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. INTRODUCTION 1. The liver

1. The liver

1.1. Liver anatomy and physiology

The liver is the largest organ, accounting for approximately 2% to 3% of average body
weight. It exhibits both endocrine and exocrine properties to carry out numerous functions that

are involved in maintaining homeostasis within the organism.

The major exocrine secretion is in form of bile while endocrine functions include the
secretion of several hormones (Insuline-like growth factors, Angiotensinogen,
Thrombopoietin,...). The liver also holds other essential functions such as glycogen storage;
drug detoxification; removal and breakdown of serum proteins, red blood cells and microbes;
secretion of an extensive array of plasma proteins including Albumin, Transferrin and
Apolipoproteins; control of metabolism: production or removal of glucose during periods of
fasting or eating, respectively, processing of fatty acids and triglycerides, regulation of
cholesterol synthesis and transport, synthesis and inter-conversion of non-essential amino
acids,... (Malarkey et al., 2005; Spear et al., 2006; Si-Tayeb et al., 2010).

Liver structure is of important relevance to be able to carry out all these functions. The
liver is macro structurally divided in 4 lobes: right, left, quadrate and caudate. Mice and humans
have a gall bladder, but not the rat. The liver receives blood from two different sources, the
portal vein (supplies about 70% of the blood flow and 40% of the oxygen) and the hepatic artery
(supplies 30% of the blood flow and 60% of the oxygen). The hepatic architecture facilitates the
exchange of materials between the blood and hepatocytes. In addition, the hepatic biliary
system enables the liver to transport bile into intestines (Malarkey et al., 2005; Spear et al.,
20086).

The basic architectural unit of the liver is the liver lobule. The lobule is a structure that
consists of plates of hepatocytes lined by sinusoidal capillaries that radiate toward a central
efferent vein. Liver lobules are roughly hexagonal with each of six corners demarcated by the
presence of a portal triad of vessels, consisting of a portal vein, bile duct, and hepatic artery, in
a connective tissue matrix comprised mainly by type 1 collagen. As mentioned before, both the
portal vein and the hepatic artery supply blood to the lobule, which flows through a network of
sinusoidal capillaries. Sinusoidal blood flow is finally collected by terminal hepatic venules prior
to emptying into larger hepatic veins and eventually to the vena cava. Endothelial cells that line
the sinusoids form the barrier between the blood and hepatocytes; the narrow region between
these two cell types is termed the space of Disse. In the liver, the plates of hepatocytes are one
to two cells thick. The sinusoidal side of these hepatocytes interfaces the space of Disse,

whereas the opposite (apical) side forms the canalicular membrane. The bile canaliculi, small
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channels that are between adjacent hepatocytes, transport bile to the intrahepatic bile duct. The
transition region between the canaliculi and intrahepatic bile ducts is called the canal of Hering,
narrow channels that are lined by hepatocytes and bile duct epithelial cells (BEC, also called
cholangiocytes). These intrahepatic bile ducts converge into larger extrahepatic ducts, which
ultimately join the common bile duct that transports bile either to the gall bladder (for storage) or
directly to the small intestine. (Fausto and Campbell, 2003; Malarkey et al., 2005; Spear et al.,
2006; Si-Tayeb et al., 2010).

Hepatocytes

Central vein

Figure I. Schematic hepatic lobule structure (lwakiri et al., 2014).

Although hepatocytes are the major parenchymal cell type of the liver, other biologically
important cell types are present: a) biliary epithelial cells (BEC) or cholangiocytes line the bile
ducts. b) Sinusoidal endothelial cells (SEC) are the primary barrier between blood and
hepatocytes and act as a filter of fluids, solutes and particles between the blood and the space
of Disse. They have fenestrae, lack of basal lamina and can transfer molecules and particles by
endocytosis. c¢) Kupffer cells (resident liver macrophages) are phagocytic cells, are the major
producers of cytokines as mediators of inflammation and provide crosstalk with other cells. d)
Pit cells (natural killer cells) are important in immune function. €) And hepatic stellate cells
(HSC) are the major player in regeneration and hepatic fibrogenesis and cirrhosis. HSC are
located in the space of Disse and normally produce extracellular matrix (ECM), control
microvascular tone, store and metabolize vitamin A and lipids, and when activated transform to
myofibroblast (MFB) (Malarkey et al., 2005; Spear et al., 2006; Si-Tayeb et al., 2010).

