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Abstract

of focal adhesion kinase.

Background: Fibrosis is a physiological response to cellular injury in the liver and is mediated by the activation of
hepatic stellate cells resulting in the replacement of hepatocytes with extracellular matrix comprised principally of
collagen 1 to form a hepatic scar. Although the novel hexaco-ordinated globin cytoglobin was identified in activated
hepatic stellate cells more than 10 years ago, its role in stellate cell biology and liver fibrosis remains enigmatic.

Results: In the current study, we investigated the role of different extracellular matrix proteins in stellate cell
proliferation, activation (alpha smooth muscle actin expression and retinoic acid uptake) and cytoglobin expression.
Our results demonstrate that cytoglobin expression is correlated with a more quiescent phenotype of stellate cells in
culture and that cytoglobin is regulated by the extracellular matrix through integrin signalling dependent on activation

Conclusions: Although further studies are required, we provide evidence that cytoglobin is a negative regulator of
stellate cell activation and therefore may represent a novel target for anti-fibrotic treatments in the future.
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Background

Fibrogenesis is a physiological response to tissue insult or
injury [1, 2] and is characterised by increased synthesis
and deposition of extra cellular matrix (ECM) proteins,
which can account for up to 22 % of the surface area of a
fibrotic liver [3]. During liver fibrosis, the composition of
the ECM changes from one dominated by collagen IV and
laminin [4], to one of fibrillar collagen, predominantly col-
lagen I and III, as well as fibronectin [5]. The primary
source of ECM in the liver is hepatic stellate cells (HSCs)
[6] and following liver injury; HSCs undergo phenotypic
changes from quiescent vitamin A storing cells, involved
in maintenance of the normal basement matrix, into pro-
liferative myofibroblast-like cells, expressing myogenic
markers such as alpha smooth muscle actin (aSMA). Acti-
vated HSCs synthesise and secrete collagens type I and III
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into the ECM [7] which takes place in concert with
changes to the surrounding ECM. This could be consid-
ered to be part of a feedback loop as changes in ECM
composition results in changes in HSC cell surface recep-
tors, particularly integrins indicating that the ECM should
not be regarded simply as an inert physical scaffold but a
dynamic structure that is able to influence the phenotype
of HSCs [2, 8, 9]. HSCs express numerous cell surface re-
ceptors including both discoidin domain receptors
(DDRs)—which are receptors for collagen I and many of
the integrin subunits, which are a major family of cell sur-
face receptors for extracellular molecules and play a crit-
ical role in many biological functions [7, 10]. Interaction
with ECM is a major driver of HSC morphology [11], and
signal transduction from integrin activation occurs at least
partly through aggregation and subsequent activation of
focal adhesion kinases (FAKs) by autophosphorylation of
tyrosine 397 (Y397). There are numerous downstream sig-
nalling targets of FAK with many of the effects ultimately
mediated by changes in gene expression [11-13].
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Cytoglobin (Cygb) was identified as a phenotypic
marker of activation of rat HSCs following treatment
in vivo with the pro-fibrotic agent carbon tetrachloride
[14] and basal levels of expression have also been reported
in HSCs [15]. Further work has shown that in the liver,
Cygb expression is probably restricted to HSCs [15-17]
suggesting a specific function for Cygb in the process of fi-
brosis. Although it is known that other globins including
neuroglobin and myoglobin play an important role in oxy-
gen homeostasis and metabolism [18—22], the specific bio-
chemical function(s) of Cygb remains elusive. There is
evidence that like other globins Cygb may have a role in
the detoxification of reactive oxygen and nitrogen species
(ROS, RNS) [23], and consistent with this hypothesis,
purified Cygb has peroxidase activity, but it is not clear if
this is physiologically relevant [15, 24]. Cygb may also be
involved in intracellular oxygen storage and transport,
with a possible role in facilitating transportation of oxygen
to mitochondria to support the electron transport chain
and oxidative phosphorylation [25, 26]. A fundamental
problem with many of these ideas is the low tissue levels
of expression of Cygb and restriction of expression to cells
of a fibroblast lineage suggesting a more specific cellular
function related to fibrosis in organs such as the liver.

Cygb up regulation during fibrogenesis occurs in par-
allel with changes in collagen expression in both the
liver and the kidney [17, 27, 28], and Cygb knockout
mice show reduced levels of liver fibrosis and ECM
deposition following insult with carbon tetrachloride.
Together, these data suggest a role for Cygb in the regu-
lation of collagen synthesis by stellate cells during fibro-
sis in both of these organs. Cygb is also up regulated in
the liver by hypoxia [16, 17, 29, 30], and it is known that
cycles of hypoxia followed by re-oxygenation are import-
ant in the fibrotic processes of several organs including
the lung, kidney, and liver [31-34]. It has been suggested
that Cygb may be able to sense and direct cellular
responses to these local changes in oxygen partial pres-
sure to afford protection form hypoxic reperfusion in-
jury. In support of this hypothesis, studies have shown a
cyto-protective function for Cygb in vitro [35-38]. Fur-
thermore, in the kidney, overexpression of Cygb in trans-
genic rats inhibited fibrosis and preserved renal function
[36]. However, in this study, deposition of collagen and
activation of myofibroblasts were reduced suggesting that
in vivo, there may not be a direct relationship between
Cygb expression and collagen deposition. In support of
this, Nishi et al. [37] made similar observations under con-
ditions of ischemia/reperfusion in the kidney.

