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extracellular matrix via both transcriptional and
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ABSTRACT: Fibrosis is characterized by the increased accumulation of extracellular matrix (ECM), which drives
abnormal cell proliferation and progressive organ dysfunction in many inflammatory and metabolic diseases.
Studies have shown that halofuginone, a racemic halogenated derivative, inhibits glutamyl-prolyl-transfer RNA-
synthetase (EPRS)-mediated fibrosis. However, the mechanism by which this occurs is unclear. We explored the
mechanistic aspects of how EPRS could develop liver fibrotic phenotypes in cells and animal models. Treatment
with TGF-f1 up-regulated fibronectin and collagen I levels in LX2 hepatic stellate cells. This effect was inhibited in
prolyl-transfer RN A synthetase (PRS)-suppressed LX2 cells. Using the promoter luciferase assay, TGF-B1-mediated
collagen I, a1 chain transcription and y2 basal laminin transcription in LX2 cells were down-regulated by EPRS
suppression, suggesting that EPRS may play roles in ECM production at transcriptional levels. Furthermore, signal
transducer and activator of transcription (STAT) signaling activation was involved in the effects of TGF-f31 on ECM
expression in a PRS-dependent manner. This was mediated via a protein-protein complex formation consisting
of TGF-f1 receptor, EPRS, Janus kinases, and STAT6. Additionally, ECM expression in fibrotic livers overlapped
with EPRS expression along fibrotic septa regions and was positively correlated with STAT6 activation in carbon
tetrachloride—treated mice. This was less obvious in livers of Eprs~'* mice. These findings suggest that, during fibrosis
development, EPRS plays roles in nontranslational processes of ECM expression via intracellular signaling regulation
upon TGF-B1 stimulation.—Song, D.-G., Kim, D., Jung, J. W,, Nam, S. H,, Kim, J. E., Kim, H.-J., Kim, J. H,, Lee, S.-J.,
Pan, C.-H., Kim, S., Lee, J. W. Glutamyl-prolyl-tRNA synthetase induces fibrotic extracellular matrix via both tran-
scriptional and translational mechanisms. FASEB J. 33, 4341-4354 (2019). www.fasebj.org
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position of extracellular matrix (ECM) outside of cells after
chronic injury—mediated inflammation (1). Chronic liver
disease can progress to advanced fibrosis and cirrhosis,
can accompany abnormal liver vascular architecture and
functional failure, and can lead to hepatocellular carci-
noma (HCC) (2). Significant advances in different cell and
organism models have revealed molecular mechanisms
that underlie the progression of liver fibrosis (3). Liver fi-
brosis involves a several-fold increase in the ECM (1). Liver
ECM is produced mostly by hepatic stellate cells (HSCs)
(4), and collagen I is the main component of the fibrous
septa related to activated HSCs (5). Previous studies have
shown that hepatocytes produce ECM in vitro. Further-
more, numerous other ECM molecules can be either in-
dicators or therapeutic targets for manipulating fibrosis
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(6), and the mammalian ECM consists of ~300 proteins (7).
Because previous studies have mostly focused on the role
of collagen I in liver malignancy, it is important to study
the roles of other ECM molecules in liver fibrosis.

Pharmaceutical agents can be designed to prevent the
progression of fibrosis and reverse steatohepatitis (8). Ex-
cessive ECM production by activated HSCs, portal myo-
fibroblasts (MFs), and activated sinusoidal endothelial
cells can be targeted in the development of antifibrotic
agents (2). Moreover, ductular reactions or epithelial-
mesenchymal transition-like changes can stimulate chol-
angiocytes, which then activate MF and result in the
progression of cirrhosis and the development of HCC (9).
Many different molecules are involved in signaling path-
ways for ECM production and deposition in these
processes, leading to liver fibrosis. In particular, prolyl-
transfer RNA (tRNA) synthetase (PRS) has been targeted
to block fibrotic collagen production (10). Halofuginone
(HF) is an analog of the alkaloid febrifugine that was
originally isolated from the plant Dichroa febrifuga. HF is an
excellent example of a bioactive agent that inhibits mRNA
levels of collagen [collagen I a1 (COL1A1T) and collagen I
a2 (COL1A2)]. These levels are restored by proline sup-
plementation (10), indicating that HF can block the cata-
lytic activity of PRS, which involves the loading of proline
to tRNA during the translational process of proline-rich
collagen. The observation that both COL1A1 (with 19%
proline/total residues) and fibronectin (FN1) (with 7.9%
proline/total residues) can be blocked by HF treat-
ment (10) suggests that glutamyl-prolyl-tRNA synthetase
(EPRS) may have roles beyond its translational tRNA
charging activity. Limiting amino acids or inhibition of
any of the aminoacyl-tRNA synthetases in animals acti-
vates the amino acid response (AAR) pathway after the
accumulation of uncharged tRNAs is sensed and eukary-
otic translation initiation factor 2a is phosphorylated by
GSN2 kinase (11). These processes lead to decreased global
protein synthesis (12) and induction of selected genes, in-
cluding activating transcription factor (ATF)4. ATF4 can
then activate downstream genes to mediate the adapta-
tion of cells to a stress environment, including C/EBP-
homologous protein (CHOP, also known as DDIT3) (13).
Thus, ATF4 protein expression activates multiple stress-
induced genes, including AAR elements (14).

TGF-B1 is a multifunctional cytokine that plays major
roles in the initiation and progression of fibrogenesis and is
the molecular basis of organ fibrosis (15). In fibroblasts
from human patients, treatment with HF reduces TGF-
Bl-mediated collagen synthesis (16) without altering
TGEF-B receptor gene expression or TGF-$ levels (17), in-
dicating that HF targets downstream of TGF-f receptor 1
(TGF-BR1). HF can also target the signaling activity of
SMAD family member 3 (SMAD3) and other molecules in
different cell types (18). Furthermore, HF prevents the
differentiation of Th17 cells, which are a subset of CD4"
T cells that express IL-17. This occurs when HF binds to
EPRS and induces the accumulation of uncharged tRNA
and the activation of the AAR pathway and leads to the
inhibition of autoimmune inflammation (19). Human
glutamyl-tRNA synthetase and PRS activities are con-
tained within a single polypeptide chain (20). Because of its
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poor oral bicavailability, gastrointestinal toxicity, and Lim-
ited patent life, the development of HF as an antifibrotic drug
has been hindered (21). Many of its side effects may be due to
its inhibition of TGF-8 /SMAD3 signaling, which is impor-
tant for homeostatic immune and inflammatory functions
(18,22). Thus, the role of EPRS in the development of fibrosis,
especially regarding HF, requires further exploration.