In addition, it is important to highlight that 5 to 10% of the ECM of the liver is collagen,
which is important in the regulation and modulation of hepatic function. The ECM has numerous
components including matrix metalloproteinases; glycoproteins like laminin, fibronectin,
vitronectin, undulin and nidogen; and proteoglycans such as heparan sulfate (Malarkey et al.,
2005).
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The lobular organization of the liver has functional significance. While some liver
functions can be carried out by all hepatocytes, other functions are limited to a subset of
hepatocytes. This compartmentalization of function is determined by the position of hepatocytes
within the liver lobule, a phenomenon called positional (or zonal) heterogeneity of metabolic
zonation. This zonation allows opposing metabolic pathways to be carried out within distinct,
non-overlapping regions of the liver. For example, periportal hepatocytes specialize in
glycogenolysis and gluconeogenesis, while centrolobular hepatocytes are active in glycolysis
and glycogen synthesis. In addition, not only the hepatocytes have gradients of gene and
protein activity, but gradients also exist for SEC, Kupffer cells, HSC, and the matrix in the space
of Disse (Spear et al., 2006; Fausto and Campbell, 2003; Malarkey et al., 2005).

This zonal heterogeneity is established during the perinatal period, a time when other

dramatic changes occur in the liver (Spear et al., 2006).
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1.2. Liver development, regeneration and the

proliferative capacity of adult hepatocytes

Liver development can be separated into several overlapping stages: in the first stage,
when specification is established, cells become “competent” and are capable of taking a
certain fate. Competent cells subsequently become “committed” to a particular lineage and
exhibit morphological changes and express genes associated with commitment. Cells then
“differentiate” along that lineage and are ultimately capable of carrying out the functions of a
terminally differentiated cell (Spear et al., 2006).

Pluripotent embryonic stem (ES) cells from the blastocyst inner cell mass give rise to
three principal germ layers: ectoderm, mesoderm and endoderm. The anterior region of the
endoderm will form the foregut. Coordinated signalling of fibroblast growth factors (FGF) from
the cardiac mesoderm and bone morphogenetic proteins (BMP) from the septum transversum
mesenchyme facilitate the commitment of competent foregut endoderm cells to become
hepatoblasts. At the same time, early liver genes such as albumin and alfa-fetoprotein (AFP)
are activated and also indicate commitment to the hepatic fate. Following hepatic specification
of foregut endoderm, hepatoblasts proliferate and migrate into the septum transversum and
continue to proliferate and differentiate (Kung et al., 2010; Spear et al., 2006).

More relevant to this work is the development of new hepatocytes during adulthood
where there is liver regeneration or repair. Despite the low replicative rate of hepatocytes in
the normal adult liver, these highly differentiated cells are not terminally differentiated and
replicate in a highly regulated manner after loss of cell or tissue mass (Fausto and Campbell,
2003). Adult hepatocytes maintain the ability to proliferate and regenerate the liver in response
to surgical ablation, toxic injury, infections, massive hepatocyte necrosis or apoptosis (Vacca et
al., 2013).

A number of models have been proposed for the study of liver regeneration but the
most commonly used and best-studied model is that of hepatic growth after partial
hepatectomy (PH). Higgins and Anderson first proposed the rodent model of two-thirds
hepatectomy, in 1931, which consist on the removal of 70% of the liver mass. Within 5-7 days of
surgical removal, the remaining liver has regenerated to a size equivalent to the original. Other
models used for the study of liver regeneration include some chemical liver injuries induced by
carbon tetrachloride (CCl,) or D-galactosamine treatment, or acetaminophen intoxication (Mao
et al., 2014).

Regeneration of the liver is considered a compensatory hyperplasia rather than a true
restoration of the liver’s original gross anatomy and architecture. It is now well accepted that

there are two physiological forms of regeneration in the liver in response to different types of
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liver injury. In the case of PH and some chemical liver injuries, the liver mass is replaced by
replication of existing hepatocytes without activation of progenitor cells. This is considered the
quickest and most efficient way to generate hepatocytes for liver regeneration and repair. In
other cases of chemical liver injury, when mature hepatocytes are prevented from proliferating,
activation and replication of progenitor cells take place (Fausto, 2004; Riehle et al., 2011; Mao
et al., 2014).