Whilst a definitive function of Cygb remains to be dis-
covered, these studies suggest that expression of the pro-
tein is intimately linked to the fibrotic process within
the liver. In the current study, we have investigated the
effect of different ECM proteins relevant to liver fibrosis
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on activation state and Cygb expression in hepatic stel-
late cells and shown for the first time that Cygb expres-
sion is regulated by components of the ECM and that
this is mediated by changes in integrin signalling.

Results
Effect of ECM on cell morphology and proliferation
Visual inspection of HSC-T6 cells 24 h after seeding
clearly showed that culture on gelatin (denatured colla-
gen), collagen, or fibronectin had no effect on the visual
appearance of HSC-T6 cells when compared to cells cul-
tured on uncoated plastic, with all cells exhibiting an
elongated, fibroblast-like shape (Fig. la—e). In contrast,
culture of cells on laminin had a marked effect, with ad-
herent cells exhibiting a more rounded morphology sug-
gestive of reversion to a more quiescent state (Fig. 1f).
Cells grown on laminin also reached a statistically sig-
nificant (P < 0.05) lower cell density after 48 h of culture
compared to uncoated controls (Fig. 2). In contrast,
there was no statistically significant difference in cell
number for cultures grown on fibronectin compared to
uncoated controls. After 48 h culture on gelatin, there
was a statistically significant increase in cell number
compared with the uncoated control (P <0.05), and al-
though not statistically significant, there was also a trend
of increased cell number for cells grown on both colla-
gen I and IV protein (Fig. 2a). To further investigate the
effect of collagen I and laminin on proliferation of HSC-
T6 cells, cell numbers were quantified at different time
points over the period of a single passage. As quantified
using a haemocytometer (Fig. 2b), cell number for cells
cultured on collagen I was consistently higher than
controls at all time points investigated (8, 24, 32, and
48 h). Furthermore, detailed analysis of cellular prolifer-
ation by Cell-IQ clearly showed that the initial rates of
cell proliferation were in the order collagen I > un-
coated control > laminin and that the time taken for
the initial two cell doublings were approximately 10,
25, and 35 h, respectively (Fig. 2c). Despite the differ-
ence in initial rates of cellular growth, cells reached a
final level of confluence of approximately 700,000 cells
irrespective of the ECM protein that they were cultured
on. However, this took 45 h for cells on collagen I, 55 h
for the uncoated control, and 65 h for cells grown on
laminin (Fig. 2c).

In vivo, HSCs are exposed to an environment containing
a mixture of different ECM proteins, the composition of
which is known to alter depending on the physiological
status of the liver, being dominated by laminin in normal
basement membranes and replaced by collagen I during
fibrosis. Therefore, we investigated the effect of differ-
ent ratios of laminin and collagen I on HSC-T6 morph-
ology. Interestingly, the visual appearance of HSC-T6
cells was dominated by the presence of collagen I with
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Fig. 1 HSC-T6 cell morphology when cultured on different ECM proteins. Cells were imaged 24 h post seeding at 400x magnification. Enhanced
using the one step Photo Fix function on Jasc Paint Shop Pro V 9.00. a non-coated, b gelatin, ¢ collagen |, d collagen IV, e fibronectin and f laminin

the phenotype essentially the same as on collagen I
alone even in the presence of a 2-fold excess of laminin
(Fig. 3a). Next, we investigated the effect of ECM pro-
tein on uptake of all trans retinoic acid (ATRA), a
marker of differentiation in hepatic stellate cells. Con-
sistent with our findings above, only cells cultured on
laminin were able to uptake ATRA (Fig. 3b). Cellular
uptake of ATRA appeared to be largely restricted to
cytoplasmic vesicles and image analysis using Image]
indicated a statistically significant (P < 0.001) 5-fold in-
crease in retinoid autofluorescence from 5.15+2.7 to
27.8 + 12 relative fluorescence units following treatment
with ATRA compared to controls. Cultures of the hu-
man HSC cell line (LX-2) revealed a similar but less
marked change in appearance when cells were cul-
tured on laminin. Like HSC-T6 cells, no change in
morphology was observed when cultured on collagen I
(Additional file 1: Figure S1). Furthermore, there was
no statistically significant change in end point cell counts
after 48 h of culture (Additional file 2: Figure S2A).
Analysis by Cell-IQ showed that the initial rates of cell
proliferation were in the order collagen I = uncoated
control > laminin and that the time taken for two cell
doublings were approximately 10 h for uncoated con-
trols and collagen I and 20 h for cells grown on laminin
(Additional file 2: Figure S2B). Like HSC-T6 cells, the

LX-2 line was also able to reach a final level of conflu-
ence of approximately 700,000 cells irrespective of the
ECM protein that they were grown on. This took 25 h
for cells on the uncoated surface and collagen I but
35 h for the cells grown on laminin (Additional file 2:
Figure S2B). In addition, ATRA uptake in LX-2 cells
was consistent with results observed in HSC-T6 cells,
with only cells cultured on laminin showing detectable
uptake of ATRA (Additional file 3: Figure S3).

