
Ethanol hydrochloride differentiation solution was used to differen-
tiate the tissues, followed by Ponceau 3R staining for 5-10 minutes.
Later, the sections were immersed in 1% phosphomolybdic acid so-
lution for about 5 minutes until the collagen fibre or background was
colourless and the myelin sheath was red. Subsequently, sections
were counter-stained in aniline blue for 5 minutes and immersed in
1% acetic acid for 1 minute, followed by dehydration using 95% etha-
nol multiple times. After dehydration with absolute ethanol, and per-
meabilization with xylene for 10 minutes, the sections were sealed
with neutral resin. Finally, these sections were observed under an in-

verted microscope (XSP-8CA, Shanghai Optical Instrument Factory).
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2.9 | Oil Red O staining

Qil Red O staining was performed using the procedure described
previously.'® Briefly, sections were incubated in distilled water for
1 minute and in 100% propylene glycol (Polyscientific) for 2 minutes.
Some sections were transferred to Oil Red O for 36-hours incuba-
tion at room temperature. The other sections were incubated for
1 minute in 85% propylene glycol, then stained with haematoxylin

and mounted with gelatin mounting medium.

2.10 | RT-qPCR

Total RNA was extracted using TRIzol (Invitrogen, Carlsbad, CA) and
reverse-transcribed into cDNA by reverse transcription kit (RR0O47A,
Takara). RT-gPCR was performed using TagMan MicroRNA Assay
and TagMan® Universal PCR Master Mix. SYBR Premix EX Taq kit
(RR420A, Takara) and ABI7500 Real-Time PCR System (7500, ABI)
were used to perform RT-qPCR. Three replicates were set for all
samples. Primer sequences were synthesized in Shanghai Sangon
Biotechnology (Table 1). Glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) and U6 served as internal references for mRNA for
miRNA, respectively. 2724t method was adopted to calculate the

relative expression of target genes as previously described.'”

2.11 | Western blot analysis

The tissues were shredded and then lysed. Total proteins were ex-
tracted using radioimmunoprecipitation assay (RIPA) lysis buffer
containing phenylmethylsulphonyl fluoride (PMSF), followed by
centrifugation at 8000 g for 10 minutes after incubated on the ice

for 30 minutes. BCA protein assay kit was employed to detect the
protein concentration. Then, proteins were separated by sodium
dodecyl sulphate-polyacrylamide gel electrophoresis and then
transferred onto polyvinylidene fluoride membrane by wet transfer
method. The membrane was blocked with 5% skim milk powder for
1 hour and incubated overnight with the following primary rabbit an-
tibodies which were diluted with milk: GRHL2 (1:1000, ab136682),
SIRT1 (1:1000, ab12193), laminin (LN; 1:1000, ab191904), hya-
luronic acid (HA; 1:4000, ab9110), occludin (1:1000, ab216327),
Z0-1 (1:3000, ab96587), extracellular signal-regulated kinase (ERK;
1:1000, ab53277), phosphorylated (p)-ERK (1:1000, ab79483), p38
(1:1000, ab225534), p-p38 (1:1000, ab47363), c-Jun NH2-terminal
kinase (JNK; 1:1000, ab179461), p-JNK (1:10 000, ab124956) and
GAPDH (1:10 000, ab181602). The above-mentioned antibodies
were purchased from Abcam (Cambridge, UK). After rinsed with
TBST for 3 times (10 min/time), the horseradish peroxidase-labelled
secondary goat anti-rabbit IgG (1:2000, ab6721, Abcam) was then
added to the membrane and incubated for 1 hour. Next, the mem-
brane was washed with TBST and electrochemiluminescence was
applied (ECL; BB-3501) to visualize image. Bio-Rad gel image analy-
sis system was employed to photograph, and Quantity one v4.6.2
software was used to analyse relative protein expression which was
expressed as the ratio of the grey value of the target band to that of
GAPDH.

2.12 | ELISA

ELISA kit (RAB0287; Sigma) was coated with specific IL-6 antibody.
After the addition of plasma, specific biotinylated antibody IL-6 was
supplemented to combine IL-6 in plasma, followed by incubation
at room temperature. The unconjugated biotinylated antibody was

