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ARTICLE INFO ABSTRACT

CCL20 (CC chemokine ligand 20) is emerging as an important regulatory molecule in a pathway common to
virus infection, alcoholic hepatitis, and non-alcoholic fatty liver disease (NAFLD) leading to the development of
hepatic fibrosis. We previously observed upregulation of CCL20 in patients with NAFLD fibrosis and human
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m}ilRNAk‘ hepatic stellate cells (LX-2 cells) in response to lipid loading. To date, the mechanisms mediating the relationship
Icni;lr;; 0“;; between CCL20 and hepatic fibrogenesis remain unknown. In this study, we sought to characterize the molecular

mechanisms by which CCL20 may contribute to fibrogenesis in NAFLD. We observed that CCL20 levels increased
with worsening severity of liver histology in NAFLD patients (normal < steatosis < inflammation < fibrosis)
and during LX-2 cell activation in a time-dependent manner. We found that treatment of LX-2 cells with CCL20
corresponded with increased levels of CCL20 and ACTA2, and decreased levels of PLAU and SERPINE], effects
mitigated by CCL20 knockdown. We identified a putative binding site for miR-590-5p, which we previously
reported to be downregulated in NAFLD fibrosis, in the CCL20 3’ untranslated region (3’'UTR), and found that
exogenous miR-590-5p functionally interacted with the CCL20 3’UTR to downregulate its expression.
Transfection of LX-2 hepatic stellate cells with miR-590-5p mimic or silencing RNA resulted in decreased or
increased CCL20 levels, respectively. Our results indicate an association between CCL20 and hepatic stellate cell
activation that includes modulation of key ECM components and functional interactions with a miRNA pre-
viously implicated in NAFLD fibrosis. Together, these findings support a novel mechanism by which CCL20 may
promote fibrogenesis in NAFLD.

1. Introduction

Nonalcoholic fatty liver disease (NAFLD), the most common cause
of chronic liver disease worldwide [1], is characterized by excessive
hepatic triglyceride accumulation and encompasses a spectrum of
pathologies from steatosis to nonalcoholic steatohepatitis (NASH),
which can present with varying degrees of fibrosis [2]. NAFLD pro-
gression from simple steatosis to hepatic inflammation and liver fibrosis
results from an intricate interplay among a number of cell types in-
cluding hepatocytes, hepatic stellate cells, sinusoidal endothelial cells,
Kupffer cells, and infiltrating immune cells [3]. The molecular me-
chanisms regulating this complex, multifactorial process remain only
partially defined, although our current understanding is that multiple
insults that include, but are not limited to, insulin resistance [4], oxi-
dative stress [5], gut dysbiosis [6], and adipose-tissue-derived
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hormones [4] act in concert to induce specific manifestations of the
disease in susceptible individuals [4].

In addition to these factors, excess hepatic fat accumulation is ac-
companied by increased levels of inflammatory mediators, including
cytokines, chemokines, and adipocytokines, that stimulate the devel-
opment of hepatic steatosis and fibrosis by hepatocytes and hepatic
stellate cells, respectively [7]. Chemokines belong to a family of small
cytokines with chemotactic functions [8], and are known to induce
leukocyte trafficking, growth, and activation in inflammatory sites [9].
In the liver, endothelial cells, hepatocytes, leukocytes, and stellate cells
secrete chemokines in response to injury [10]. Experimental studies
aimed at elucidating the contributions of chemokine (C-C motif) ligand
2 (CCL2) and chemokine (C-C motif) ligand 5 (CCL5), and their cognate
receptors (CCR2 and CCR5), in NAFLD pathogenesis and disease pro-
gression have been ongoing for at least a decade [11-14]. More
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recently, chemokine (C-C motif) ligand 20 (CCL20) has emerged as an
important proinflammatory and profibrogenic hepatic chemokine [15].
CCL20 levels are elevated in a number of chronic liver diseases, in-
cluding alcoholic hepatitis [15] and hepatocellular carcinoma [16-19].
Serum [20,21] and hepatic [20] levels of CCL20 have also been ob-
served in NAFLD patients with coincident fibrosis compared to those
without fibrosis or with normal liver histology. In patients with hepa-
titis C virus infection [19] and alcoholic hepatitis [15], CCL20 levels
have been correlated with disease severity, although the correspon-
dence of hepatic CCL20 levels with histological findings of steatosis,
lobular inflammation, and hepatic fibrosis in NAFLD patients has not
yet been explored.