ECM regulates aSMA and Cygb expression

The activation status of HSC-T6 cells was determined by
quantifying aSMA mRNA expression, a marker of stellate
cell activation [7], and was found to be significantly altered
by culture on different ECM proteins. aSMA expression
was elevated in cells cultured on collagen I, collagen IV,
fibronectin, and gelatin compared to culture on uncoated
plastic (P < 0.05). In contrast, expression was decreased in
cells cultured on laminin (P < 0.05, Fig. 4a). The expression
of Cygb was also altered by culture on different ECM pro-
teins and, interestingly, changes in Cygb expression were
reciprocal to those observed for aSMA expression, being
down regulated or unchanged on collagen I, collagen IV,
and gelatin and increased in cells cultured on laminin com-
pared with uncoated plasticware as a control (Fig. 4a), with
a statistically significant negative correlation between Cygb
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and aSMA expression (R> = 0.913, P < 0.05, Fig. 4b). An in-
crease in Cygb expression in HSC-T6 cells cultured on
laminin was confirmed at the protein level by Western
blotting (Fig. 4c).

Next, we investigated the time dependency of Cygb
expression in HSC-T6 cells across a single 48 h passage.
Interestingly, when compared to Cygb expression in
cultures immediately after attachment, expression of
Cygb was reduced in cells cultured on both plastic and
collagen I after 8, 24, and 32 h of culture, but this effect
was more pronounced in cells cultured on collagen I
However, in confluent cells, after 48 h of culture, Cygb ex-
pression returned to levels slightly above initial values in
cells cultured on uncoated plastic but remained signifi-
cantly reduced in cells cultured on collagen I (Fig. 5a). To
investigate whether changes in Cygb expression were
dependent on attachment of cells to a collagen I, we tested
if collagen in suspension could also reduce Cygb expres-
sion. As shown in Fig. 5b, culture of cells in media

containing collagen I (0-60 pg/ml) in solution had no ef-
fect on Cygb expression. Rather, attachment to collagen
was a requirement for reduced Cygb expression in HSC-
T6 cells. This effect was statistically significant and most
marked at concentrations of collagen I greater than 6 pg/
cm? (Fig. 5¢). Comparable experiments in the human LX-2
cell line demonstrated that Cygb expression was also down
regulated in this cell line when cultured on collagen I
(Additional file 4: Figure S4). However, in contrast to HSC-
T6 cells, there was no statistically significant effect of lam-
inin on Cygb expression in LX-2 cells (Additional file 4:
Figure S4).

FAK-dependent regulation of Cygb and intracellular ROS

To investigate the signalling pathways likely to be re-
sponsible for ECM modulation of Cygb expression in
HSC-T6 cells, we quantified the level of expression of
integrin receptors (Additional file 5: Table S1) by qPCR.
Out of a panel of 7 integrin receptors and 2 discoidin
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Fig. 3 a Images of HSC-T6 cells cultured on mixed matrix surfaces of collagen | and laminin in differing concentrations 48 h post seeding at
100,000 cell/ml at 400x magnification. a 10:0 ug/cm?, b 10:5 ug/cm? ¢ 10:10 pg/cm?, d 5:10 pg/cm? e 0:10 pg/cm? collagen I: laminin and

f non-coated control. b Confocal images of HSC-T6 cells seeded at 100,000 cells/ml on glass, collagen | and laminin coverslips 48 h post seeding,
blue retinoid autofluorescence activated at 351 nm and detected at 515 nm. a glass, b glass zoom, ¢ collagen |, d collagen | zoom, e laminin,
f laminin zoom. Image analysis in ImageJ showed a statistically significant 5-fold increase in the fluorescence of cells cultured on laminin in the

presence ATRA compared to untreated controls (P < 0.001) from 5.15+ 2.7 to 27.8 + 12 relative fluorescence units respectively

receptors (DDR1 and 2), only integrin receptor subunits
a2 and P4 showed statistically significant (P < 0.05) ECM
protein dependent changes in expression (Fig. 6). The
other receptors quantified (a5, a6, all, f1, 3, DDRI,
DDR2) showed no significant changes in expression.
Interestingly, integrin a2 expression was significantly up
regulated in cells cultured on both collagen I and gelatin
proteins and down regulated in cells grown on laminin

(Fig. 6a). In contrast, the opposite pattern of expression
was observed for the P4 subunit (Fig. 6b). To further
support a possible role for integrin receptor signalling, we
investigated the effect of ECM on focal adhesion kinase
(FAK) activation. Increased phosphorylation (Y397) and
activation were observed in cells cultured on collagen I
compared to plastic as assessed by Western blotting
(Fig. 7a), flow cytometry (Fig. 7b) and confocal microscopy
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(Fig. 7c, d). In contrast, little to no activation of FAK was
observed when cells were cultured on laminin (Fig. 7a).

