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Myocardin-related transcription factor A drives ROS-fueled
expansion of hepatic stellate cells by regulating p38-MAPK

signalling

Dear editor,

We describe in this letter a novel retrograde signalling
mechanism that highlights a myofibroblast-specific role
for myocardin-related transcription factor A (MRTF-A),
also known as MKL1, in liver fibrosis.

Liver fibrosis is considered a common pathological pro-
cess in virtually all end-stage liver diseases. Absent from
the liver under physiological conditions, myofibroblasts
quickly emerge and expand as a result of liver injuries
to mediate the pro-fibrogenic response. Hepatic stellate
cells (HSCs), tucked between the liver parenchyma and
the hepatic sinusoid, is considered as the predominant
source from which myofibroblasts are derived regardless of
aetiology.! Reactive oxygen species (ROS) fuels HSC pro-
liferation via a network of signalling cascades. Mitogen-
activated protein kinases (MAPKs) are well-documented
for their regulatory roles in ROS-driven HSC proliferation
and liver fibrosis by programming transcriptional events
in the nucleus. How the cytoplasm-nucleus crosstalk influ-
ences MAPK signalling and contributes to ROS-dependent
HSC proliferation is not well understood. MRTF-A is
a transcriptional modulator implicated in the pathogen-
esis of a wide range of human diseases. Despite the
near-unanimous view that MRTF-A is a pivotal regulator
of myofibroblast trans-differentiation,” there is no direct
genetic evidence to support or refute the hypothesis that
myofibroblast-specific MRTF-A deletion is sufficient to
suppress liver fibrosis in vivo due to its universal expres-
sion pattern.’

We first evaluated the possibility that the ability of
MRTF-A to regulate liver fibrosis might be myofibroblast-
autonomous. MRTF-A”f mice were crossed to Postn-
CreP®T2 mice to generate myofibroblast-conditional
MRTF-A deletion mice (MRTF-A*MF) followed by carbon
tetrachloride (CCly) injection to induce liver fibrosis.
Western blotting indicated that MRTF-A expression was
markedly decreased in HSCs, but not in hepatocytes, from

MRTF-A*MF mice, compared to MRTF-A”" mice following
tamoxifen injection (Figure S1). As shown in Figure 1A,B,
plasma alanine aminotransferase/aspartate aminotrans-
ferase (ALT/AST) levels were comparable between the
MRTF-A"f mice and the MRTF-A®MF mice. Quantitative
polymerase chain reaction (QPCR) analysis (Figure 1C),
picrosirus red/Masson’s trichrome staining (Figure 1D)
and hepatic hydroxylproline quantification (Figure 1E) all
supported the notion that myofibroblast-specific MRTF-A
deficiency is sufficient to dampen liver fibrosis. MRTF-A
deletion in myofibroblasts rendered them less capable of
proliferating as evidenced by reduced expression levels of
desmin (Figure 1F), a marker of HSCs. In addition, there
were fewer dihydroethidium/alpha smooth muscle actin
(DHE/a-SMA)-double positive cells in the MRTF-A*MF
livers than in the MRTF-A"" livers suggesting that MRTF-
A deficiency dampened ROS production in myofibroblasts
(Figure 1G). Over-expression of a constitutively active
(CA) MRTF-A in LX-2 cells significantly enhanced ROS
production (Figure 2A) and proliferation (Figure 2B).
Treatment of N-acetyl cysteine (NAC) completely blunted
the pro-oxidative and the pro-proliferative effects of
MRTF-A (Figure 2A,B). Similar results were obtained in
primary murine HSCs (Figure 2C,D). Of interest, over-
expression of MRTF-A CA markedly enhanced p38-MAPK
phosphorylation (Figure 2E,F). On the contrary, MRTF-A
depletion dampened p38 phosphorylation (Figure 2G,H).
Treatment with a specific p38 inhibitor completely abro-
gated the induction of ROS production and proliferation
of HSCs (Figure 21,J).