In the liver, hepatic stellate cells are one of the main CCL20-pro-
ducing cell types [15]. In these cells, CCL20 expression is induced by
lipopolysaccharide (LPS), tumor necrosis factor alpha, and interleukin
1B [15]. In a recent study, we demonstrated that CCL20 expression is
upregulated by fatty acid loading in LX-2 cells, an immortalized human
hepatic stellate cell line that retains key features of primary cells [20].
Hepatic stellate cells are pivotal in fibrogenesis, existing in a biologi-
cally quiescent state under physiologic conditions, and transforming to
myofibroblasts in response to hepatic injury [22]. Increased production
of alpha-smooth muscle actin (ACTA2), collagen type 1, alpha 1
(COL1A1), and other components of the extracellular matrix (ECM)
accompanies this phenotypic transition, and in the presence of chronic
hepatic inflammation, activated hepatic stellate cells produce excessive
ECM, which can eventually lead to hepatic scarring [23]. Taken to-
gether, these findings support a relationship among CCL20, hepatic
stellate cell function, and biological mechanisms relevant to the pa-
thogenesis of NAFLD fibrosis.

In the present study, we used a combination of human liver samples
and LX-2 cells to extend our previous work on the regulation of CCL20
in NAFLD fibrosis. We show that hepatic CCL20 expression increases
incrementally across the histological spectrum of NAFLD (steatosis,
inflammation, and fibrosis) and in LX-2 cells grown under conditions to
induce myofibroblastic activation. We found evidence that CCL20 is
associated with ACTA2, COL1A1, endothelial plasminogen activator
inhibitor 1 (PAI-1, encoded by the SERPINE1 gene), and plasminogen
activator, urokinase (PLAU), which are important ECM components or
regulators of ECM maintenance. In analyses aimed at characterizing
CCL20 regulation, we identified a potential binding site for miR-590-5p
in the CCL20 3’-untranslated region, confirmed that the miRNA func-
tionally interacts with this sequence, and demonstrated that miR-590-
5p regulates CCL20 expression in LX-2 cells. These results point to a
novel mechanism by which CCL20 participates in hepatic fibrogenesis
in NAFLD, including an apparent upregulation as early as the devel-
opment of simple steatosis.

2. Materials and methods
2.1. RNA sequencing data analysis

Details of the patient samples, RNA-sequencing experiments, and
raw data processing were previously described [24]. For the analysis
here, the raw count table data was filtered including genes with an
average count > 5 across all samples. To make the data suitable for
regression analysis, we normalized the counts using the voom algorithm
[25] and adjusted for batch effects using the ComBat algorithm [26].
Following removal of outliers, the final sample size across the four
histological grades was: normal (n = 36), steatosis (n = 50), lobular
inflammation (n = 52), and severe fibrosis (n = 53). To investigate the
relationship between CCL20 gene expression and histological grade, we
modeled an ordinal logistic regression considering grade as dependent
variable, adjusting for sex and age. Finally, we conducted pairwise
comparison of the expression level of normal samples versus the other
classes using a logistic regression considering increasing histological
severity as dependent variable, and adjusting for sex and age. P values
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were adjusted for multiple comparisons using the Bonferroni method.
All the analyses were conducted using R software.

2.2. RNA extraction from liver wedge biopsies

Liver wedge biopsies were obtained from individuals enrolled in the
Bariatric Surgery Program at the Geisinger Clinic Center for Nutrition
and Weight Management [27]. Details of the study population can be
found elsewhere [28-30]. All study participants provided written in-
formed consent for research, which was conducted according to The
Code of Ethics of the World Medical Association (Declaration of Hel-
sinki). The Institutional Review Boards of Geisinger Health System,
Translational Genomics Research Institute, and Temple University
School of Medicine approved the research protocol. Approximately
5-10mg of biopsied liver tissue was placed in RINO tubes (Next Ad-
vance; Troy, NY) containing Buffer RLT Plus with 2-mercaptoethanol
(Qiagen; Germantown, MD) and processed in a Bullet Blender Tissue
Homogenizer (Next Advance) for 15 min. Total RNA was extracted from
homogenized lysate using the RNeasy Mini Kit (Qiagen) and quantified
by the NanoDrop One spectrophotometer (Applied Biosystems; Foster
City, CA). RealTime quantitative PCR (qPCR) was performed as de-
scribed below.