In order to test directly the hypothesis that regulation of
Cygb expression by collagen I is FAK dependent, cells
were treated with a FAK-inhibitor (FAKI14) and levels of
Cygb quantified by qPCR and Western blotting. After pre-
liminary experiments to identify non-toxic concentrations
of FAKI14 (Additional file 6: Figure S5), it was determined
that incubation of cells with FAKI14 (1 uM) for the final

24 h of a 48-h culture effectively inhibited collagen-I-
induced phosphorylation of FAK as assessed by both flow
cytometry and confocal microscopy (Additional file 7:
Figure S6). Next levels of Cygb expression following treat-
ment of cells cultured on a collagen I surface and treated
with FAKI 14 were quantified. As shown in Fig. 8, al-
though there was a small decrease in levels of Cygb
mRNA, this was not statistically significant (Fig. 8a).
However, in support of our hypothesis, a concentration-
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dependent increase in levels of Cygb protein was observed
in cells treated with FAKI 14 (Fig. 8b). Interestingly, we
also observed that culture of cells on collagen I induced
levels of ROS, which is generated in cells following activa-
tion of FAK-signalling, and this was also inhibited in cells
cultured in the presence of FAKI (Fig. 8c¢).

Discussion

The role of ECM proteins in stellate cell biology have been
studied previously, for example Davis et al. [39] reported
that cell surface substrates modulate stellate cell behav-
iour, collagen production and response to retinoids.
Friedman et al. [40] have also examined the effect of base-
ment membrane matrix on stellate cell phenotype. In
agreement with these findings, we observed that when

compared with cells grown on uncoated plastic, HSC-T6
cells cultured on collagen and gelatin (denatured collagen)
proliferate more quickly and had a more activated pheno-
type as assessed by increased expression of aSMA. In con-
trast, cells grown on laminin although maintaining the
ability to proliferate albeit more slowly in culture had what
appeared to be a more quiescent phenotype when assessed
by the same marker. The ability of HSC-T6 cells to uptake
ATRA, another marker of quiescence in stellate cells [41]
only when grown on laminin provides further evidence of
a more quiescent phenotype. Priya and Sudhakaran [42]
have also investigated the effect of ECM proteins on pri-
mary rat stellate cells and observed that cells cultured on
collagen I lose the ability to take up retinol, produce
greater amounts of glycosaminoglycans and are more
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resistant to curcumin-induced apoptosis when compared
with those cultured on either collagen IV or laminin.
HSC-T6 resemble semi-activated primary rat HSC as they
express both markers of activation such as aSMA but also
share characteristics in common with freshly isolated qui-
escent rat HSCs [43]. Interestingly, there is an in vivo pre-
cedent for partially activated stellate cells. A study by
Kisseleva et al. [44] has shown that following fibrotic in-
jury, a subpopulation of HSCs is not removed by apoptosis
as previously thought but remain in the liver in what is
considered a partially active state although their precise

biological function remains to be determined. The ability
to change HSC-T6 cells to a more quiescent state by cul-
turing on a laminin protein is a novel observation and
could be used to improve existing in vitro models of stel-
late cell activation and biology. Importantly, the effect of
laminin on proliferation of LX-2 cells and uptake of ATRA
was broadly consistent with results in HSC-T6 cells sug-
gesting a genuine biological response rather than an arte-
fact of a specific cell culture model. Although beyond the
scope of the current study, ultimately it would be desirable
to confirm our data in primary hepatic stellate cells.
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To our knowledge this is the first study to report that
Cygb expression is differentially regulated in HSCs by
different ECM proteins, being down regulated by both
gelatin and collagen I, which is a major constituent of
the hepatic scar, and up regulated on laminin, which is a
major component of the basement membrane matrix in
a normal liver. Down regulation of Cygb expression in
HSC-T6 cells by extracellular collagen was also observed
in LX-2 cells. Conversely, in HSC-T6 cells, Cygb expres-
sion was up regulated by extracellular laminin. Together,
these data support the hypothesis that Cygb expression
in HSCs is regulated by the composition of the extracel-
lular environment. This is interesting because HSCs are
the major architects of changes to ECM proteins during
the process of fibrotic liver injury in vivo, and our data
suggests that signalling via the ECM provides a potential
feedback mechanism to regulate stellate cell function

and that Cygb is a downstream target of altered cell sig-
nalling in this process.