TABLE 1 Primer sequences for
RT-gPCR

Target gene Primer sequence
miR-200 F ACACTCCAGCTGGGTAACACTGTCTGGTAACG
(human) R CTCAACTGGTGTGGTGGAGTCGGCAATTGAGTTGAGACATCGTT
miR-200 (mice)  F AAGCGCCTTAACACTGTCTGG
R CAGTGCAGGGTCCGAGGT
GRHL2 (mice)  F 5-TTTGGTCCAACACCGTCTA-3’
R 5-CACTGGCAGCCCATACTT-3'
SIRT1 (mice) F 5'-CGGCTACCGAGGTCCATATAC-3'
R 5-ACAATCTGCCACAGCGTCAT-3’
U6 (human) F 5'- CGCTTCGGCAGCACATATACTA-3’
R 5- CGCTTCACGAATTTGCGTGTCA-3'
U6 (mice) F 5'- TCGCACAGACTTGTGGGAGAA-3'
R 5'- CGCACATTAAGCCTCTATAGTTACTAGG-3’
GAPDH (mice) F 5"- TTAGCACCCCTGGCCAAGG-3'
R 5 CTTACTCCTTGGAGGCCATG-3'

Abbreviations: F, forward; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GRHL2,
grainyhead-like transcription factor 2; miR-200, microRNA 200 S100B; R, reverse, RT-qPCR,

reverse transcription quantitative polymerase chain reaction; SIRT1, sirtuin 1.
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eliminated, and streptavidin-peroxidase conjugate was then added.
After termination of the reaction, the uncoupled conjugate was
washed away. Tetramethylbenzidine (TMB) contained in TMB sub-
strate could be induced to blue conjugate by streptomyces and lignin
peroxidase, and turned yellow after addition of acidic stop solution.
The density of yellow and the content of IL-6 in the sample are in
proportion to the bottom of the kit. Then, the optical density (OD)
value was detected using a microplate reader. TNF-a was quantified
as above described with the ELISA kit (RAB0477, Sigma).

2.13 | Statistical analysis

All data were processed and analysed using SPSS 21.0 statisti-
cal software (IBM Corp.). Measurement data were expressed as
mean * standard deviation. For data conformed to normal distribu-
tion and homogeneity of variance, unpaired t test was adopted to

analyse the differences between, while one-way analysis of variance
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(ANOVA) was utilized to compare data among multiple groups,
followed by Tukey's post hoc test. P < .05 represented statically

significant.

3 | RESULTS

3.1 | MiR-200 was overexpressed in serums of
NAFLD patients and mice

RT-qPCR was adopted to measure miR-200 expression in serums
of 57 NAFLD patients and 30 healthy volunteers, which showed
that miR-200 expression was elevated in the serums of NAFLD
patient (Figure 1A, P < .05). The correlation between serum miR-
200 expression and the severity of NAFLD in patients was ana-
lysed by RT-gPCR, which displayed that serum miR-200 expression
was positively correlated with the severity of NAFLD (Figure 1B,
P <.05). As shown in Figure 1C, D, HE staining results revealed that
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FIGURE 1 miR-200 overexpression was observed in serum of NAFLD patients and mice. A, miR-200 expressions in serums of 57 NAFLD
patients and 30 healthy volunteers determined by RT-qPCR (normalized to Ué). B, Correlation of miR-200 expression in serum with severity

of NAFLD patients as determined by RT-qPCR. C, HE staining results of histological change in mouse liver tissues (x400). D, Glucose, TC, TG,
AST and ALT contents in NAFLD mice and control mice. E, MiR-200 expression in the serum of mice measured using RT-gPCR (normalized to
U6) (n = 8). *P < .05 vs. healthy volunteers or control mice. Measurement data were expressed as mean * standard deviation and analysed by
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compared with control mice, NAFLD mice were characterized by
hepatocellular swelling with cytoplasmic vacuoles in hepatocytes.
And part of the hepatocytes was damaged with inflammatory cell
infiltration. In addition, serum glucose, TC, TG, AST and ALT con-
tents were elevated in NAFLD mice (all P < .05), which indicated
that the NAFLD mouse models were successfully established.
Subsequently, the serum expression of miR-200 in NAFLD mouse
models and control mice was detected using RT-qPCR (Figure 1E),
and the results that the serum expression of miR-200 potently rose
in NAFLD mice were revealed. Thus, either the serum of NAFLD pa-
tients or that of NAFLD mice exhibited highly expressed miR-200.