In this study, we have focused on the mechanistic roles of
EPRS in TGF-B1-mediated fibrosis. Our findings revealed
relationships between EPRS and signal transducer and ac-
tivator of transcription (STAT)6 during TGF-B1-mediated
ECM production in LX2 HSCs and carbon tetrachloride
(CCly)-mediated liver fibrosis.

MATERIALS AND METHODS
Reagents and plasmids

All cytokines and growth factors, including TGF-B1, were pur-
chased from Peprotech (Rocky Hill, NJ, USA). Halofuginone,
CCly (270652), ascorbic acid (A4403), poly(sodium 4-styrenesul-
fonate) solution (200 kDa, 30 wt. % in H,O; 561967), and the
hydroxyproline assay kit (MAKO008) were purchased from Mil-
liporeSigma (Burlington, MA, USA). Bleomycin and target-
specific pooled small interfering RNAs (siSTAT3 and siSTAT6)
were purchased from Santa Cruz Biotechnology (Dallas, TX,
USA). EPRS and its S999A mutant in pEXPR-103-Strep vector
(IBA Lifesciences, Goettingen, Germany) were gifts from Dr.
Myung Hee Kim (Korea Research Institute of Bioscience and
Biotechnology). The PRS domain of EPRS was cloned into the
PEXPR-103-Strep vector (IBA Lifesciences). Generation of pRc/
CMV-WT STAT3 was performed as previously reported (23), and
PCMV-STAT6-IRES-Neo was a gift from Axel Nohturfft (plasmid
35482; Addgene, Cambridge, MA, USA). Adenoviruses express-
ing SMAD2 or SMAD3 were explained in a previous study (24).

Cell culture

LX2 HSCs were a kind gift from Dr. Scott Friedman (Ichan School
of Medicine at Mount Sinai, New York, NY, USA), and human
foreskin fibroblasts (HFFs) were a kind gift from Dr. Jin Ho
Chung (Seoul National University, Seoul, Republic of Korea).
Cells were cultured in DMEM (SH30243.01; Hyclone, South
Logan, UT, USA). All media were supplemented with 10% fetal
bovine serum (GenDepot, Barker, TX, USA) and 1% penicillin/
streptomycin (GenDepot), and all cells were grown at 37°C in 5%
CO,. The Smartvector short hairpin (sh)EPRS doxycycline-
inducible knockdown cell line was established by treating lenti-
viral particles (EPRS mCMV-turboGFP V2IHSMCG_687815,
687823; Dharmacon, Lafayette, CO, USA). Positive clones were
enriched by treatment with 2 p.g/ml puromycin (GenDepot) and
maintained in complete medium supplemented with 1 wg/ml
puromycin. The small interfering RNAs or cDNA plasmids were
transiently transfected using Lipofectamine RNAiMax or Lipo-
fectamine 3000, respectively, following the manufacturer’s in-
structions (Thermo Fisher Scientific, Waltham, MA, USA).

Western blot analysis

Subconfluent cells or animal tissues were harvested for whole-cell
or tissue extracts using radioimmunoprecipitation assay buffer.
Lysates were separated in Tris-glycine SDS-polyacrylamide gels
at concentrations ranging from 8 to 12% and transferred
to nitrocellulose membranes (Thermo Fisher Scientific). The
target-specific antibodies used in this study are summarized
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in Supplemental Table S1. The resulting Western blot images were
quantified using Image] software [v.1.50b; National Institutes of
Health (NIH), Bethesda, MD, USA]. Quantitated values were
normalized using either loading control or their total forms.

ECM deposition assay and collagen footprint assay

Control or shEPRS cells were grown on glass coverslips and
treated with TGF-B1 or vehicle. After treatment, cells were
washed in cold PBS, fixed in 4% formaldehyde in PBS, washed in
PBS, and blocked in 5% bovine serum albumin in PBS. Without
permeabilization, cells were incubated with collagen I or fibro-
nectin antibody (Supplemental Table 1) overnight at 4°C, fol-
lowed by an Alexa Fluor 488—conjugated secondary anti-rabbit
IgG antibody (Thermo Fisher Scientific). Antibodies were diluted
in 5% bovine serum albumin. DAPI was used to stain nuclei.
Immunofluorescent images were acquired on a fluorescence
microscope (BX51TR; Olympus, Tokyo, Japan) or on a confocal
laser scanning microscope (Nikon C2; Nikon, Tokyo, Japan) as
previously described (25). The fluorescence intensity was mea-
sured using ImageJ software (NIH; v.1.50b). The collagen foot-
print assay was conducted as previously described (26). Briefly,
collagen deposition was facilitated by treating cultured cells with
ascorbic acid and poly(sodium 4-styrenesulfonate) with or
without TGF-B1. Cells were washed the following day with ice-
cold PBS and lysed with 0.5% deoxycholate in PBS at 4°C with
gentle agitation. The remaining collagen debris (footprint) was
either immunostained for visualization or collected with 2 times
SDS-PAGE sample buffer and heated at 95°C for 5 min. The
collagen footprint was analyzed according to the conventional
Western blotting method.

Quantitative RT-PCR

Cells were infected or transfected to suppress the indicated genes
for 24 or 48 h. Total RNA from animal tissues, cells, or 3-di-
mensional (3D) organoids were isolated using Qiazol Reagent
(Qiagen, Hilden, Germany), and their cDNAs were synthesized
using amfiRivert Platinum cDNA Synthesis Master Mix (Gen-
Depot) according to the manufacturer’s instructions. Quantita-
tive RT-PCR (qRT-PCR) was performed with LaboPassTM
EvaGreen Q Master (Cosmo Genetech, Seoul, Republic of Korea)
and with CEX Connect Real-Time PCR (Bio-Rad, Hercules, CA,
USA). The mRNA levels were normalized against glyceralde-
hyde 3-phosphate dehydrogenase, and CFX Maestro software
(Bio-Rad) was used to analyze the data. Primers were purchased
from Cosmo Genetech. The primer sequences are shown in
Supplemental Table S2.