Our observation that gelatin also negatively regulates
Cygb expression is intriguing. Although gelatin is not
widely considered as a physiological molecule, studies
have suggested that HSCs may come into contact with a
form of denatured collagen similar to gelatin during the
resolution of fibrosis [9, 45]. Gelatin does not bind to
and activate either of the main discoidin domain recep-
tors (DDR1 and DDR2) as the triple helix of collagen is
required for DDR activation [46], whereas in contrast,
integrins recognise short amino acid motifs in ligands,
such as Arg-Gly-Asp, as binding sites and may poten-
tially be activated by gelatin [47]; this may also explain
our observation that proliferation of HSC-T6 cells is in-
duced by both collagen 1 and gelatin, although the rea-
son for the quantitative difference in this effect remains
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to be determined. In the current study, consistent with
previous reports [46, 7], both DDR1 and DDR2 were
expressed in HSC-T6 cells. However, culture on different
cell surface proteins had no effect on levels of their ex-
pression; therefore, it seems unlikely that either DDR1
or 2 are responsible for the observed changes in Cygb
expression. In contrast, our observation of up regulation
of integrin a2 expression and down regulation of integ-
rin 4 on collagen and the reciprocal change produced
by laminin suggest that an integrin signalling pathway is
involved in regulating changes in Cygb expression in
HSC-T6 cells. It is known that integrin dimers contain-
ing the a2 subunit (e.g., a231) are receptors for collagen
1 [48, 49], and it seems likely therefore that changes in
a2P1 integrin signalling mediate the changes in cellular
phenotype of HSC-T6 cells cultured on collagen I and
rates of proliferation when grown on either collagen 1 or
gelatin. Similarly, integrin dimers containing the p4 sub-
unit are known laminin receptors, and it is likely that

these may mediate changes in response to culture on
laminin.

We also observed that phosphorylation of FAK oc-
curred in cells cultured on collagen I, but not laminin,
further supporting a role for integrin signalling in regu-
lation of Cygb expression although the role of FAK-
signalling in regulating cell proliferation and aSMA ex-
pression in HSC-T6 cells is unknown and requires fur-
ther investigation. One of the cellular consequences of
activation of integrin signalling is the generation of re-
active oxygen species (ROS), which is important for
downstream signal transduction [50]. It is believed that
this effect is important in a number of pathological condi-
tions including fibrosis [51-53] and is mediated by the
GTPase Racl that orchestrates a number of changes
resulting in the production of ROS including alteration of
mitochondrial function and activation of NADPH-
oxidases (NOX). It has been demonstrated that persistent
activation of Racl in hepatic stellate cells can promote
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Fig. 9 Proposed relationship between ECM proteins, cytoglobin expression and stellate cell activation. Extracellular collagen 1A stimulates FAK
phosphorylation via integrin signalling (most likely a231) resulting in elevated levels of intracellular ROS and decreased cytoglobin expression leading
to stellate cell activation. In contrast, extracellular laminin causes increases in cytoglobin expression possibly via integrin signalling resulting in a more

—\»
4 e T

" Hepatic Stellate CeN‘J

both fibrosis and liver injury in vivo [54]. Consistent with
these findings, in the current study, we report increases
in levels of intracellular ROS following culture of cells
on collagen 1 and activation of FAK, and levels of ROS
could be inhibited by incubation of cells with a FAK-
inhibitor. Similarly, collagen-I-dependent down regula-
tion of Cygb was also inhibited in cells treated with
FAK-inhibitor. There is evidence that Cygb can func-
tion as an intracellular anti-oxidant [37, 38, 55-57] in-
cluding in hepatic stellate cells [57] and that Cygb
deficiency has been linked to elevated liver cancer via a
mechanism involving hepatosteatosis dependent on oxida-
tive stress [58]. We therefore hypothesise that down regu-
lation of Cygb is either directly or indirectly responsible for
the increase in levels of intracellular ROS observed. The
mechanism of FAK-dependent regulation of Cygb expres-
sion remains to be determined, but our data suggests that
this may occur at both the transcriptional and posttran-
scriptional level because treatment of cells with FAKI had
no statistical significant effect of levels of Cygb mRNA des-
pite elevated protein levels. It may be possible for example
that following FAK inhibition degradation of Cygb protein
may be inhibited although this requires further study.