3.2 | Silencing of miR-200 ameliorated liver
fibrosis and intestinal mucosal barrier dysfunction in
NAFLD mice

To better elucidate the mechanism underlying the effect of miR-200 on
liver fibrosis and intestinal mucosal barrier dysfunction, liver function
indicators, inflammatory factors, liver tissues changes, liver fibrosis and
intestinal mucosal barrier dysfunction were detected in NAFLD mice
treated with miR-200 inhibitor. As depicted in Figure 2A, reduction of
miR-200 expression in liver tissues of NAFLD mice was observed in
response to miR-200 inhibitor. Moreover, after treatment of miR-200
inhibitor, significantly reduced blood glucose, TC, TG, ALT, AST, TNF-a
and IL-6 were found in serum of NAFLD mice (Figure 2B, C, P < .05).
Next, the fibrosis and lipid accumulation of liver was determined using
HE staining, Masson staining and Oil Red O staining. It was obvious
that there were decreases of the fibrous tissue, fibrous hyperplasia
and the lipid droplets in the portal area of NAFLD mice with miR-200
inhibitor (Figure 2D, E). Western blot analysis was conducted to de-
termine the protein expression of liver fibrosis (HA and LN)- and in-
testinal mucosal barrier function-related proteins (occludin and ZO-1)
in liver tissues and small intestine tissues, respectively. According to
the results, LN, HA, occludin and ZO-1 protein expression dramatically
reduced after injection of miR-200 inhibitor in NAFLD mice (Figure 2F,
P < .05). Coherently, miR-200 inhibition might ameliorate liver fibrosis
and intestinal mucosal barrier dysfunction in NAFLD mice.

3.3 | GRHL2 down-regulated SIRT1 expression by
activating miR-200

ChlIP assay was firstly conducted to detect the association of GRHL2
to miR-200 promoter region. Results demonstrated that increased miR-
200 was co-precipitated by GRHL2, suggesting GRHL2 up-regulated
the enrichment of miR-200 in miR-200 promoter region (Figure 3A).
Next, dual-luciferase reporter assay identified intensified luciferase
activity in response to cotransfection of oe-GRHL2 and WT-miR-200
promoter (P < .05), while no significant disparity was seen after cotrans-
fection of oe-GRHL2 and MUT-miR-200 promoter (P > .05; Figure 3B).
Further, RT-gPCR results revealed that GRHL2 and miR-200 expression

in normal human hepatocyte LO2 significantly increased in response to

oe-GRHL2, while an opposite trend was seen in response to sh-GRHL2
(Figure 3C). Taken together, GRHL2 could promote miR-200 expression
by recruiting miR-200 to miR-200 promoter region.

Bioinformatics predicted that miR-200 might target SIRT1
(Figure 3D), which was then verified using dual-luciferase reporter
assay. As documented in Figure 3E, A significant drop of luciferase
activity in response to cotransfection of miR-200 mimic and WT-
SIRT1-3'UTR was seen (P < .05), while no changes were observed
after treatment of miR-200 mimic and MUT-SIRT1-3'UTR (P > .05).
RT-gPCR and Western blot analysis were then performed to deter-
mine SIRT1 expression in normal human hepatocyte LO2, and the
results revealed obvious decrease in SIRT1 expression in response to
sh-NC+miR-200 mimic or sh-GRHL2+miR-200 mimic compared with
sh-NC+NC mimic or sh-GRHL2+NC mimic, respectively (Figure 3F,
G). The above-mentioned evidence suggested that GRHL2
down-regulated SIRT1 expression by activating miR-200.

3.4 | SIRT1 overexpression inhibited liver
fibrosis and intestinal mucosal barrier dysfunction in
NAFLD mice

To better elucidate the role of SIRT1 in NAFLD, RT-qPCR was con-
ducted to measure SIRT1 mRNA expression in liver tissues of mice,
which identified the expression of SIRT1 was down-regulated in liver
tissues of NAFLD mice (Figure 4A). Western blot analysis results re-
vealed an obvious rise of SIRT1 protein expression after inhibition of
miR-200, suggesting miR-200 down-regulation could increase SIRT1
expression in liver tissues of NAFLD mice.

Subsequently, several parameters about liver fibrosis and in-
testinal mucosal barrier dysfunction were detected in SIRT1-
overexpressed NAFLD mice. After treatment of oe-SIRT1, SIRT1
expression increased in liver tissues of NAFLD mice via the results
of RT-gqPCR (Figure 4C). As demonstrated in Figure 4D, E, blood glu-
cose, TC, TG, ALT, AST, TNF-a and IL-6 were reduced in serum of
SIRT1-overexpressed NAFLD mice. The fibrosis and lipid accumu-
lation of liver was determined using HE staining, Masson staining
and Oil Red O staining (Figure 4F, G, P < .05). The results exhibited
that treatment with oe-SIRT1 decreased the fibrous tissue, fibrous
hyperplasia and the lipid droplets in NAFLD mice. Further, Western
blot analysis results revealed that protein expression of LN and HA in
liver tissue, occludin and ZO-1 in small intestine tissues obviously re-
duced in NAFLD mice after injection of oe-SIRT1 (Figure 4H). Taken
together, SIRT1 overexpression may inhibit liver fibrosis and intesti-

nal mucosal barrier dysfunction in NAFLD mice.