2.3. Cell culture

LX-2 cells (Merck Millipore; Billerica, MA) were cultured in
Dulbecco’s Modified Eagle Medium (DMEM) (Thermo Fisher Scientific;
Waltham, MA) supplemented with 2% fetal bovine serum (FBS) and 1%
Pen/Strep (Omega Scientific; Tarzana, CA). Approximately
1 x 10°cells were thawed in T-75 flasks (Corning Life Sciences;
Corning, NY) containing 12 mL cell culture medium and placed at 37 °C
in a Hera Cell 5% CO, incubator (Thermo Fisher Scientific). Culture
medium was replaced the first day after thawing, and then every 72h
until 80% confluent. In preparation for plating on Matrigel, LX-2 cells
were seeded at 0.5 x 10°cell/well on 6-well culture dishes (VWR
International; Radnor, PA) and serum-starved overnight. Matrigel
Growth Factor Reduced (GFR) Basement Membrane Matrix (Corning)
was thawed by submerging the unopened bottle in ice at 4 °C for four
hours. Using chilled pipet tips, thawed Matrigel was transferred to a
conical tube containing cold serum-free media to achieve a final con-
centration of 1 mg/mL, and 350 pL of this mixture was added to chilled
6-well plates (VWR International) and rocked to ensure even coating.
Plates were incubated overnight at 37 °C to allow matrix solidification.
LX-2 cells were seeded onto Matrigel-coated plates at a density of
1 x 10° cells/well and incubated at 37 °C for up to 72 h. General mor-
phology was observed with a light microscope and cell state was as-
sessed by levels of Oil Red O staining and measurement of alpha smooth
muscle actin (ACTAZ2) and collagen 1 alpha 1 (COL1A1).

HepG2 and HEK293 cells (ATCC; Manassas, VA) were cultured in
Dulbecco’s Modified Eagle Medium (DMEM) (Thermo Fisher Scientific)
supplemented with 10% fetal bovine serum (FBS) and 1% Pen/Strep
(Omega Scientific). Culture medium was replaced the first day after
thawing, and then every 48h until 80% confluent. Primary human
hepatocytes (Thermo Fisher Scientific) were thawed in 50mL
Cryopreserved Hepatocytes Recovery Medium (Thermo Fisher
Scientific) and plated in 500 pL William’s E Medium supplemented with
Hepatocyte Plating Supplement Pack on collagen-coated 24-well plates
(Thermo Fisher Scientific). Culture medium was replaced the first day
after thawing with William's E Medium supplemented with Hepatocyte
Maintenance Supplement Pack (Thermo Fisher Scientific).

2.4. Cell treatments
For the CCL20 experiments, LX-2 cells were seeded at 2 x 10° cells/

well in 6-well culture dishes (VWR International) containing 2.0 mL cell
culture medium and placed at 37 °C in a Hera Cell 5% CO, incubator
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(Thermo Fisher Scientific). Prior to all treatments, cells were serum-
starved overnight. CCL20 stock solution was prepared by dissolving
lyophilized human recombinant CCL20 (Sigma-Aldrich; St. Louis, MO)
in water to a concentration of 1 mg/mL. Serum-free media was aspi-
rated from cells and replaced with media containing 250 ng/mL or
1 pg/mL CCL20.

For treatments with primary human hepatocytes, palmitate (Sigma-
Aldrich) was first conjugated to bovine serum albumin (BSA; [Omega
Scientific]) at a final concentration of 1 mM palmitate and 1% BSA by
heating at 37 °C for 30 min prior to cell treatments. Cells were serum-
starved overnight, and then treated with 1% BSA (as the negative
control), 20 mM fructose, 1 mM BSA-conjugated palmitate, or a com-
bination of the two for 48 h. Oil Red O staining was used to assess lipid
uptake. For the glucose treatments, LX-2 and HepG2 cells were seeded
at 1 x 10° cells/well in 6-well plates and serum-starved overnight. Cells
were grown in 5mM glucose (normal glucose, NG), 25mM glucose
(high glucose, HG), or 25 mM mannitol as an osmotic control. CCL20
fold-change relative to normal glucose was measured at 0, 4, 24, and
48h in LX-2 cells and 0, 24, and 48 h in HepG2 cells.

2.5. Total RNA extraction and quantification from cells

Total RNA was extracted from cells using the RNeasy mini kit
(Qiagen) according to the manufacturer’s protocol. RNA quality and
concentration was determined by absorbance at 260nm using the
NanoDrop One spectrophotometer (Thermo Fisher Scientific).
MicroRNA was extracted from cells using the miRNeasy mini kit
(Qiagen) according to the manufacturer’s protocol. The miRNA quan-
tity and quality were assessed using the small RNA chip on the 2100
Bioanalyzer System (Agilent Technologies; Santa Cruz, CA).