The data reported in the current study also supports
the conclusion that Cygb should be considered a marker
of HSC quiescence because of its negative correlation

with aSMA expression, a classic marker of stellate cell
activation [7]. Although in this study we did not investi-
gate levels of aSMA protein, previous studies have shown
a good correlation between levels of aSMA mRNA and
protein indicating that measurement of aSMA at the
mRNA level alone is sufficient to demonstrate stellate cell
activation [59, 60]. Furthermore, elevated Cygb expres-
sion by laminin also correlated with increased cellular
uptake of ATRA, reduced cellular proliferation and a
more quiescent phenotype. These findings are initially
surprising as there is an extensive literature that sup-
ports the hypothesis that Cygb expression is a marker
that positively correlates with stellate cell activation
in vivo [15, 61]. However, in agreement with the finding
presented here, more recent studies using Cygb trans-
genic animals to study kidney fibrosis observed that
Cygb inhibits fibrosis and preserves renal function [36].
The same study also reported that deposition of colla-
gen and activation of myofibroblasts was reduced by
Cygb expression, suggesting that in vivo there may be a
feedback loop between deposition of collagen in the
ECM and stellate cell activation. Based on our in vitro
data in HSC-T6 cells, we hypothesis that this is medi-
ated by a2p1 integrin signalling, FAK activation and the
subsequent generation of ROS that is further facilitated
by reduction of expression of Cygb.
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In further support of our findings and their in vivo
relevance, Man et al. [17] have shown an increase in
Cygb expression in the livers of mice subjected to an
acute CCl, toxic insult at 24 h. The expression of
Cygb then decreased to below that found in normal
liver at the 48-h time point, which coincided with an
increase in collagen Ial. Further evidence that Cygb
may be associated with a more quiescent stromal pheno-
type comes from the study of Cui et al [62], which re-
ported that primary rat HSCs treated with arundic acid
showed a marked increase in Cygb RNA and protein ex-
pression and a decrease in aSMA expression. Le et al. [63]
have also presented evidence that Cygb may be anti-
fibrotic, where Cygb knockout mice showed increased
hepatosteatosis when fed a choline-deficient amino acid
defined diet, probably through increased ROS and cyto-
kine production. These reports agree with our in vitro ob-
servations of a reciprocal relationship between Cygb
expression and stellate cell activation. Our data also pro-
vides the basis of a mechanistic explanation of these
in vivo data and suggests that this effect may be mediated
by the response of stellate cells to their extracellular envir-
onment—specifically collagen I via integrin cell signalling
as summarised in Fig. 9.

Conclusions

In conclusion, the current study demonstrates a role for
integrin-dependent FAK-signalling in the regulation of
Cygb expression in stellate cells grown on a collagen I
surface and regulation of levels of intracellular ROS.
This may be important in the fibrotic process and the
development of liver disease, as the ECM proteins which
regulate Cygb expression, laminin and collagen I, are im-
portant components of the basement matrix in a normal
liver and of the hepatic scar, respectively. Although fur-
ther mechanistic studies are required there is emerging
evidence that Cygb may represent a novel target for
anti-fibrotic treatments in the future.

Methods

Cell culture

HSC-T6, an immortalised rat hepatic stellate cell line
first described by Friedman et al [64] were a gift from
Francis Chang (Institute of Cancer Research, Royal
Cancer Hospital). LX-2 cells, an immortalised human
hepatic stellate cell line first described by Xu et al [65]
were a gift from Christopher Weston (The University of
Birmingham). Both cell lines were maintained at 37 °C,
5 % COy/air in high (4.5 g/L) glucose Dulbecco’s Modi-
fied Eagle’s Medium (Sigma-Aldrich) supplemented with
either 2 % (LX-2) or 10 % (HSC-T6) (v/v) foetal bovine
serum (FBS), penicillin (100 units/ml), streptomycin
(100 pg/ml) (PAA), 2 mM L-glutamine (PAA) and 1 %
(v/v) MEM non-essential amino acids (Sigma-Aldrich).
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For routine culture, cells were passaged twice weekly
using a standard trypsin-EDTA protocol.

Extracellular matrix experiments

Both cell lines were plated at a density of 500,000 per flask
into Tos flasks coated with either collagen I, collagen IV,
laminin, fibronectin (BD BioCoat) or gelatin (coated over-
night with a 0.1 % v/v solution). Uncoated plasticware was
used as a negative control (BD Biosciences). Cells were
cultured for 48 h and then passaged into a new flask with
the same surface coating at a density of 500,000 cells/T>s5
flask, for the duration of three passages. After 48 h of pas-
sage three, cells were trypsinised and cell number quanti-
fied using a haemocytometer. In other experiments, cell
number was quantified over a time course. Briefly, cells
were seeded at 500,000 cells per To5 flask and cell number
was determined using a haemocytometer after 8, 24, 32
and 48 h or quantified in real time using a Cell-IQ (CM
Technologies) over a 72-h period. In additional experi-
ments collagen I solution from rat tail (Sigma) was either
diluted into culture media at 10, 20, 40 or 60 pg/ml or
used to coat plates at 0.4, 0.8, 1.8, 2.4, 6 and 10 pg/cm?.
Cells were then cultured for 48 h and total RNA extracted
for qPCR analysis as described below. To investigate pos-
sible cellular interactions with both collagen I and laminin,
six well plates were coated with different amounts of col-
lagen I and laminin (ultrapure BD) as follows—10:0, 10:5,
10:10, 5:10 and 0:10 pg/cm? collagen I: laminin. Cells were
then seeded at a density of 200,000 cells per 6-well plate
and cultured for 48 h. At the end of the experiment, the
cells were photographed and total RNA and protein were
isolated for analysis by qPCR or Western blotting analysis.
Protein extracts, 15 pl, (approx. 20 pg) determined by the
method of Bradford [66], were prepared in Laemmli load-
ing buffer (042 M SDS, 0.87 mM bromophenol blue,
47 %vlv glycerol, 60 mM Tris pH 6.8 and 1.6 M p-
mercaptoethanol) and resolved on a 12.5 % SDS-PAGE
electrophoresis gel, transferred to PVDF and probed for
Cygb (Santa-Cruz, clone FL-190, 1:200 dilution). Equal
loading was confirmed by blotting with B-actin (Sigma,
1:10,000 dilution), secondary antibody (goat anti-rabbit or
goat anti-mouse HRP, DAKO) was used at 1:500 or 1:1000
and the signal was visualised using ECL femto reagent
(Geneflow) and an X-ograph (AGFA Curix60). For light
microscopy, cells were imaged using a Nikon Eclipse
TS100 light microscope x40 objective and a Canon EOS
7D digital camera. All images were processed in an identi-
cal manner using the one step Photo Fix function on Jasc
Paint Shop Pro V 9.00.