Coimmunoprecipitation

Whole-cell lysates were prepared using immunoprecipitation
lysis buffer [40 mM HEPES (pH7.4), 150 mM NaCl, 1 mM EDTA,
0.5% Triton X-100] and precipitated with Pierce High-Capacity
Streptavidin Agarose (Thermo Fisher Scientific) overnight at 4°C.
Precipitates were washed 3 times with ice-cold lysis buffer and 3
times with immunoprecipitation wash buffer [40 mM HEPES
(pH 7.4), 500 mM NaCl, 1 mM EDTA, 0.5% Triton X-100] and
boiled in 2X SDS-PAGE sample buffer before immunoblotting.

Luciferase assay

To analyze the promoter activity, laminin y2 (LAMC2) promoters
(encoding regions of —1871 to +388) and COL1A1 promoters
(encoding regions of —2865 to +89) were amplified by PCR and
cloned into the pGL3-basic vector. LX2 cells were seeded in 48
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well plates and transfected the following day with plasmids using
the Lipofectamine 3000 Transfection Reagent (Thermo Fisher Sci-
entific). 3-Gal was cotransfected for normalization. One day after
transfection, 2 ng/ml TGF-B1 was added to the culture medium.
After 24 h, luciferase activity was measured using the Luciferase
Reporter Assay Kit (Promega, Madison, WI, USA) with a lumin-
ometer (DE/Centro LB960; Berthold Technologies, Oak Ridge,
TN, USA) according to the manufacturer’s instructions.

Animal experiments

Wild-type (WT) Eprs™* and Eprs * hetero-KO C57BL/6 mice were
housed in a specific pathogen—free room with controlled temper-
ature and humidity. Mouse protocols and animal experiments
were approved by the Institutional Animal Care and Use Com-
mittee of Seoul National University (SNU-161201-1-3). To induce
hepatic fibrosis in mice, CCl, treatment and bile duct ligation (BDL)
methods were used. For the CCl;-mediated liver fibrosis model,
WT and Eprs™/* mice aged 7 wk (n = 5) were injected intraperi-
toneally with or without CCly (1 mg/kg; 270652, MilliporeSigma)
in 40% olive oil once a week for 5 wk. For BDL method, WT and
Eprs~/* mice aged 10 wk (11 = 4) were anesthetized with isoflurane,
and, through a midline incision, the bile duct was isolated and
doubly ligated as previously described (27). Control animals un-
derwent sham surgery. After 5 wk, mice were euthanized, and
serum and tissue samples were collected for analysis. Liver samples
from CCly-treated and BDL mice were snap frozen in liquid ni-
trogen for Western blot, qRT-PCR, and hydroxyproline analyses or
fixed in 4% formaldehyde in PBS for histologic analyses. Serum
alanine transaminase (ALT), aspartate transaminase (AST), and
ALP levels were measured with their respective detection slides
using DRI-Chem 3500i Blood Analyzer (Fujifilm, Tokyo, Japan).

Liver organoid culture

Mouse liver organoids were prepared from WT or Eprs~/* mice.
Mouse livers were chopped and lysed in digestion solution
containing collagenase and dispase II. Isolated ducts were col-
lected by hand under a microscope as previously described (28)
and seeded onto 3D Matrigel (10 pg/ml; Corning, Corning, N,
USA). Cells were supplemented with culture medium containing
specific growth factors as previously described (28). After 2-3
passages, organoids were differentiated. Differentiated or non-
differentiated organoids were treated with 2 ng/ml TGF-B1 for
1 d and harvested for qRT-PCR analysis.

Immunohistochemistry and staining

Paraffin blocks and liver tissue sections were prepared by Abion
(Seoul, Republic of Korea). The sections were subjected to immu-
nohistochemical analysis. Primary antibodies and their dilution
ratios are listed in Supplemental Table S1. The Vectastain ABC-
HRP Kit (Vector Laboratories, Burlingame, CA, USA) was used
to visualize the stained samples. Mayer’s hematoxylin (51275;
MilliporeSigma) was used for counter-staining the nuclei. Mas-
son’s trichrome staining was performed by Abion. Fibrosis stage
was determined according to Metavir classification separately by 2
independent scientists.

Statistics

Statistical analyses were performed using Prism software (v.6.0;
GraphPad Software, La Jolla, CA, USA). Two-way ANOVA in
group analyses or Student’s ¢ tests were performed to determine
statistical significance. A value of P < 0.05 was considered sta-
tistically significant.
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RESULTS

Suppression of EPRS in LX2 HSCs decreased
the production and deposition of ECMs
under TGF-31 signaling

To investigate whether EPRS regulates the expression of
different ECMs, including collagen I and fibronectin, a
Smartvector shEPRS doxycycline-inducible knockdown
LX2 cell line was established by treatment with lentiviral
particles. Cell extracts were immunoblotted for mesen-
chymal markers of active HSCs and ECMs. Suppression of
EPRS did not cause cell death, presumably because the
suppression was not complete and because residual levels
of EPRS were sufficient for other homeostatic functions,
such as cell survival and proliferation, which would be
favored by new proteins synthesized by its proline charg-
ing to prolyl-tRNA (data not shown). TGF-B1 treatment
resulted in enhanced expression of Snaill, a-smooth mus-
cle actin (a-SMA), fibronectin, and collagen I; this was
abolished by suppression of EPRS (Fig. 14). In contrast,
overexpression of the PRS domain of EPRS alone in LX2
cells promoted basal ECM expression, which was further
up-regulated upon TGF-f1 treatment (Fig. 1B). These data
suggest that EPRS can up-regulate ECM expression in ac-
tive LX2 HSCs.