2.6. Quantitative real-time PCR (qPCR)

The TagMan RNA-to-Ct 1-Step kit (Thermo Fisher Scientific) in
conjunction with the QuantStudio 6 Flex Real-Time PCR system
(Thermo Fisher Scientific) and TagMan commercial primers (informa-
tion available upon request) were used to measure mRNA levels.
MiRNA was processed using the Tagman MicroRNA Reverse
Transcription Kit (Applied Biosystems), followed by amplification using
commercial probes (Applied Biosystems). Cycle threshold levels were
generated using QuantStudio Real-Time PCR Software 1.0. Messenger
RNA and miRNA data were normalized using glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) or a combination of RNU48 and RNU6B
(which showed invariant expression levels), respectively. The —AACt
method was used to determine fold-change of gene expression. All ex-
periments were performed in triplicate. Primer sequences are available
upon request.

2.7. Transfection with CCL20 siRNA

Approximately 2 X 10° LX-2 cells/well were seeded in a 24-well
plate with 6 pL Lipofectamine RNAiMAX transfection reagent (Thermo
Fisher Scientific) containing either 50 nM or 100 nM Silencer Select Pre-
Designed siRNA directed against CCL20 or Silencer Select Negative
Control Number 1 siRNA (both Thermo Fisher Scientific) and incubated
at 37 °C. Cells were harvested after 48 or 72 h. Total RNA was extracted
and expression of CCL20, ACTA2, COL1A1, SERPINE]1, and PLAU was
assessed as described.

2.8. Prediction of miRNAs targeting the 3’ untranslated region (3’'UTR) of
CCL20

Potential CCL20-targeting miRNAs were identified using six dif-
ferent prediction algorithms (miRWalk, Microt4, miRanda, miRDB,
RNA22, and Targetscan) as implemented in miRWalk 2.0 (http://zmf.
umm.uni-heidelberg.de/apps/zmf/mirwalk2/). The miRmap tool [31]
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was used to predict miRNA target repression strength.
2.9. 3’UTR dual-luciferase reporter assay

Reporters were constructed using the pmirGLO Dual-Luciferase
miRNA Target Expression Vector (Promega Corp; Madison, WI). The 3’
untranslated region (3'UTR) of CCL20 or a scrambled sequence insert
were generated by PCR and cloned into the multiple cloning site (MCS)
of the pmirGLO vector by the Emory Integrated Genomics Core
(Atlanta, GA). The resulting (pGLO-CCL20 3’UTR) and (pGLO-
Scramble) reporter plasmids were sequence-verified. Approximately
2 x 10° HEK293 cells/well were seeded in a 24-well plate, co-trans-
fected with 2 ug of the indicated vector and 10 pM miR-590-5p mimic
or negative control mimic using 4 uL Lipofectamine 2000 per well
(Thermo Fisher Scientific), and then incubated at 37°C for 48h.
Luciferase activity was measured using the Dual-Glo Luciferase Assay
System (Promega). Luminescence was detected using the EnVision 2105
Multimode Plate Reader (PerkinElmer; Waltham, MA). The ratio of
firefly luciferase activity to Renilla luciferase activity was used to cal-
culate normalized luciferase activity. The effect of miR-590-5p on gene
expression was determined by setting the normalized luciferase activity
of the negative mimic control + pGLO-CCL20 3’UTR vector to 100%
and showing the normalized luciferase activity of miR-590-5p
mimic + CCL20 3'UTR vector as a percentage. For the control condi-
tions, relative luciferase activity was determined by showing the nor-
malized luciferase activity of miR-590-5p + pGLO-Scramble vector as a
percentage of the negative mimic control + vector control. All experi-
ments were performed in triplicate. The Mann-Whitney U test was used
to assess differences between conditions. A P-value < 0.05 was con-
sidered statistically significant.

2.10. Transfection with miR-590-5p mimic and anti-miR-590-5p inhibitor

Approximately 2 X 10° LX-2 cells/well were seeded in a 24-well
plate with 6 pL Lipofectamine RNAiMAX transfection reagent (Thermo
Fisher Scientific) containing either 75nM mirVana miRNA-590-5p
mimic, 50 nM anti-miR-590-5p inhibitor, or 50 nM scrambled sequence
control (mirVana Negative Control #1 [Thermo Fisher Scientific]) and
incubated for 48h at 37°C. Total RNA was extracted using the
miRNeasy kit (Qiagen; Germantown, MD) and miR-590-5p over-ex-
pression and knockdown was verified using qPCR as described.

2.11. Statistical analysis

All statistical analyses were performed using GraphPad Prism 8
(GraphPad Software; La Jolla, CA). Data were analyzed as the
mean = standard deviation (SD) from at least three independent as-
says. The Kruskal-Wallis one-way analysis of variance test with a Dunn
post-hoc test were used to assess differences between conditions, unless
otherwise indicated. A P-value < 0.05 was considered statistically
significant.