Retinoic acid uptake

Round 22 mm glass coverslips were coated with 10 pg/
cm® of either collagen I or laminin, and cells were
seeded at a density of 200,000 per well in a 6-well plate
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containing the pre-coated coverslip; an uncoated cover-
slip was used as a negative control. Once the cells had
adhered, all trans retinoic acid (ATRA, Sigma, 1 uM,
prepared in DMSO) was added to the culture media
and cells were cultured for 48 h. Cells were fixed in 4 %
paraformaldehyde (pH 7.4) and coverslips were
mounted onto microscope slides with hydromount
(Fisher Scientific). Cells were imaged using a Leica TCS
SP2 confocal microscope with a HCX PL APO 63x/
1.40-0.60 oil immersion objective. The excitation wave-
length was 351 nm, and emitted light was collected be-
tween 515 and 550 nm. All images were processed in
an identical manner using Adobe Photoshop CC 2014
and analysed using Image] (NIH, Bethesda; version
1.48).

Treatment of cells with FAK-Inhibitor and analysis of
phosphorylated FAK

After identification of non-toxic concentrations of FAKI14
by the 3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium
(MTT) assay [67], levels of phosphorylated FAK were deter-
mined by Western blotting, confocal microscopy and flow
cytometry. In all experiments, cells were seeded at 200,000
cells per 6-well plates either uncoated or collagen coated
(BD Biocoat). For Western blot, whole cell protein was
extracted directly into Laemmli loading buffer. Protein
extracts (30 ul) were resolved on a 12.5 % SDS-PAGE elec-
trophoresis gel, transferred to PVDF and probed for tyrosine
397 phosphorylated FAK (BD clone, 14/FAK (Y397) 1:500
dilution). Equal loading was confirmed by blotting with p-
actin (Sigma, 1:10,000 dilution), secondary antibody (goat
anti-mouse HRP, DAKQO) was used at 1:1000 in both in-
stances. Signal was visualised by ECL Pico reagent (Thermo)
using an X-ograph (AGFA Curix60).

For confocal microscopy, cells were cultured as before,
fixed in 4 % paraformaldehyde and permeabilised in 90 %
methanol then probed for FAK pY397 (1:50) followed by
FITC-conjugated secondary (goat anti-mouse, DAKO
1:20). Nuclei were counterstained with Hoechst 33342
(0.6 pM). Cells were imaged using a Leica TCS SP2 con-
focal microscope and a HCX PL APO 63x/1.40-0.60 oil
immersion objective. The excitation wavelength was
405 nm for Hoechst 33342 and 488 nm for FITC. All im-
ages were processed in an identical manner using Adobe
Photoshop CC 2014.

For analysis by flow cytometry, cells were detached
from the plate by trypsinisation for 10 min, pelleted
by centrifugation and re-suspended in 2 ml of block-
ing buffer (3 % FBS in PBS). Cells were washed
twice in blocking buffer and then incubated in
100 pl blocking buffer for 10 min with agitation.
pFAK Y397 antibody (BD Bioscience) was added to a
final concentration of 1 pg/ml, and samples were in-
cubated at room temperature for 1 h. Samples were
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then rinsed by centrifugation as before, then 100 pl
of FITC (fluorescein isothiocyanate) conjugated anti-
mouse 2°Ab (Dako, UK) diluted 1:20 in incubation
buffer was added and samples were incubated in the
dark for 30 min at room temperature with agitation.
Cells were then rinsed as before and re-suspended in
500 pl PBS. FITC fluorescence of 10,000 cells was
analysed using BD FACScalibur™ (BD Bioscience)
and Weasel software (Walter and Elisa Hall Institute
of Medical Research, Australia) was used for data
analysis.