3.5 | GRHL2 exacerbated liver fibrosis and intestinal
mucosal barrier dysfunction in NAFLD mice via
activating MAPK signalling pathway

GRHL2 was found to activate MAPK signalling pathway in oral

cancer, while MAPK signalling pathway was found to be involved
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FIGURE 2 MiR-200 down-regulation alleviated liver fibrosis and intestinal mucosal barrier dysfunction in NAFLD mice. NAFLD mice
were transduced with miR-200 inhibitor or NC inhibitor plasmids. A, MiR-200 expression in liver tissues of NAFLD mice determined

using RT-gPCR (normalized to Ué). B, Blood glucose, TC, TG, ALT and AST in the serum of NAFLD mice. C, Expression of inflammatory
factors (TNF-a and IL-6) in the serum of NAFLD mice determined using ELISA. D, Liver fibrosis of liver tissue detected by HE staining and
Masson staining (x400). E, Lipid accumulation in liver tissue determined using Oil Red O staining (x200). F, Western blot analysis of protein
expression of LN and HA in liver tissue, occludin and ZO-1 in small intestine tissues of NAFLD mice. *P < .05 vs. NAFLD mice injected with
NC inhibitor. Measurement data were expressed as mean + standard deviation and analysed by unpaired t test. n = 8

in NAFLD.}> We proposed a hypothesis that GRHL2 might exert
influence on NAFLD by activating MAPK signalling pathway. To test
this, normal human hepatocyte LO2 was transfected with oe-GRHL2
plasmids and the expression of MAPK-related markers was meas-
ured using Western blot analysis. Compared with cells transfected
with oe-NC plasmids, phosphorylated ERK and phosphorylated
p38 expression was elevated in normal human hepatocyte LO2 cells
transfected with oe-GRHL2 (P < .05), while there were no signifi-
cant differences in ERK, p38, JNK and phosphorylated JNK expres-
sions (P > .05; Figure 5A), suggesting GRHL2 could activate MAPK
signalling pathway. Meanwhile, GRHL2 expression in liver tissues of
mice was assessed using RT-gPCR, of which the results indicated a
GRHL2 up-regulation in NAFLD mice (Figure 5B).

To better explore its underlying mechanism, we silenced GRHL2
in vivo to detect to detect liver function indicators, inflammatory
factors, liver tissue changes, liver fibrosis and intestinal mucosal
barrier dysfunction in non-alcoholic fatty liver. As demonstrated in
Figure 5C, GRHL2 expression was declined in liver tissues of NAFLD
mice after silencing GRHL2. In addition, Western blot analysis was
adopted to determine the expressions of MAPK-related markers
in liver tissues of NAFLD mice, and the results demonstrated that
phosphorylated ERK and phosphorylated p38 expression potently
reduced in liver tissues of mice injected with sh-GRHL2, while no
obvious change was seen in ERK, p38, JNK and phosphorylated
JNK expression (Figure 5D). Further, significantly reduced blood
glucose, TC, TG, ALT, AST, TNF-a and IL-6 were found in serum
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FIGURE 3 GRHL2 down-regulated SIRT1 expression by activating miR-200. A, Enrichment of miR-200 in miR-200 promoter region
determined using ChIP normalized to IgG. B, The binding relationship between GRHL2 and miR-200 verified by dual-luciferase reporter
assay. C, MiR-200 and GRHL2 expression in response to oe-GRHL2 and sh-GRHL2 measured using RT-gPCR. D, Bioinformatics prediction
of the binding sites between miR-200 and SIRT1. E, The luciferase activity of WT-SIRT1-3'UTR and MUT-SIRT1-3'UTR detected by dual-
luciferase reporter assay. F, SIRT1 mRNA expression in normal human hepatocyte LO2 measured using RT-gPCR normalized to GAPDH. G,
SIRT1 protein expression in normal human hepatocyte LO2 measured using Western blot analysis normalized to GAPDH. *P < .05 vs. IgG,
oe-NC, sh-NC+NC mimic or mimic NC. #P < .05 vs. sh-NC or sh-GRHL2+NC mimic. Measurement data were expressed as mean + standard
deviation. Unpaired t test was adopted to analyse the differences between two groups with unpaired design, while one-way ANOVA was
utilized to compare data among multiple groups, followed by Tukey's post hoc test. Cell experiments were conducted in triplicates

of GRHL2-slienced NAFLD mice (Figure 5E, F). Next, the fibrosis
and lipid accumulation of liver was determined using HE staining,
Masson staining and Oil Red O staining (Figure 5G, H). In response
to sh-GRHL2, the fibrous tissue, fibrous hyperplasia and the lipid
droplets were decreased. Through Western blot analysis, the pro-
tein expressions of LN and HA in liver tissue, occludin and ZO-1 in
small intestine tissues reduced in NAFLD mice after silencing GRHL2
(Figure 5I). Taken together, GRHL2 promoted liver fibrosis and intes-
tinal mucosal barrier dysfunction in NAFLD mice through activation

of MAPK signalling pathway.