3. Results

3.1. CCL20 expression increases with worsening liver histology in NAFLD
patients

We previously observed an increase in circulating CCL20 protein
levels that paralleled severity of liver fibrosis in NAFLD patients [20], a
finding consistent with earlier work showing higher levels of CCL20 in
hepatitis C virus-infected individuals with cirrhosis compared to those
without cirrhosis [19] and correlation of hepatic CCL20 gene expres-
sion with prognostic scores (i.e., Model for End-stage Liver Disease) and
hepatic cirrhosis in alcoholic hepatitis [15]. To evaluate hepatic CCL20
patterns across the histological spectrum of NAFLD, we first compared
normalized counts of CCL20 derived from RNA-sequencing in patients
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Fig. 1. CCL20 expression in liver samples from individuals spanning the his-
tological spectrum of NAFLD. (A) Using RNA-sequencing data [24], we de-
termined average CCL20 transcript abundance in NAFLD samples across a
spectrum of liver histology (36 normal, 50 steatosis, 52 inflammation, and 53
fibrosis). The ordinal logistic regression showed a significant positive trend
(B = 0.244; P = 4.8E—4), whereas the pairwise comparisons conducted with
logistic regression showed a significant difference only between normal and
fibrosis histological grades (P.q; = 1.3E—03). (B) CCL20 gene expression was
measured in a subset of NAFLD patients with steatosis (n = 10), lobular in-
flammation (n = 10), advanced fibrosis (n = 10), and normal liver histology
(n = 10). Real time qPCR was performed using Tagman gene expression assays
for CCL20 and GAPDH. The Kruskal-Wallis one-way analysis of variance test
with a Dunn post-hoc test were used to assess differences in expression between
each histological grade of NAFLD and normal histology. P < 0.05,
"P < 0.001, and P < 0.0001.

with biopsy-proven steatosis, inflammation, and fibrosis (Supplemen-
tary Table 1). As shown in Fig. 1A, CCL20 expression increased with
worsening liver histology in NAFLD (ordinal logistic regression:
B =0.244; P,q = 4.8E—04). However, the comparison between
normal liver histology and the other histological stages revealed that
CCL20 levels were significantly different only between normal and se-
vere fibrosis (f = 0.512; P,q; = 1.4E—03). To validate these findings,
we analyzed CCL20 expression using quantitative RT-PCR in a subset of
NAFLD patients and found 5.2-fold, 8.8-fold, and 20.2-fold upregula-
tion of CCL20 expression in samples with biopsy-proven steatosis, in-
flammation, and severe fibrosis, respectively, compared to normal liver
histology (Fig. 1B), consistent with CCL20 expression increasing with
progression across NAFLD histological stages.

Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.cyt0.2019.154789.

Cytokine 123 (2019) 154789

3.2. CCL20 expression is upregulated in activated LX-2 cells and lipid-
loaded PHH

In LX-2 cells, CCL20 expression was upregulated in response to
treatment with palmitic acid, oleic acid, or a palmitic acid/oleic acid
(50/50) mixture, suggesting that hepatic stellate cells may play a par-
ticipatory role during hepatic lipid-loading [20]. Similar results were
observed in HepG2 cells, although to a lesser extent. To extend these
findings, we first measured CCL20 expression in primary human he-
patocytes in response to treatment with palmitate and fructose
(Fig. 2A). In the presence of 20 mM fructose, CCL20 levels were similar
to those in untreated cells. However, in the presence of 1 mM palmitate,
CCL20 expression was over five-fold higher compared to untreated
cells; this finding was similar in cells treated with both palmitate and
fructose, suggesting that the palmitate-induced upregulation of CCL20
was not affected by the presence of fructose. In light of the changes in
expression that occurred during lipid loading of LX-2 cells [20], we next
asked whether CCL20 levels were different between “activated” and
“quiescent” LX-2 cells [32]. LX-2 cells plated on plastic quickly trans-
form to a myofibroblastic phenotype; in these cells, we saw CCL20
expression increase 132-fold at six hours compared to time of plating
(Fig. 2B). After this, CCL20 expression decreased to levels observed in
cells plated on Matrigel, which resemble a “quiescent” phenotype.

Insulin resistance is thought to be a central process in NAFLD [33].
CCL20 expression increases in renal proximal tubule cells exposed to
high glucose (25 mM) and in the kidneys of diabetic rats [34]. To de-
termine whether high glucose conditions affect CCL20 in liver cells, we
treated LX-2 cells and HepG2 cells with 25 mM glucose for 48 h. In LX-2
cells, CCL20 expression increased markedly at four hours, and then
decreased, but remained at levels 20-fold higher than untreated cells
(Fig. 2C). In contrast, CCL20 levels in HepG2 cells steadily rose over the
first 24 h, and then plateaued at 3.5-fold induction (Fig. 2D). In both
cell types, CCL20 levels increased in response to treatment with the
osmotic control (25mM mannitol), suggesting that elevated CCL20
expression is due to osmotic stress and not high extracellular glucose
concentration in liver cells.