In addition to EPRS mRINA levels, mRNA levels for di-
verse ECM chains, including COL1A1, COL1A2, COL4Al,
FN1, and o-smooth muscle actin (ACTA2), were up-
regulated by TGF-1 treatment; this TGF-f1-mediated in-
crease in the ECM chain expression was partially blocked
by suppression of EPRS (Fig. 1C). LAMC2 mRNA levels
were enhanced by TGF-B1 but not further blocked by EPRS
suppression, suggesting that the laminin y2 chain may be
regulated via other signaling pathways and/or in different
cell types. Furthermore, different levels of ECM chains were
abolished by HF treatment both in EPRS-intact and EPRS-
suppressed cells; however, DDIT3 (also known as CHOP)
mRNA expression was enhanced by EPRS suppression and
further promoted by HF treatment, indicating involve-
ment of the AAR pathway (Fig. 1C). TGF-B1 had no effect
on DDIT3 mRNA levels. At the protein level, HF treatment
abolished TGF-B1-mediated and EPRS-dependent colla-
gen I and fibronectin expression, which was partially res-
cued by supplementation with additional proline (Fig. 1D,
lanes 3, 4, 7, 8, 11, and 12). In addition to the EPRS-
dependent ECM proteins, SMAD2 /3 phosphorylation and
pY6418TAT6 levels, with or without TGF-B1 treatment,
were generally abolished by HF treatment but were also
partially rescued by additional proline supplementation
and HF treatment (Fig. 1D). COL1A1 and FN1 mRNA levels
changed similarly under the same experimental conditions
(Fig. 1E). However, the TGF-B1-mediated protein and
mRNA levels of the ECMs after HF and proline treatment
were still lower than those in cells treated with TGF-g1
alone whether EPRS level and/or activity was modulated
or not (Fig. 1D, lanes 3, 4,7, 8, 11, and 12; Fig. 1E, graphic
bars 3, 4, 7, and 8). These data suggest that EPRS plays a
unique role in ECM production in addition to its tRNA-
charging activity, although other molecules may be in-
volved in STAT-mediated ECM induction. Thus, EPRS
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might transcriptionally regulate the expression of collagen
type I and fibronectin but may not significantly regulate the
expression of laminin y2.

We examined whether suppression of other aminoacyl-
tRNA synthetases is involved in the regulation the ECM
expression via analysis of the AAR pathways. Suppression
of lysyl-tRNA synthetase (KRS), glycyl-tRNA synthetase
(GRS), or leucyl-tRNA synthetase (LRS) led to an increase
in ACTA2 mRNA upon TGF-B1 treatment to a level sim-
ilar to nonsuppressed control LX2 cells. However, KRS-
suppressed cells had DDIT3 mRNA levels that were
unchanged despite TGF-B1 treatment compared with
control cells, whereas GRS or LRS suppression increased
DDIT3 levels (Supplemental Fig. S14, B). In addition, the
mRNA levels of diverse ECM chains were unchanged by
suppression of any of the aminoacyl-tRNA synthetases,
although TGF-$1 treatment promoted ECM production
independent of aminoacyl-tRNA suppression (Supple-
mental Fig. S1C). Therefore, EPRS appeared to be involved
in ECM production via proline-tRNA charging and non-
translational mechanisms, specifically.

We examined whether the EPRS level affected the ex-
tracellular deposition and transcriptional induction of
collagen I and fibronectin. Collagen I and fibronectin
staining in the extracellular space of LX2 cells was more
apparent upon TGF-B1 treatment, whereas suppression of
EPRS reduced the intensity of extracellular collagen I and
fibronectin staining (Fig. 1F). Furthermore, results from
immunoblotting of the conditioned medium of the cells
showed that suppression of EPRS reduced collagen I levels
and footprint collagen I (ie., extracellularly deposited
collagen I) (Fig. 1G). These observations demonstrate that
EPRS up-regulated collagen and fibronectin.

The effects of EPRS expression on the regulation of
ECM expression were examined using primary HFFs.
TGF-B1 treatment up-regulated COLIAT mRNA levels,
and suppression of EPRS reduced COL1IA1 mRNA levels
compared with control HFFs (Supplemental Fig. S2A). HF
treatment decreased TGF-B1-mediated COL1AT mRNA
levels compared with non-HF-treated conditions (Sup-
plemental Fig. S2A). Again, DDIT3 mRNA levels were
increased by HF treatment, suggesting activation of the
AAR pathway (Supplemental Fig. S2A). Collagen I de-
position outside of HFFs was much higher in EPRS-
expressing parental cells than in EPRS-suppressed HFFs
(Supplemental Fig. S2B-D). These results suggest that the
up-regulatory effect of EPRS on ECM production and
deposition can be applied to different types of mesen-
chymal cells.

EPRS-mediated transcriptional regulation of
ECMs involved STAT6 activation

We examined which signaling pathways or molecules could
beinvolved in the EPRS-mediated ECM up-regulation upon
TGF-B1 treatment. Because TGF-B1-mediated signal-
ing transduces canonical SMAD-mediated signaling
and noncanonical pathways, we explored molecules
that are involved in both pathways. Among the mole-
cules we tested, STATs appeared to be involved in the
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effects of TGF-B1; TGF-B1 treatment promoted the
phosphorylation of STAT6 at Tyr641 (i.e., pY**'STATS),
and this was abolished by EPRS suppression. In
contrast, phosphorylation of STAT3 at Tyr705 (i.e.,
pY’®STAT3) decreased upon EPRS suppression and
was slightly reduced by TGF-B1 treatment (Fig. 2A).
pY’®>STAT3 was promoted by PRS expression but was
inactivated by TGF-B1 stimulation in LX2 cells, whereas
pY®*'STAT6 was increased by PRS overexpression or
TGF-B1 stimulation (Fig. 2B). In addition, we assessed
whether STAT6 overexpression could promote the ex-
pression of basal or TGF-fl-mediated ECMs in an
EPRS-dependent manner. Overexpression of STAT6 in
EPRS-suppressed cells could not recover basal and TGE-
Bl-mediated pY6415TAT6, fibronectin expression, and
collagen I expression levels to the levels of cells with intact
EPRS expression (Fig. 2C). Suppression of STAT6 de-
creased basal and TGF-B1-mediated fibronectin and col-
lagen I expression (Fig. 2D). Thus, although sensitive to
STAT6 expression, basal and TGF-Bl-mediated ECM
expression in LX2 cells appeared to depend primarily
on EPRS expression. Overexpression of STAT3 did not
result in a proportional relationship between pY’®STAT3
and basal or TGF-B1-mediated collagen I expression
(Fig. 2E), suggesting that STAT3 might be irrelevant to
EPRS-dependent ECM production in TGF-B1-treated
LX2 cells.