4 | DISCUSSION

As we all known, lipid accumulation in hepatocytes, liver fibrosis and

intestinal barrier dysfunction showed up as NAFLD progresses.'®?

Moreover, NAFLD has high prevalence in the world and correlates
to an increased risk for development of diabetes.?’ However, only
limited therapeutic options are available. Genome-wide association
studies have discovered several genetic variants that involved in
NAFLD, which helps us to identify individuals at high risk of suf-
fering from NAFLD, but also to better understand its pathophysiol-
ogy so as to develop more effective treatments; nonetheless, more
prospective studies need to be done.?! In this study, we identified
the functions of GRHL2 in NAFLD and further found that SIRT1
down-regulation induced by GRHL2-dependent miR-200 or MAPK
signalling pathway activated by GRHL2 exacerbated liver fibrosis
and intestinal mucosal barrier dysfunction in NAFLD.

Initially, our data revealed that GRHL2 was up-regulated in
NAFLD mice. Various researches have widely identified the role
of GRHL2 in liver diseases. For example, GRHL2 potently exacer-

bated liver injury and fibrosis by inhibiting miR-122 expression in
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FIGURE 4 SIRT1 up-regulation repressed liver fibrosis and intestinal mucosal barrier dysfunction in NAFLD mice. A, SIRT1 mRNA
expression in liver tissues of NAFLD mice and normal mice determined by RT-gPCR normalized to GAPDH. B, SIRT1 protein expression in
liver tissues of NAFLD mice transduced with miR-200 inhibitor plasmids detected by Western blot analysis normalized to GAPDH. NAFLD
mice were injected with oe-NC or oe-SIRT1. C, SIRT1 expression in liver tissues of NAFLD mice determined by RT-qPCR normalized to
GAPDH. D, Blood glucose, TC, TG, ALT and AST in the serum of NAFLD mice. E, Levels of TNF-a and IL-6 in the serum of NAFLD mice
measured by ELISA. F, Liver fibrosis in liver tissue determined using HE staining and Masson staining (x400). G, Lipid accumulation in liver
tissue measured by Oil Red O staining (x 200). H, Western blot analysis of protein expression of LN and HA in liver tissue, occludin and ZO-1
in small intestine tissues of NAFLD mice normalized to GAPDH. *P < .05 vs. control mice, NAFLD mice injected with NC inhibitor or oe-NC.
Measurement data were expressed as mean + standard deviation and compared by unpaired t test. n = 8

ethanol-induced liver disease.?? The same mechanism was found to

restrict the hepatocytic differentiation potential of adult liver pro-

genitor cells.® Hence, GRHLX, a transcription factor, promotes the

progression of liver disease especially NAFLD.

Subsequently, another critical finding in our study was that miR-
200 was up-regulated in NAFLD and GRHL2 exerts contributory
role on NAFLD by up-regulating miR-200 expression. miRs have

been pivotal regulators of metabolism including cholesterol and lipid
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FIGURE 5 GRHL2 activated MAPK signalling pathway and then worsen liver fibrosis and intestinal mucosal barrier dysfunction in
NAFLD mice. A, Expression of MAPK-related markers in LO2 cells determined using Western blot analysis normalized to GAPDH. B, GRHL2
expression observed in liver tissues of NAFLD mice and control mice detected using RT-qPCR normalized to GAPDH. NAFLD mice were
transduced with sh-NC or sh-GRHL2 plasmids. C, GRHL2 expression in liver tissues of NAFLD mice tissues using RT-qPCR normalized to
GAPDH. D, Western blot analysis of MAPK-related markers expressions in liver tissues of NAFLD mice normalized to GAPDH. E, Blood
glucose, TC, TG, ALT and AST in serum of NAFLD mice. F, Expression of TNF-a and IL-6 in serum of NAFLD mice determined using ELISA.
G, Liver fibrosis in liver tissues determined using HE staining and Masson staining (x400). H, Lipid accumulation in liver tissues determined
using Oil Red O staining (x200). |, The protein expression of LN and HA in liver tissue, occludin and ZO-1 in small intestine tissues of NAFLD
mice determined by Western blot analysis normalized to GAPDH. *P < .05 vs. control mice, or NAFLD mice injected with oe-NC or sh-NC.
Measurement data were expressed as mean * standard deviation and compared by unpaired t test. n = 8. Cell experiments were performed