3.3. CCL20 treatment increases levels of extracellular matrix components

The presence of increased CCL20 levels in fibrotic liver samples
from NAFLD patients suggests a potential relationship between CCL20
and expression of ECM-related components in hepatic stellate cells, the
key fibrogenic cells in the liver. To address this question, we treated LX-
2 cells with 250 ng/mL and 1 pg/mL of CCL20 for 24 h. In the presence
of CCL20, we observed upregulation of CCL20 and ACTAZ2 levels, and
downregulation of SERPINE1 (serine protease inhibitor family E,
member 1) and PLAU (plasminogen activator, urokinase, also known as
urokinase plasminogen activator [uPA]) (Fig. 3A). In contrast to results
reported for primary human HSCs [15], we did not observe a statisti-
cally significant change in COLIAI levels with CCL20 treatment, al-
though knockdown of CCL20 resulted in a significant reduction of
COL1A1 levels. CCL20 knockdown also corresponded with decreased
levels of CCL20, and ACTA2, and a trend toward increased levels of
SERPINE] and PLAU (Fig. 3B).

3.4. CCL20 is regulated by miR-590-5p

In colorectal cancer cells, CCL20 is regulated by miR-21 [35], in-
dicating an additional level of regulation with potential importance.
Combined with our previous work showing dysregulated hepatic
miRNA expression in NAFLD fibrosis [36], we sought to determine
whether miRNA-mediated regulation of CCL20 occurred in NAFLD fi-
brosis. We first analyzed the CCL20 sequence to identify putative
miRNA binding sites using a comparative platform comprised of six
different algorithms (see Section 2). Although 768 miRNA binding site
predictions were identified using one or more of algorithms, the
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Fig. 2. CCL20 expression patterns in hepatic cells. (A) Primary human hepatocytes (PHHs) were treated with 1 mM BSA-conjugated palmitate, 20 mM fructose, or a
combination of palmitate and fructose for 48 h. The black bar represents BSA-only treatment conditions. (B) LX-2 cells were either grown on plastic to achieve a
myofibroblastic phenotype or on Matrigel (MG) to induce a state resembling biological quiescence. Expression levels for CCL20 and ACTAZ2 were normalized against
GAPDH. (C) LX-2 cells and (D) HepG2 cells grown under normal (5mM), high (25 mM) glucose concentration, or mannitol (25 mM), as an osmotic control. CCL20
transcript abundance was measured by qPCR. CCL20 fold-change relative to normal glucose was measured at 4, 24, and 48 h in LX-2 cells and 0, 24, and 48 h in
HepG2 cells. Differences in expression were assessed using the Mann-Whitney test. P < 0.05.

combination of all six algorithms together predicted binding sites for
only three miRNAs: miR-590-5p, miR-557, and miR-507. Using the
integrated miRmap tool [31], miRmap scores for the three miRNAs
were 91.69, 95.91, and 92.99 for miR-590-5p, miR-557, and miR-507,
respectively. Based on our previous work showing a 2.3-fold reduction
(P,q; = 0.01) in miR-590-5p expression in NAFLD patients with fibrosis
compared to those with normal histology (but no differences in miR-
557 and miR-507 levels) [28], we sought to ascertain whether miR-590-
5p might regulate CCL20 expression in liver cells.

According to miRmap [31], the predicted miR-590-5p binding site
aligns to positions 261-267 in the CCL20 3’UTR (Fig. 4A). To validate
this interaction, we used a dual luciferase reporter assay to measure
direct binding between miR-590-5p and the CCL20 3’UTR. Co-trans-
fection of a construct containing the CCL20 3’'UTR and exogenous miR-
590-5p resulted in ~40% decrease in relative luciferase activity com-
pared to control conditions (Fig. 4B). We next transfected LX-2 cells
with miR-590-5p mimic or siRNA to determine possible functional
consequences of miR-590-5p on CCL20 expression. We observed the
expected increased or decreased miR-590-5p expression in the presence
of mimic and inhibitor, respectively (Fig. 4C). In the presence of exo-
genous miR-590-5p, CCL20 levels decreased 2.4-fold compared to un-
treated cells, and increased 6.7-fold in response to treatment with miR-
590-5p siRNA (Fig. 4D), suggesting that this miRNA directly down-
regulates expression of CCL20.