The transcriptional activity of the COL1A1 promoter
with STAT-responsive consensus elements in LX2 cells
was significantly up-regulated by TGF-B1 treatment, but
this effect was reduced with EPRS suppression (Fig. 2F,
left). However, TGF-B1 treatment did not induce signifi-
cant increases in LAMC2 promoter activity, which was still
abolished by EPRS suppression (Fig. 2F, right). Data
gathered via qRT-PCR assays revealed that LAMC2
mRNA levels were increased ~2-fold by TGF-B1 but were
not significantly inhibited by EPRS suppression (Fig. 1C).
This discrepancy may be due to either the effects at smaller
fold changes (as shown in y-axis values) or different cell
types; indeed, we have observed that LAMC2 expression
changed more significantly in hepatocytes than in LX2 or
HSCs (unpublished results). To examine whether STAT6
was important for the EPRS-dependent transcriptional
regulation of ECM chains, LX2 cells with or without
STAT6 suppression were treated with vehicle or TGF-1
prior to gRT-PCR analysis. COL1A1, COL1A2, COL4Al,
FN1, and ACTA2 mRNA levels were up-regulated by
TGEF-B1 treatment. Suppression of STAT6 alone was not as
effective as suppression of EPRS alone, and suppression of
both EPRS and STAT6 was only as effective as suppression
of EPRS alone. When treated with TGF-81, EPRS-intact

control cells decreased ECM mRNA levels upon addi-
tional STAT6 suppression, whereas EPRS-suppressed cells
did not show any changes in ECM mRNA levels. These
data suggest that EPRS could be upstream of STAT6 in
TGF-B1-mediated ECM expression (Fig. 2G). Therefore,
LAMC2 levels were regulated by EPRS expression but
were not significantly modulated by TGF-f1 and/or
STATS6 (Fig. 2G).

EPRS-mediated signaling occurred
downstream of TGF-31

We investigated how the canonical TGF-B1-mediated
SMAD signaling pathway was involved in EPRS-dependent
ECM expression. TGF-B1-mediated SMAD2 and SMAD3
phosphorylation was partially inhibited by EPRS sup-
pression (Fig. 3A). Overexpression of the PRS domain
alone increased basal SMAD3 phosphorylation to a sat-
urated level that was not increased by further TGF-$1
treatment (Fig. 3B). In addition, TGF-Bl-mediated
pY**'STAT6 was significantly increased by overexpression
of SMAD3 but not of SMAD2, and this was abolished by
EPRS suppression (Fig. 3C).

We examined whether TGF-B1-mediated signaling
molecules could be involved in the phosphorylation of
STATs, especially STAT6, presumably through protein-
protein complexes, in an EPRS expression—dependent
manner. LX2 cells were transfected with strep-tagged
EPRS and treated with or without TGF-B1 for different
periods of time. Whole-cell extracts were then prepared,
and precipitation was conducted using streptavidin aga-
rose beads for immunoblotting. Strep-EPRS was precipi-
tated together with TGF-BR1, Janus kinases (JAKs), and
STATs, including STAT6, in a transient manner upon TGF-
B1 treatment. KRS, but not extracellular signal-regulated
kinases, was coprecipitated constitutively (Fig. 3D).
Because EPRS and KRS are members of the multi-
aminoacyl-tRNA synthetase complex (MSC) (29), binding
of EPRS to KRS was expected. The binding of strep-EPRS
to the molecules was dependent on STAT6 expression,
with the exception of KRS (Fig. 3E). In addition, endoge-
nous EPRS and TGF-B1-mediated pY**'STAT6 coimmu-
noprecipitated each other, and TGF-BR1 was found also in
the immunoprecipitates (Fig. 3F). Furthermore, a point
mutation in EPRS Ser999A that does not allow EPRS to
dissociate from the MSC (30) maintained the ability of
EPRS to form a protein complex with TGF-BR1, SMAD3,
JAKs, and STAT6 (Fig. 3G). Given the dynamic di-
merization among STATs (31), the TGF-BR1-STAT6
complex could include other STATs.

cells were treated with TGF-B1 (2 ng/ml) with or without HF (100 nM) for 24 h before qRT-PCR analysis. Data are means = sp.
NS, nonsignificant. ¥¥P < 0.01, ##*P < 0.001 (Student’s ¢ test). D, E) Control LX2 or shEPRS-LX2 cells were treated with TGF-31,
HF (100 nM), and/or proline (2 mM) for 24 h prior to preparation of whole-cell extracts for immunoblotting (D) or qRT-PCR
(E) for the indicated molecules. NS, nonsignificant. *P < 0.05, ¥**P < 0.01, ***P < 0.001, ****P < 0.0001 (2-way ANOVA). F)
LX2 (LX2-shControl or LX2-shEPRS) cells on coverglasses were stained for DAPI (for DNA, blue) and collagen I (red, top panel)
or fibronectin (green, bottom panel). Relative fluorescence intensities of ECMs are displayed under the images. Scale bars, 60 wm. G)
LX2-control (—) or LX2-shEPRS (shEPRS, +) cells were treated with ascorbic acid (50 pwg/ml) and poly(sodium 4-styrenesulfonate)
(PSS; 30 pg/ml) for 24 h along with TGF-81 (2 ng/ml). Conditioned medium (CM) or footprint extracts (with deposited ECM
proteins) were then prepared for immunoblotting against COLIAI Data represent 3 independent experiments.