Based on prior discoveries that the integrin signalling
pathway is intimately wired into the MAPK signalling
pathway,* a PCR array-based screening was performed
to identify components of the integrin pathway that can
potentially be regulated by MRTF-A. Using 2X-fold change
as a cutoff, four genes met this criterion: Itga6 and
Ilk were down-regulated, whereas Itgall and Itgbll were
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FIGURE 1 Myofibroblast-conditional myocardin-related transcription factor A (MRTF-A) knockout mice display attenuated liver
fibrosis. MRTF-A*MF and MRTF-A"f mice were injected with CCl, for 4 weeks as described in the Methods section. (A) Plasma ALT levels.
(B) Plasma AST levels. (C) Expression of pro-fibrogenic genes was examined by qPCR. (D) Picrosirius red and Masson’s trichrome staining.
(E) Hydroxylproline levels. (F) Desmin expression was examined by qPCR. (G) Frozen sections were stained with DHE and an anti-a-SMA
antibody. N = 5~6 mice for each group
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up-regulated in the MRTF-A KO HSCs, compared to the
WT HSCs (Figure S2). We focused on Itga6 and Ilk for
the remainder of the study because MRTF-A is primarily
considered an activator of transcription. Over-expression
of MRTF-A CA robustly augmented the mRNA and pro-
tein levels of ITGA6 and ILK in vitro (Figure 3A-D) and in
vivo (Figure 3E,F). Further, MRTF-A over-expression stim-
ulated the ITGA6 promoter and the ILK promoter activ-
ity (Figure 3G). Chromatin immunoprecipitation (ChIP)
assay confirmed that MRTF-A was directly associated with
the proximal ITGA6 promoter and the proximal ILK pro-
moter (Figure 3H). Functionally, depletion of either Inte-
grina6 or ILK by siRNAs rendered the cells irresponsive to
MRTF-A over-expression by dampening ROS production,
suppressing proliferation and inhibiting p38 phosphoryla-
tion (Figure S3).

We finally addressed the question as to whether ILK
inhibition in mice could influence liver fibrosis. The mice
were injected with CCl, for 4 weeks; starting at the sec-
ond week, a specific ILK inhibitor (QLT-0267) was admin-
istered peritoneally for the duration of CCl; injection
(Figure 4A). Plasma ALT (Figure 4B) and AST (Figure 4C)
levels indicated that liver injury was ameliorated as a
result of QLT administration. More importantly, qPCR
(Figure 4D), picrosirius red/Masson’s trichrome staining
(Figure 4E) and hydroxylproline quantification (Figure 4F)
all suggested that ILK inhibition attenuated liver fibro-
sis. HSC proliferation (Figure 4G) and ROS production
(Figure 4H) were down-regulated by the ILK inhibitor.
Western blotting confirmed that p38-MAPK phosphory-
lation was weakened in the ILK inhibitor injected livers,
compared to the control livers (Figure 41). In an alterna-
tive therapeutic scenario in which QLT was given to the
mice with developed liver fibrosis, it was discovered that
ILK inhibition partially but effectively reversed liver fibro-
sis (Figure S4).

In summary, we describe a novel mechanism where
nucleus-initiated transcriptional activation of ITGA6/ILK
by MRTF-A serves to jumpstart cytoplasmic MAPK-p38
signalling contributing to ROS-fueled HSC proliferation
(Figure 47J). Our data provide compelling evidence that
MRTF-A functions as a pivotal link between MAPK
signalling, ROS production and myofibroblast (HSC)
expansion in the pathogenesis of liver fibrosis. The novel
mechanistic insights provided by this study may further
incentivize the screening for small-molecule compounds
that target the MRTF-A-ITGA6/ILK-MPAK axis to yield
therapeutic solutions against liver fibrosis.
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FIGURE 2

MRTF-A promotes hepatic stellate cell (HSC) proliferation in a ROS-dependent manner. (A, B) LX-2 cells were infected with

lentivirus carrying MRTF-A constitutively active (CA) or an empty vector (EV) in the presence or absence of N-acetyl cysteine (NAC; 5 mM).
ROS levels were evaluated by DHE staining. Proliferation was examined by 5-ethynyl-2’-deoxyuridine (EdU) staining. (C, D) Primary murine
HSCs were isolated from C57/B6 mice and infected with lentivirus carrying MRTF-A CA or an EV in the presence or absence of NAC (5 mM).
ROS levels were evaluated by DHE staining. Proliferation was examined by EdU staining. (E) LX-2 cells were infected with lentivirus carrying
MRTF-A CA or an EV followed by treatment with platelet-derived growth factor (PDGF). Mitogen-activated protein kinase (MAPK)
phosphorylation was examined by western blotting. (F) Primary murine HSCs were isolated from C57/B6 mice and infected with lentivirus
carrying MRTF-A CA or an EV. MAPK phosphorylation was examined by western blotting. (G) LX-2 cells were transfected with siRNA
targeting MRTF-A or scrambled siRNA followed by treatment with PDGF. MAPK phosphorylation was examined by western blotting.