Intracellular ROS assay

Cells were seeded at 200,000 cells per well on either un-
coated or collagen-coated 6-well plates (BD Biocoat) and
grown for 48 h in the presence or absence of FAKI (0—
1 uM) for the final 24 h of incubation. Cells were then in-
cubated with 2’,7'-dichlorodihydrofluorescein diacetate
(HoDCE-DA, 10 pM) for 2 h, then trypsinised for 10 min
at 37 °C to obtain a single cell suspension after which the
cells were pelleted by centrifugation for 3 min at 900 g.
Cells were re-suspended in PBS (1 ml), and FITC fluores-
cence of 10,000 live cells was analysed using a BD FACSca-
libur™ (BD Bioscience), and Weasel software (Walter and
Elisa Hall Institute of Medical Research, Australia) was
used for data analysis.

RNA Isolation and quantitative real-time PCR

For all experiments, total RNA was isolated from cells
using a Qiagen RNeasy Miniprep Kit including a
DNase I step. RNA was quantified on a Nanodrop
ND1000 and 0.5 pg used for cDNA synthesis, using an
Agilent Affinity Script Multitemp cDNA synthesis kit
and oligo (dT) primers in a final volume of 20 pl. Real-
Time PCR was conducted using 1 pl c¢cDNA, 1 pl
Primer-Probe (Applied Biosystems or Primer Design)
and 10 pl qPCR Brilliant IIT Ultra-Fast QPCR Master-
Mix (Agilent), made up to 20 pl with RNase Free
Water. The RT-PCR reaction conditions were 1 cycle
at 95 °C for 3 min then 50 cycles of 95 °C for 20 s then
60 °C for 20 s, during which the data was gathered; de-
tails of all primers used are shown in Additional file 5:
Table S1.

Statistical analysis

Quantitative real-time PCR was analysed using the Pfaffl
method [68]. Primer efficiencies were estimated using
either a standard curve or linReg PCR software. Data
was assessed for normality and then analysed using one-
way ANOVA, Student’s ¢ test, Kruskall-Wallis or Mann-
Whitney U tests. Data are shown as mean + SD.
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Additional files

Additional file 1: Figure S1. LX-2 cell morphology on different ECM
proteins. Cells were seeded at 300,000 cells/ml imaged 48 hrs post
seeding at 100x magnification. A) Non-Coated. B) Collagen I. C) Laminin.
(DOCX 729 kb)

Additional file 2: Figure S2. Proliferation of LX-2 cells on different ECM
proteins. A) Cells were counted using a haemocytometer and counts
were taken at 48 hrs post seeding. Cell density is expressed as cells per
Tss flask. The results represent the mean of three experiments + SD. B)
Cells from the same population were seeded at 300,000 cells/ml, 1 ml
per well and grown on non-coated plastic, laminin or collagen I. Cell
number was estimated by the Cell-IQ analysis software. The results
represent the mean of three experiments + SD. (DOCX 53.1 kb)

Additional file 3: Figure S3. Confocal Images of LX-2 cells treated with
ATRA cultured on glass, collagen | and laminin 48 hrs post seeding at
300,000 cells/ml, blue—retinoid autofluorescence activated at 351 nm
and detected at 515 nm. A) glass, B) collagen |, C) collagen | zoom, D)
laminin, E) laminin zoom. (DOCX 260 kb)

Additional file 4: Figure S4. Expression of Cygb in LX-2 cells cultured
on collagen | and laminin proteins analysed by RT-qPCR calibrated to
expression on non-coated flasks. * denotes significant difference from
non-coated plastic at p =0.05 according to Kruskall-Wallis. The results
represent the mean of three experiments + SD. (DOCX 33.9 kb)

Additional file 5: Table S1. Details Of hydrolysis probe based gPCR
assays used in this study. (DOCX 40.6 kb)

Additional file 6: Figure S5. MTT viabilty assay for HSC-T6 cells
cultured on non-coated tissue culture plastic and collagen | and treated
with FAK-Inhibitor 14. Cell viability given as a % of the non-treated
control for each surface, * denotes significance at the p < 0.01 level
according to One-Way ANOVA with Tukey's Post-Hoc test. The results
represent the mean of three experiments + SD. (DOCX 575 kb)

Additional file 7: Figure S6. A) Median flouresence of FAK pY397
analysed by flow cytomtery in cells treated with different concentrations
FAKI 14. Cells were seeded at 100,000 cells/ml cultured for 24 hrs prior to
24 hrs of treatment with FAK | then probed for FAK pY397. The results
represent the mean of three experiments + SD. B) Confocal Microscopy of
cells probed for FAK pY397 cultured on non-coated (B-1-4) or collagen |
coated (B-5-8) coverslips. Cells were either untreated (B-1 and B-5) or
treated with 0.1 uM (B-2 and B-6), 0.5 uM (B-3 and B-7) or 1.0 uM

(B-4 and B-8) FAKI 14. (DOCX 88.9 kb)
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