4346  Vol. 33 March 2019

The FASEB Journal - www.fasebj.org
from www.fasebj.org by Seoul Natl Univ Library (147.47.124.150) on April 18, 2019. The FASEB Journal Vol. ${ article.issue.getVolume()}, No. ${ article.issue.getl ssueNumber()}, py

SONG ET AL.


http://www.fasebj.org

A B C  EPRS[E=== D Eprs
PYS+'STAT6 pY1STATE[ L BB & FnERBR=Rel P
1.00 1.97 2.86 2.29 — - -
1.00 0.44 2.91 0.66 STAT6 1.002.87 1.713.16 0.82 2.23 1.16 2.70 1.00 10.4 0.98 6.72 0.87 4.30 0.70 4.50
STAT6 | e e am e Colll[ = & + | Coll |
pY7ossTAT3 i S pY7osSTAT3 - 1- - pY641STAT6 pY641STAT6 1.00 4.37 1.14 2.15 2.42 2.86 1.68 1.78
1.000.470.84 0.3 1.00 0.78 1.40 0.85 STAT6 “i‘i“’““‘"’“s““-o‘f 700 6.5 115 346 053 167 030055
STAT3 STAT3 B-actin LS. | STAtTG e e |
= S ——— ~actin | == e ———
shEPRS - + - + EPRS|= == = — STAT6 - - ++ - - + + SigTATG e e d - -+ F
TGFp1 - - + + TGFp1 - +-+ - +-+ TGFB1 - + -+ - + -+
LX2 Strep-PRS ——
PRS - - + + shCont shEPRS shCont shEPRS
TGFp1 - + - + LX2 LX2
LX2
E  eprs[E===
Coll | [Nl i Y F COL1A1 promoter assay LAMC2 promoter assay
1.001.29 1.00 1.56 0.110.21 0.18 0.50 ernn -
PY'SSTAT (=~ . _ o= e =
1.000.78 2.69 2.55 0.68 0.67 2.16 1.82 2> . —L
STAT3 |— — _-I g 250 B shCont I 4 B shCont s el
PYS4'STAT6 (MBS = & | 0 © 200 shePRS | 3 ShEPRS T
1.001.401.121.490.71 0.37 0.88 0.49 "% @ 150
a-tubulin JRp—— IZE_: .
STAT3 - - + + - - + + g %0
=+ = + = + - + ™= 0
TGFp1 TG';B: 01310 1 3 10 0 1 5 0 1 5
shCont  shEPRS (ng/ml) 3" COL1AT-2.9kb pGL3 LAMC2-2.3kb
LX2
G EPRS COL1A1 COL1A2 COL4A1 FN1 LAMC2 ACTA2
NS
— ~ lil NS
q’ NS *kkk
> | —|
ﬁz.s - hCont 2.5 e 257 e
Z 2.0 ShEPRS 2.0 2.0
o
€15 1.5 1.5
Q Hkk
2 1.0 I 1.0 il 10 r|
o I : 1
€05 S 0.5 I I
0.0 = 0.0 : 0.0 LN LN BN Ny b i
TGFB1T 0 2 0 2 020 2 020 2 020 2 020 2 020 2 020 2
(ngiml) —prering  —mpeern,  mmminded et e—enadle i, =i
.o J° co® J°  co® J° 0 oof J°  co® J° o 10 o Q)
&© é\s—(h &© é\é‘h oo é\e«‘* &© 9\6"“ &© é\g\h &© é\g\"‘ &© .«,‘\5‘@‘

Figure 2. STAT6 phosphorylation upon TGF-B1 treatment to LX2 cells was required for ECM production. A-E) LX2 cells were
stably infected with the control (—) or shEPRS virus (LX2-shEPRS). Control LX2 cells were transiently transfected with different
expression vectors, as indicated, in the absence (—) or presence of TGF-B1 (2 ng/ml, +) for 24 h, followed by whole-cell extract
preparation and immunoblotting for the indicated molecules. F) LX2 cells transfected with COLIAI or LAMC2 promoter
luciferase constructs with STATs-consensus responsive sequences (COLIAI-2.9 kb and LAMC2-2.3 kb constructs with upstream
promoter regions up to —2.9 and —2.3 kb, respectively) were treated with TGF-1 at the indicated concentrations for 24 h prior
to luciferase reporter analysis. G) Subconfluent control LX2 cells were transiently transfected with small interfering RNA against
a control sequence (siCont) or STAT6 (siSTAT6) in the absence (0) or presence of TGF-B1 (2 ng/ml) treatment for 24 h,
followed by qRT-PCR analysis. Data are presented as means * sp. Data represent 3 isolated experiments. NS, nonsignificant. *P <
0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (Student’s ¢ test).

In vivo liver tissues from fibrotic mice showed
EPRS-dependent STAT6 phosphorylation and
ECM production

To investigate the physiologic roles of EPRS in in vivo an-
imal models of liver fibrosis, normal WT (Eprs*/*) and
Eprs_/ * hetero-knockout (KO) mice were treated with
CCl,. Expression of ECMs, including fibronectin, collagen
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I, and laminins, increased in WT mice with CCl, treat-
ment compared with untreated mice (Fig. 44). However,
CCl, treatment of Eprs /" mice showed less-significant
increases in fibronectin and collagen I expression with-
out affecting laminin levels (Fig. 4A). Concomitantly,
pY**'STAT6 was increased in WT mice upon CCl, treat-
ment compared with Eprs—/* mice (Fig. 4A). a-SMA lev-
els, pY701STAT1, and pY705STAT3 were not dependent on
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Figure 3. EPRS-dependent regulation of signaling downstream of TGF-$1. A-C) LX2-shControl (—) or LX2-shEPRS (+) cells (A)
or LX2 cells transfected with control construct or pEXPR-103-Strep-PRS (B) were treated with vehicle (—) or TGF1 (2 ng/ml, +).
C) Cells were infected with adenovirus for SMAD2 or SMAD3 for 24 h, after which they were treated with vehicle (—) or TGF-1
(2 ng/ml, +). Whole-cell extracts were then prepared before normalization and immunoblotting for the indicated molecules. D, E)
LX2 cells (—) or stably expressing Strep-tagged EPRS (Strep-EPRS, +) cells were treated with vehicle (—) or TGF-$1 (2 ng/ml, +)
without (D) or with transient transfection of siSTAT6 for 48 h (£). The Strep-EPRS expression levels were exposed for a shorter
(short) and a longer (long) time (E). Whole-cell extracts were prepared and processed for precipitation using streptavidin-
agarose beads, and the precipitates were immunoblotted. F) Normal or EPRS-suppressed LX2 cells were treated with vehicle or
TGF-B1 for 24 h before harvests of whole cell lysates (WCL) and then immunoprecipitation with normal IgG or antibody against
EPRS or pY64ISTST6. The immunoprecipitates were immunoblotted for the indicated molecules. G) LX2 cells were transiently
transfected with Strep-EV (empty vector) or EPRS expression vector for WT or Ser999A point mutant for 48 h followed by
treatments with vehicle (=) or TGF-B1 (2 ng/ml, +) at 24 h posttransfection. Whole-cell extracts were processed for precipitation
using streptavidin-agarose beads, and the precipitates were immunoblotted for the indicated molecules. Data represent 3
independent experiments.
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Figure 4. CCltreated mice showed EPRS-dependent ECM production. WT (Eprs” ") and Eprsf/ *hetero-KO C57BL/6 mice were
treated with vehicle or CCly (1 mg/kg in 40% olive oil) once a week for 5 wk. A-D) Liver tissue extracts were prepared and