3 times independently

FIGURE 6 Mechanism of GRHL2-
dependent miR-200 in NAFLD. GRHL2
exacerbates liver fibrosis and intestinal
mucosal barrier dysfunction by down-
regulating SIRT1 through activating miR-
200. Meanwhile, GRHL2 also ameliorates
liver fibrosis and intestinal mucosal barrier
dysfunction by activating MAPK signalling
pathway in NAFLD

metabolism, insulin and glucose homeostasis and hepatic lipid homeo-
stasis.?® Furthermore, a recent study employed RNA sequencing to
obtain hepatic expression profiles of mMRNAs and miRs in NAFLD and
normal rats, in which miR-200 family (miR-200b-3p, miR-200b-5p, miR-
200c¢-3p) were identified as elevated miRs in NAFLD.?* Consistently,
a prior study indicated that miR-200 family genes were positively reg-
ulated by GRHL2 in ovarian cancer by binding to miR-200’ promoter
or indirectly involving in other signalling pathways through transcrip-
tional regulation.? Also, GRHL2 promotes miR-200 expression by
directly binding at the miR-200 promoter region, which leads to oral
cancer development.** Importantly, our study also portrayed that miR-
200 inhibition alleviated liver fibrosis and intestinal mucosal barrier
dysfunction in NAFLD mice. Similarly, the overexpression of miR-200
family was seen to exert influence on liver fibrosis and miR-200 eleva-
tion induced the progression of liver fibrosis.?®

Also, according to dual-luciferase reporter gene assay, we elabo-
rated that SIRT1 was targeted by miR-200. Supportively, previous stud-
ies confirmed the targeting relationship between SIRT1 and miR-200a
in breast cancer.® Interestingly, the results observed in the present
study also indicated that SIRT1 elevation ameliorated liver fibrosis and
intestinal mucosal barrier dysfunction in NAFLD mice. Likewise, the el-
evation of SIRT1 expression was found to be dramatically inhibited the
inflammatory fibrosis.? It is reported that SIRT1 was targeted by miR-
181b to regulate steatosis and down-regulated in NAFLD.?” Another
study further explored that ablated SIRT1 activity resulted in more se-
vere NAFLD by affecting liver-mesenteric adipose tissue fatty acid mo-

bilization.?® In addition, a prior study also noted that SIRT1 exacerbates
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liver fibrosis in mice.?’ Therefore, SIRT1, negatively regulated by miR-

200, played a vital role in promoting NAFLD progression.

Last but not least, the present study validated that GRHL2
activated MAPK signalling pathway and exacerbated liver fibro-
sis and intestinal mucosal barrier dysfunction in NAFLD mice. It
has been documented that GRHL2 is contributed to conferring
collecting duct epithelial barrier dysfunction, as evidence by di-
minished expression of tight junction-related barrier compo-
nents.3%-%2 Accordingly, we proposed that GRHL2 may be involved
in forming intestinal mucosal barrier because the intestinal mu-
cosa is composed of epithelial cells. Moreover, consistent with our
study, MAPK was also found to be activated by GRHL2 in oral can-
cer. And, p38 MAPK blocking was found in prior study to permit
DNA replication during regeneration of liver and maintain the he-
patocyte cell cycle arrest in adult liver.'*% Additionally, the inhi-
bition of MAPK signalling pathway was involved in improved liver
fibrosis ** and the inhibition of phosphorylated MAPKs was highly
hepatoprotective and anti-inflammatory.®> Taken together, it can
be inferred that inhibition of MAPK signalling pathway played a

suppressive role in NAFLD development.

5 | CONCLUSION

In conclusion, the present study provides new insights into the
mechanism underlying the non-alcoholic fatty liver fibrosis and

intestinal mucosal barrier dysfunction (Figure 6). Particularly,
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transcription factor GRHL2, which was up-regulated in NAFLD
patients and mouse models, could up-regulate miR-200 by bind-
ing to miR-200 promoter, thereby inhibiting the expression of
SIRT1. Meanwhile, GRHL2 knockdown ameliorated liver fibrosis
and intestinal mucosal barrier dysfunction by inactivating MAPK
signalling pathway in NAFLD mice. These two mechanisms made
GRHL2 a therapeutic candidate for NAFLD. However, further
studies need to be performed in the future due to the lack of re-
ports about the relationship between GRHL2 and intestinal mu-

cosal barrier dysfunction.