Based on our observation that miR-590-5p levels were reduced in
NAFLD patients with fibrosis, we hypothesized that expression patterns
would be mirrored in hepatic stellate cells following myofibroblastic
transition. As shown in Fig. 5A, levels of miR-590-5p were reduced 4.8-
fold in activated LX-2 cells compared to cells grown on MG, consistent
with increased CCL20 expression in these cells. To determine whether
CCL20 conversely affects miR-590-5p expression, we measured miR-
590-5p levels in response to treatment with 250 ng/mL CCL20 for six
hours. We observed no difference in miR-590-5p expression between
CCL20-treated and untreated cells (Fig. 5B).

4. Discussion

The cellular and molecular mechanisms underlying the develop-
ment and progression of NAFLD are complex and multifactorial [4]. Up
until recently, this process was postulated to follow a “two-hit” me-
chanism, by which factors such as obesity, insulin resistance, diet, and
lifestyle result in hepatic fat accumulation that sensitize the liver to
further insult (comprising the “first hit”), with a “second hit” leading to
the consequent cascade of inflammation and fibrogenesis [4]. While
this mechanism was supported by findings from animal models of
obesity [37], it failed to recapitulate the complexity of NAFLD devel-
opment and progression in humans. A number of pathways have now
been implicated in the progression from steatosis to hepatic
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inflammation and fibrogenesis in NAFLD, one of which includes the
activation of proinflammatory cytokines, including chemokines, which
participate in complex crosstalk among a variety of different cells. The
chemokine CCL20 has recently emerged as a potential mediator of
hepatic inflammation, injury, and fibrosis in alcoholic hepatitis [15],
while in NAFLD fibrosis, serum and hepatic CCL20 levels are elevated
relative to NAFLD patients with normal liver histology [20]. Here we
provide evidence that regulation of CCL20 via a miRNA mediator in

hepatic stellate cells may be a candidate molecular pathway in NAFLD
fibrosis through mechanisms involving ECM.

Abundant evidence implicates CCL20 in liver injury. In mice, CCL20
mediates hepatocellular damage resulting from LPS administration
[15]. In patients with alcoholic hepatitis (AH), CCL20 is the most up-
regulated CC chemokine [38] and hepatic CCL20 levels were positively
correlated with scores used to assess prognosis [15]. Circulating CCL20
levels were correlated with serum LPS concentration in AH and higher
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levels of serum CCL20 were associated with more severe hepatic in-
filtration of polymorphonuclear cells compared to a mild grade of in-
filtration [15]. Levels of hepatic CCL20 mRNA and serum CCL20 pro-
tein were also higher in AH patients who died within 90 days of
admission compared to those who survived [15]. In patients with
NAFLD fibrosis, CCL20 was one of the most upregulated transcripts
relative to normal liver histology and median serum CCL20 protein
levels were increased in all grades of fibrosis [20]. In the current study,
we observed increasing upregulation of CCL20 transcript levels in
NAFLD patients with steatosis < lobular inflammation < fibrosis,
demonstrating that activation of this chemokine occurs even in the
early stages of simple steatosis and continues to increase with wor-
sening liver histology. Together, these results suggest that CCL20 may
mediate inflammation and fibrogenesis in chronic liver disease in-
dependent of underlying pathophysiology and may therefore serve as a
useful biomarker for early detection of liver damage.

Our finding that CCL20 expression increased during the early acti-
vation stages in LX-2 cells, but remained stable in cells grown under
conditions to resemble a “quiescent” phenotype prompted us to spec-
ulate that CCL20 may exert measurable autocrine effects in LX-2 cells.
CCL20 treatment of LX-2 cells did result in increased levels of CCL20
and ACTA2 and decreased expression of SERPINE1 and PLAU, while
knockdown of CCL20 corresponded with decreased CCL20, ACTA2, and
COL1A1. ACTA2 and COL1A1 are well-characterized components of the
ECM and are known to increase during activation of hepatic stellate
cells [23]; regulation of these components by CCL20 therefore suggests
a role in ECM composition, consistent with our findings of CCL20 up-
regulation in activated LX-2 cells. PLAU is a secreted serine protease
that binds with its receptor (uPAR) to convert plasminogen to plasmin.
In turn, plasmin plays key roles in extracellular matrix degradation,
chemotaxis, and growth factor release [39]. Here, we observed down-
regulation of PLAU expression by CCL20 treatment, which was reversed