processed for immunoblotting (A), the hydroxyproline assay (B),

immunohistochemistry using anti-Ki67 antibody (C), and qRT-

PCR (D). Data are presented as means * sp. ¥*P < 0.05, **P < 0.01, ***P < 0.001 (Student’s ¢ test). E) Liver tissues were
processed for Masson’s trichrome staining or immunohistochemistry, followed by image capturing at X10 (scale bar, 200 wm)
and X40 (scale bar, 50 wm) magnification. Fibrotic grade according to the Metavir scores are indicated on the right side. Data

represent 3 different experiments.

EPRS expression, and pY***STATS5 level was not affected
by EPRS expression (Fig. 4A). These observations suggest
that EPRS-dependent ECM expression may involve
STAT6 activation. Furthermore, CCly-treated WT mice
showed higher amounts of collagen I in liver extracts
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compared with CCly-treated Eprs " mice (Fig. 4B). CCly
treatment of Eprs*™* or Eprs™/* mice increased Ki67 levels
as measured by nnmunostammg, although the amount of
Ki67 in Eprs—’* mice livers might be comparable to, or
slightly lower than, that of Eprs*/* mice livers (Fig. 4C),
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indicating that hetero-KO of Eprs did not significantly af-
fect cell proliferation after CCly treatment. Consistently,
the mRNA levels of collagen I al chain (Collal), Fnl,
Lamc2, and Acta2 were dramatically up-regulated by CCly
treatment in the livers of WT mice. CCl, treatment did not
show significant effects in the livers of Eprs/* mice (Fig.
4D).

We then analyzed the liver tissues by immunostainin
for different molecules. CCly administration to Eprs™*
control mice caused septal fibrosis or cirrhosis with intense
collagen I deposition or a-SMA/HSC activation along
septa (F3 and F4 of METAVIR score). In WT mice,
treatment with CCl, increased collagen I deposition
as visualized using Masson’s trichrome staining. Acti-
vation of a-SMA (presumably in HSCs) staining along
scars, pY6415TAT6 stains at nuclear regions, and laminin
v¥2 immunostaining were enhanced (Fig. 4E). Mice
without CCl, treatment did not show the fibrotic phe-
notypes (FO of METAVIR score). However, CCl, treat-
ment of Eprs/* hetero-KO mice led to delayed or
less-developed fibrotic phenotypes of portal fibrosis with
few septa (F2 of Metavir score) (Fig. 4E), suggesting that
CCly-mediated fibrotic phenotypes in livers are EPRS
dependent. In addition, laminin y2 immunostains could
be differentiated from collagen I stains, suggesting that
different cell types might be involved.

We adapted the liver fibrosis model using a BDL ap-
proach. WT Eprs*”* and Eprs /* mice were processed to
BDL operation. Five weeks later, analysis showed that
BDL increased the activity of AST, ALT, and ALP in ani-
mal sera (Fig. 5A). The levels of AST and ALT, which are
indicative of fibrotic liver damage, were significantly
higher in Eprs™* BDL mice compared with Eprs~/* mice.
However, ALP activity levels did not show significant
changes between Eprs”* and Eprs™/* mice after BDL.
Whereas Eprs** mice showed enhanced fibronectin ex-
pression and pY®*'STAT6 levels after BDL, Eprs /" mice
showed much reduced ECM expression and pY**'STAT6
levels (Fig. 5B). In addition, Acta2, Collal, and Fnl mRNA
levels were less increased by BDL in liver tissues of Eprs /*
mice compared with those of Eprs™* mice (Fig. 5C). Further,
immunohistochemistry and Masson’s trichrome staining
for collagen I synthesis showed that BDL of Eprs*/* mice
led to increases in a-SMA, pY6415TAT6, and collagen I,
whereas BDL of Eprs " mice showed less of this effect; BDL
of Eprs*/* mice resulted in severe fibrotic levels (F3 of
Metavir score), but BDL of Eprsf/ * mice resulted in F2
fibrotic level, although all control mice (without BDL)
showed no phenotype (FO of Metavir score) (Fig. 5D). This
alternative model of liver fibrosis showed that EPRS could
play an important role in hepatic fibrogenesis.

Liver organoids in a 3D Matrigel system
revealed EPRS-dependent regulation of
ECM induction

We prepared liver organoids from ductal stem cells of WT
and Eprs~/* mice and used 3D Matrigels to examine EPRS-
dependent ECM induction. Differentiated liver organoids
showed increased albumin (Alb) mRNA, which is an
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indicator of hepatocyte differentiation. TGF-B1 treatment
reduced Alb mRNA levels and increased Frnn1 mRNA lev-
els. In contrast, Eprs /" liver organoids showed lower Fn1
levels, and Alb mRNA levels were unchanged (Fig. 6A).
Although Eprs mRNA expression was not important for
liver organoid growth and TGF-B1-mediated differentia-
tion, Fnl mRNA levels were greatly dependent on Eprs
expression and TGF-B1 treatment (Fig. 6A). Collal mRNA
expression did not significantly depend on Eprs expres-
sion, although Lamc2 mRNA levels appeared slightly de-
pendent on TGF-B1 treatment and Eprs expression (Fig.
6B). Similar to our finding in LX2 cells and mouse models,
the TGF-B1-mediated transcriptional induction of fibro-
nectin depended on EPRS expression. However, collagen
expression was dependent on EPRS in LX2 cells and ani-
mal models but not in liver organoids.