ACKNOWLEDGEMENTS
We acknowledge and appreciate our colleagues for their valuable
assistance and suggestions regarding this paper.

CONFLICT OF INTEREST

The authors declare no competing interest.

AUTHOR CONTRIBUTIONS

Ying Wang, Zishu Zeng wrote the paper and conceived and de-
signed the experiments; Lin Guan, Ran Ao analysed the data;
Zishu Zeng and Lin Guan collected and provided the sample for
this study. All authors have read and approved the final submitted

manuscript.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available from

the corresponding author upon reasonable request.

ORCID
Ran Ao https://orcid.org/0000-0002-6535-2926
REFERENCES

1. Cohen JC, Horton JD, Hobbs HH. Human fatty liver disease: Old
questions and new insights. Science. 2011;332:1519-1523.

2. Tiniakos DG, Vos MB, Brunt EM. Nonalcoholic fatty liver disease:
Pathology and pathogenesis. Annu Rev Pathol. 2010;5:145-171.

3. Zhou JH, Cai JJ, She ZG, Li H-L. Noninvasive evaluation of nonal-
coholic fatty liver disease: Current evidence and practice. World J
Gastroenterol. 2019;25:1307-1326.

4. Kaswala DH, Lai M, Afdhal NH. Fibrosis assessment in nonalcoholic
fatty liver disease (NAFLD) in 2016. Dig Dis Sci. 2016;61:1356-1364.

5. Martinez SM, Crespo G, Navasa M, Forns X. Noninvasive assess-
ment of liver fibrosis. Hepatology. 2011;53:325-335.

6. Mao JW, Tang HY, Zhao T, et al. Intestinal mucosal barrier dysfunc-
tion participates in the progress of nonalcoholic fatty liver disease.
Int J Clin Exp Pathol. 2015;8:3648-3658.

7. Musso G, Bo S, Cassader M, De Michieli F, Gambino R. Impact of
sterol regulatory element-binding factor-1c polymorphism on in-
cidence of nonalcoholic fatty liver disease and on the severity of
liver disease and of glucose and lipid dysmetabolism. Am J Clin Nutr.
2013;98:895-906.

8. Tanimizu N, Kobayashi S, Ichinohe N, Mitaka T. Downregulation
of miR122 by grainyhead-like 2 restricts the hepatocytic differ-
entiation potential of adult liver progenitor cells. Development.
2014;141:4448-4456.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

Chung VY, Tan TZ, Tan M, et al. GRHL2-miR-200-ZEB1 maintains
the epithelial status of ovarian cancer through transcriptional regu-
lation and histone modification. Sci Rep. 2016;6:19943.

Senfter D, Madlener S, Krupitza G, Mader RM. The microRNA-200
family: Still much to discover. Biomol Concepts. 2016;7:311-319.
Giblin W, Skinner ME, Lombard DB. Sirtuins: Guardians of mamma-
lian healthspan. Trends Genet. 2014;30:271-286.

Mariani S, Fiore D, Basciani S, et al. Plasma levels of SIRT1 associate
with non-alcoholic fatty liver disease in obese patients. Endocrine.
2015;49:711-716.

Eades G, Yao Y, Yang M, Zhang Y, Chumsri S. miR-200a regu-
lates SIRT1 expression and epithelial to mesenchymal transition
(EMT)-like transformation in mammary epithelial cells. J Biol Chem.
2011;286:25992-26002.

Chen W, Kang KL, Alshaikh A, et al. Grainyhead-like 2 (GRHL2)
knockout abolishes oral cancer development through reciprocal
regulation of the MAP kinase and TGF-beta signaling pathways.
Oncogenesis. 2018;7:38.

Sun H, Wang X, Chen J, et al. Melatonin improves non-alcoholic
fatty liver disease via MAPK-JNK/P38 signaling in high-fat-diet-in-
duced obese mice. Lipids Health Dis. 2016;15:202.

Liu J, Tian D, Murugan M, et al. Microglial Hv1 proton channel pro-
motes cuprizone-induced demyelination through oxidative damage.
J Neurochem. 2015;135:347-356.

Tuo YL, Li XM, Luo J. Long noncoding RNA UCA1 modulates breast
cancer cell growth and apoptosis through decreasing tumor sup-
pressive miR-143. Eur Rev Med Pharmacol Sci. 2015;19:3403-3411.
Lin Y, Ding D, Huang Q, et al. Downregulation of miR-192 causes
hepatic steatosis and lipid accumulation by inducing SREBF1: Novel
mechanism for bisphenol A-triggered non-alcoholic fatty liver dis-
ease. Biochim Biophys Acta Mol Cell Biol Lipids. 2017;1862:869-882.
Sellmann C, Priebs J, Landmann M, et al. Diets rich in fructose, fat
or fructose and fat alter intestinal barrier function and lead to the
development of nonalcoholic fatty liver disease over time. J Nutr
Biochem. 2015;26:1183-1192.