(H) Primary murine HSCs were isolated from wild type (WT) and MRTF-A knckout (KO) mice. MAPK phosphorylation was examined by
western blotting. (I) LX-2 cells were infected with lentivirus carrying MRTF-A CA or an EV followed by treatment with a p38-MAPK inhibitor.
ROS production was examined by DHE staining. Proliferation was examined by EdU staining. (J) Primary murine HSCs were infected with
lentivirus carrying MRTF-A CA or an EV followed by treatment with a p38-MAPK inhibitor. ROS production was examined by DHE staining.
Proliferation was examined by EdU staining
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FIGURE 3 MRTF-A regulates ITGA6/ILK transcription in HSCs. (A, B) LX-2 cells were infected with lentivirus carrying MRTF-A CA or

an EV. ITGA6/ILK expression levels were examined by qPCR and western blotting. (C, D) Primary murine HSCs were isolated from C57/B6
mice and infected with lentivirus carrying MRTF-A CA or an EV in the presence or absence of NAC (5 mM). ITGA6/ILK expression levels
were examined by qPCR and western blotting. (E, F) MRTF-A*MF and MRTF-A"! mice were injected with CCl, for 4 weeks as described in the
Methods section. ITGA6/ILK expression levels were examined by qPCR and western blotting. (G) LX-2 cells were transfected with an ITGA6
promoter construct or an ILK promoter construct with increasing doses of MRTF-A. Luciferase activities were normalized by protein
concentration and green fluorescence protein (GFP) fluorescence. (H) LX-2 cells were infected with lentivirus carrying MRTF-A CA or an EV.

ChIP assays were performed with anti-FLAG or immunoglobulin (IgG)



60f7 CLINICAL AND TRANSLATIONAL MEDICINE
‘OpenAccess.

LETTER TO EDITOR

A B C
QLT-0267 injection 1000, O Vehicle x 900 O Vehicle
2 0QLT-0267 2 0QLT-0267
Ccl, injection h l l h l l h l l 2 2
Llibubbibnl 2 co
-— <+ WK1+« WK2—+<+Wk3—><+Wwk4 - i : 35
£ £
7] 7}
K] k]
o o
oil
D
Colla1 Col3a1 Ctgf Acta2
o 15]ovehicle G o5 6 &l 218
4] 0QLT-0267 ® ® S
2 K] K] K]
< 1.0 < 1.0 < 1.0 < 1.0
2 z o 2 z
x © © ¥
€ € £ €
205 2os5 2os Los
kS s K K]
Q [ [ [
% 0.0 “ 00 % 0.0 %00
’ oil ccl, : oil ccl, : oil ccl, .
Qil Vehicle Qil OLT CCl, Vehicle CCl, QLT
°
& ~ N
o 4 15 Picrosirius Red
3 p 3
= = - < )
[7] . ) -
e fas . )
o X £
= s > s
n
2
g
g

Masson’s

G
]
[
3
<
=z
¥
£
2
2
[7]
©

J

FIGURE 4

-
N

e o 9 O
w

o ©

o

Qil

1.5 O Vehicle
OQLT-0267

*

ccl,

Liver homeostasis

Quiescent HSC
@D

ILK promoter
ITGA6 promoter | :

Nucleus

CCl+Vehicle CCly

1,+#QLT-0267

Liver fibrosis

p38 (38kd)

DHE/Desmin/DAPI

o
2]

IS

-m

Hydroxylproline levels

Masson’s Trichrome

CCl,+Vehicle

(ng/mg)
o o

e

- =
o ']

=
o

Relative # of
DHE*Desmin* cells

O

ccl,

O Vehicle
0QLT-0267

CCl,+QLT-0267

ILK inhibition attenuates liver fibrosis in mice. C57/BL6 mice were injected with CCl, in the presence or absence of an ILK

inhibitor (QLT-0267, 10 mg/kg) for 4 weeks. (A) Scheme of animal protocol. (B) Plasma ALT levels. (C) Plasma AST levels. (D) Expression of
pro-fibrogenic genes was examined by qPCR. (E) Picrosirius red and Masson’s trichrome staining. (F) Hydroxylproline levels. (G) Desmin

expression was examined by qPCR. (H) Phosphorylation of p38-MAPK was evaluated by western blotting. (I) Frozen sections were stained
with DHE and an anti-desmin antibody. (J) A schematic model. In quiescent HSCs, MRTF-A is mostly cytoplasmic and ITGA6/ILK
transcription is largely turned off. In trans-differentiated HSCs, MRTF-A trans-locates into the nucleus and activates ITGA6/ILK
transcription. Integrina6-ILK in turn activates p38-MAPK signalling to promote ROS production and fuel HSC expansion leading to the

pathogenesis of liver fibrosis
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