with siRNA-mediated knockdown of CCL20, supporting the idea that
this chemokine impacts fibrogenesis via regulation of ECM in hepatic
stellate cells. We also observed downregulation of SERPINEI, which
encodes PAI-1 (plasminogen activator inhibitor-1), by CCL20. PAI-1
functions to protect ECM proteins from proteolytic degradation [40]:
PAI-1 binds PLAU, and the resulting PLAU-PAI-1-uPAR structure is in-
ternalized into the cytosol, whereupon, PLAU and PAI-1 are degraded
and uPAR is recycled back to the cell membrane [39]. These un-
expected findings suggest additional levels of ECM regulation in acti-
vated LX-2 cells. In primary human hepatic stellate cells, CCL20 in-
duced the expression of CCL2, CCL5, and intracellular adhesion
molecule 1, as well as COL1A1 and transforming growth factor beta 1
[15]. Taken together, the findings demonstrate that CCL20 has both
profibrogenic and proinflammatory effects on hepatic stellate cells.

Our results further suggest that hepatic stellate cells may also be a
key cell type in cellular response to steatosis. In LX-2 cells, CCL20
transcript expression was upregulated ~15-fold by palmitate, while in
HepG2 cells, both palmitate and oleate treatment increased expression,
but to a lesser degree (~5-fold) [20]. We observed a similar upregu-
lation of CCL20 by palmitate in primary human hepatocytes, con-
firming the results obtained in HepG2 cells. In contrast to fatty acid
loading, increased CCL20 levels observed following exposure to ele-
vated glucose paralleled levels caused by osmotic stress in both LX-2
and HepG2 cells. Given the complex, multicellular nature of NAFLD
progression, investigation of the production of CCL20 in individual cell
types due to multiple stimuli and mechanisms of paracrine and auto-
crine signaling among these cell types is warranted.

While the evidence supporting a role for CCL20 in the development
and progression of NAFLD fibrosis is only now emerging, evidence
supporting a role for chemokines has been accumulating over the past
several years. For example, CCL2 expression in hepatocytes is upregu-
lated in mice fed a high fat diet [41], and the pathway involving CCL2
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and its receptor, C-C chemokine receptor 2 (CCR2), is also upregulated
in the livers of animals with diet-induced NASH [7]. CCL2-CCR2 sig-
naling promotes the migration of hepatic stellate cells, which impacts
the development of fibrosis [13]. In contrast, inactivation of hepatic
CCR2 inhibits the development of NASH [7] and deletion of CCL2 and
CCR2 ameliorates hepatic steatosis [11,14]. Likewise, expression of
CCL5, which is primarily involved in the migration of T-cells, mono-
cytes, neutrophils, and dendritic cells, is upregulated in diet-induced
obese mice [42] and obese patients [43]. Inactivation of the CCL5 re-
ceptor, CCR5, protects mice from insulin resistance and hepatic fatty
infiltration, and corresponds with a shift in macrophage polarization
toward the alternative M2 activation [42]. CCL5 is also involved in the
progression of hepatic fibrosis in mice [12]. A phase 2b randomized
double blind clinical trial of a CCR2 and CCR5 dual antagonist revealed
a significant anti-fibrotic effect at year 1 that was well tolerated, al-
though the study did not meet its primary endpoint [44].

Our finding that miR-590-5p regulates CCL20 expression through
direct interaction with the CCL20 3’UTR reveals potential further
complexity in the pathogenesis of NAFLD. Early work demonstrated a

Cytokine 123 (2019) 154789

functional interaction between miR-21 and CCL20 in colorectal cancer
cells [35], and miR-150 inhibits tumor invasion and metastasis by
targeting CCR6, the sole receptor for CCL20, in advanced cutaneous T-
cell lymphoma [45]. However, this is the first evidence showing a role
for miRNA-mediated regulation of CCL20 in liver cells, Interestingly, in
a miRNA-profiling study conducted in NAFLD patients, we found that
miR-590-5p was significantly downregulated in samples with biopsy-
proven fibrosis compared to normal liver histology [36]. CCL20 treat-
ment did not affect miR-590-5p levels, indicating that other factors are
responsible for the downregulation of this miRNA. We postulate that
downregulated miR-590-5p expression in NAFLD fibrosis may lead to
disinhibited regulation of CCL20 expression that is observed with pro-
gressive NAFLD stages. Additional experiments are necessary to fully
address this possibility.

Our data indicate that CCL20 expression increases in parallel with
worsening liver histology in NAFLD patients and with transition to a
myofibroblastic phenotype in hepatic stellate cells. CCL20 effects on
components and regulators of ECM confirm a profibrogenic role for this
chemokine, and evidence that miR-590-5p regulates CCL20 expression
suggests a novel pathway for NAFLD progression. These results high-
light the importance of further investigation of CCL20 as a key player in
NAFLD-related fibrogenesis.
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