Williams CD, Stengel J, Asike M, et al. Prevalence of nonalcoholic
fatty liver disease and nonalcoholic steatohepatitis among a largely
middle-aged population utilizing ultrasound and liver biopsy: a pro-
spective study. Gastroenterology. 2011;140:124-131.

Kahali B, Halligan B, Speliotes EK. Insights from genome-wide asso-
ciation analyses of nonalcoholic fatty liver disease. Semin Liver Dis.
2015;35:375-391.

Satishchandran A, Ambade A, Rao S, et al. MicroRNA 122, regu-
lated by GRLH2, protects livers of mice and patients from etha-
nol-induced liver disease. Gastroenterology. 2018;154:238-252
e237.

Rottiers V, Naar AM. MicroRNAs in metabolism and metabolic dis-
orders. Nat Rev Mol Cell Biol. 2012;13:239-250.

Zhu M, Wang Q, Zhou W, et al. Integrated analysis of hepatic mMRNA
and miRNA profiles identified molecular networks and potential
biomarkers of NAFLD. Sci Rep. 2018;8:7628.

Hassan ZK, Al-Olayan EM. Curcumin reorganizes miRNA expres-
sion in a mouse model of liver fibrosis. Asian Pac J Cancer Prev.
2012;13:5405-5408.

Lee SJ, Kim SJ, Lee HS, Kwon OS. PKCdelta mediates NF-kappaB in-
flammatory response and downregulates SIRT1 expression in liver
fibrosis. Int J Mol Sci. 2019;20: e4607.

Wang Y, Zhu K, Yu W, et al. MiR-181b regulates steatosis in nonal-
coholic fatty liver disease via targeting SIRT1. Biochem Biophys Res
Commun. 2017;493:227-232.

Cheng J, Liu C, Hu K, et al. Ablation of systemic SIRT1 activity pro-
motes nonalcoholic fatty liver disease by affecting liver-mesenteric
adipose tissue fatty acid mobilization. Biochim Biophys Acta Mol
Basis Dis. 2017;1863:2783-2790.


https://orcid.org/0000-0002-6535-2926
https://orcid.org/0000-0002-6535-2926

WANG ET AL.

29.

30.

31.

32.

33.

34.

Li M, Hong W, Hao C, et al. Hepatic stellate cell-specific deletion of
SIRT1 exacerbates liver fibrosis in mice. Biochim Biophys Acta Mol
Basis Dis. 2017;1863:3202-3211.

Holohan C, Van Schaeybroeck S, Longley DB, et al. Cancer drug
resistance: An evolving paradigm. Nat Rev Cancer. 2013;13:714-726.
Boivin FJ, Schmidt-Ott KM. Transcriptional mechanisms coordinat-
ing tight junction assembly during epithelial differentiation. Ann N Y
Acad Sci. 2017;1397:80-99.

Aue A, Hinze C, Walentin K, et al. A grainyhead-like 2/Ovo-Like 2
pathway regulates Renal epithelial barrier function and lumen ex-
pansion. J Am Soc Nephrol. 2015;26:2704-2715.

Campbell JS, Argast GM, Yuen SY, Hayes B, Fausto N. Inactivation
of p38 MAPK during liver regeneration. Int J Biochem Cell Biol.
2011;43:180-188.

Shen X, Guo H, Xu J, Wang J. Inhibition of IncRNA HULC improves
hepatic fibrosis and hepatocyte apoptosis by inhibiting the MAPK
signaling pathway in rats with nonalcoholic fatty liver disease. J Cell
Physiol. 2019;234:18169-18179.

WILEY--

35. Jiang J, Yan L, Shi Z, Wang L, Shan L, Efferth T. Hepatoprotective

and anti-inflammatory effects of total flavonoids of Qu Zhi Ke (peel
of Citrus changshan-huyou) on non-alcoholic fatty liver disease
in rats via modulation of NF-kappaB and MAPKs. Phytomedicine.
2019;64:153082.

How to cite this article: Wang Y, Zeng Z, Guan L, Ao R.
GRHL2 induces liver fibrosis and intestinal mucosal barrier
dysfunction in non-alcoholic fatty liver disease via
microRNA-200 and the MAPK pathway. J Cell Mol Med.
2020;24:6107-6119. https://doi.org/10.1111/jcmm.15212



https://doi.org/10.1111/jcmm.15212