DISCUSSION

This study demonstrates that EPRS transcriptionally reg-
ulated the expression of ECMs, including collagen I and
fibronectin, via TGF-Bl-mediated signaling pathways
involving a formation of complexes among TGF-BRI,
SMAD3, JAKs, and STAT6. Furthermore, a TGF-B1-
mediated signaling pathway targeted toward STAT6 was
observed in a CCl;-mediated liver fibrosis animal model,
leading to ECM induction (Fig. 6C). Thus, this study sug-
gests that EPRS can be a promising antifibrotic target.

Among in vitro LX2 HSCs, CCly-treated animal liver
tissues, and 3D organoid models, the dependency of ECM
chains levels on EPRS expression could be differential,
presumably depending on cell type and/or the signaling
context involved in the experimental models. Fibronectin
was clearly shown to be expressed in an EPRS-dependent
manner in all 3 models. Collagen I expression depended
on EPRS in LX2 and animal models, but laminin y2 only
slightly depended on EPRS in the liver organoid model.
Compared with collagen I, which has been shown to be a
main component in fibrotic livers, laminin 2 is a bio-
marker of acute lung injury (32) and an HCC biomarker in
the sera of patients with HCC (33). Thus, laminin y2 may
also be important for the progression of precancerous liver
pathology to HCC. However, the regulation of laminin y2
expression differed among the 3 study models. In ad-
dition, we observed that a-SMA-positive HSCs were
responsible for collagen I expression, whereas albumin-
positive hepatocytes could be responsible for laminin y2
expression in CCly-treated fibrotic mouse livers (data not
shown).

HF is a competitive inhibitor of EPRS activity (10) and
reduces TGF-f—mediated collagen synthesis in humans
(16). Its antifibrotic effects appear to involve influences on
TGF-1/SMAD3 signaling activity and other signaling
molecules, depending on cell types (18). Moreover, pre-
vention of Th17 cell differentiation leads to the inhibition
of autoimmune inflammation (19). HF is highly efficacious
in inhibiting fibrosis (34), but it causes significant side
effects characterized by severe gastrointestinal lesions
and hemorrhage (35). The antagonistic effects of HF on
SMAD3 phosphorylation can be at least partially due to
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Figure 5. BDL model in mice showed EPRS-dependent ECM production. A-D) WT (Eprs”") and Eprs /" hetero-KO C57BL/6
mice underwent sham surgery, or their bile ducts were ligated for 5 wk. A) Serum levels of ALT, AST, and ALP were measured. B,
C) Liver tissue extracts were prepared and processed for immunoblotting (B) and qRT-PCR (C). Data are presented as means +
sp. NS, nonsignificant. *P < 0.05, **P < 0.01, ***P < 0.001 (Student’s ¢ test). D) Liver tissues were processed for Masson’s
trichrome staining or immunohistochemistry followed by imaging at X40 magnification. Scale bar, 60 wm. Fibrotic grades
according to the Metavir scores are indicated in the right side. Data represent 3 different experiments.
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the HF-mediated activation of other signaling molecules,
including AKT serine/threonine kinases, extracellular
signal-regulated kinases, and p38 mitogen-activated pro-
tein kinase phosphorylation (36). As a multifunctional
cytokine, TGF-B1 plays significant roles in several biologic
activities encompassing various effectors and receptors
(37). Thus, it is likely that HF causes side effects by tar-
geting TGF-$ signaling that is also important for homeo-
static immune and inflammatory functions (18, 22).
Therefore, more studies are needed to develop safer anti-
fibrotic reagents that can target specific EPRS- and/or
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TGF-B1-mediated signaling components of pathways
leading to ECM production.

The biologic activity of HF also involves the inhibition
of proline utilization by EPRS (10). EPRS is traditionally
important for loadings of proline to tRNA" during amino
acid polymerization following the codon information on
mRNA. Although the a1 chain of collagen I includes a
proline composition of 19.0%, this study revealed that
EPRS could also regulate the mRNA expression of
COL1A1 and FN1 (with a lower 7.9% proline content).
Furthermore, in EPRS-suppressed cells, proline enrichment
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could not recover the inhibitory effect of HF on ECM
production, thereby indicating another role of EPRS in
ECM production beyond proline-charging to tRNA"™.
Additionally, EPRS expression was positively correlated
with the extracellular deposition of collagen I, suggesting
that EPRS can play positive roles in the synthesis of ECMs.

It was recently reported that TGF-BR1 can interact with
JAKT1, leading to early STAT3 phosphorylation in normal
hepatocytes or hepatic cancer cells (38). In our study, STAT3
expression did not enhance ECM expression in TGF-B1-
treated LX2 HSCs. STAT3 also negatively responded to
TGF-B1 stimulation but was positively correlated with
EPRS expression. In contrast, STAT6 phosphorylation was
correlated with the up-regulatory effects of EPRS and with
the TGF-B1 effects on collagen I and fibronectin expression.
Thus, it is be likely that different hepatic cell types can adapt
different forms of STATs downstream of TGF-81 stimula-
tion. Results from this study also show that EPRS may be a
component of the TGF-fR1/SMAD3-mediated protein
complex consisting of JAKs and STATs.

EPRS is also a component for the cytosolic MSC. Once
EPRS is phosphorylated at Ser999 by mTORC1-S6K1, EPRS
can be dissociated from the MSC and translocate to the
membrane, where it can interact with fatty acid transporter
upon insulin stimulation to adipocytes (30). Thus, EPRS can
translocate to the plasma membrane. However, the current
study shows that phosphorylation of EPRS at Ser999 in LX2
HSCs was not required for TGF-R1 binding. The dis-
crepancy in the requirement of EPRS phosphorylation at
Ser999 to translocate from the cytosolic MSC to membrane
might be due to differences in cell types and/or signaling
contexts. Alternatively, it cannot be ruled out that EPRS, as a
component of MSC, may have the capacity to bind to TGF-
BR1. Overall, results from this study suggest that it may be
reasonable to target the EPRS-dependent, TGF-BR1-STAT6
signaling axis to inhibit fibrotic ECM production.
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