Mainly three clusters of networks mediate liver regeneration after PH: cytokines, growth
factor-mediated pathways and metabolic signals. Given the high redundancy existing among
the intracellular components of each network, the loss of an individual gene rarely leads to
complete inhibition but only delay of liver regeneration (Riehle et al., 2011; Mao et al., 2014;
Vacca et al., 2013). In their quiescent state, hepatocytes do not fully respond to growth factors
and need to be “primed” to enter the cell cycle and respond to growth factors. The cytokine
network acts as the priming phase of liver regeneration. In brief, there is an initial activation of
nuclear factor-kappa B (NF-xB) by tumour necrosis factor (TNF) in Kupffer cells with
downstream secretion of interleukin-6 (IL-6), which leads to activation of the transcription factor
signal transducer and activator of transcription 3 (STAT3) in hepatocytes, among other
pathways. After cytokines have triggered the G, to G, transition, cell cycle progression is driven
by growth factors, which override the G, restriction point, allowing hepatocytes to pass into the
S phase. This passage is associated with retinoblastoma (Rb) phosphorylation, and increased
expression of the Rb family member p107 and of Cyclins D, E and A. Hepatocyte growth factor
(HGF), produced by HSC, and the ligands of the epidermal growth factor receptor (EGFR),
produced by hepatocytes, including transforming growth factor alpha (TGF-a), amphiregulin and
heparin binding EGF-like growth factor (HB-EGF) drive cell cycle progression during liver
regeneration. Ligands of EGFR have different but often overlapping functions. Both c-met (HGF
receptor) and EGFR are receptor tyrosine kinases, which recruit enzymes and scaffolding
proteins to phosphorylate intracellular domains of each receptor, thus activating multiple
intracellular signalling pathways, which in turn regulate a multitude of transcription factors,
initiate translation and regulate metabolic pathways. Together with the induction of intermediate
and early-delayed genes such as cyclins and cyclin-dependent kinases, it facilitates the
transition to DNA synthesis and mitosis (Rozga, 2002; Costa et al., 2003; Fausto et al., 2006;
Riehle et al., 2011; Mao et al., 2014). Indeed, the hepatocyte proliferative response during liver
regeneration is coincident with a potent activation of immediate early transcription factors
including c-Jun, c-Fos, c-Myc, NF-xB, STAT3 and C/EBPp proteins (Costa et al., 2003).

After PH, the metabolic demands of the liver during regeneration are immense. The
liver must continue to regulate systemic energy levels while meeting its own demands for
significant nucleotide and protein synthesis needed for cell division. Translation is the control
point that integrates nutrient levels with mitogenic signals and most proteins involved are

downstream of mammalian target of rapamycin (mTOR). Therefore, the mTOR complex may
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regulate regeneration by modulating cell size and proliferation based on energy demands
(Fausto et al., 2006; Riehle et al., 2011; Mao et al., 2014).
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Figure Il. Main steps of liver regeneration after partial hepatectomy. 1) “Priming” phase. 2) Metabolic and
growth factors phase. 3) Termination phase. (Gilgenkrantz and Collin de I'Hortet, 2011).

The initial burst of hepatocyte proliferative activity is followed by secondary waves of
mitosis until the original mass of the liver is restored. However, the precise mechanisms leading
to the proper termination remain poorly understood. It is known that involves multiple factors,
including the transforming growth factor beta (TGF-f) family (Rozga, 2002; Michalopoulos,
2010; Mao et al., 2014).
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2. Liver disorders

The liver is unique in its response to injury, demonstrating an extraordinary capacity of
compensatory growth in response to conditions that induce cell loss by physical, infectious, or
toxic injury, simultaneously undergoing regeneration and fibrosis (Rozga, 2002; Zhang and
Friedman, 2012).

Liver injuries can be divided into two different groups accordingly to the duration or
persistence of liver injury: acute and chronic liver diseases. The elimination of the damaging
agent can rapidly revert acute liver injuries and usually there is a complete restoration of normal
liver architecture and function, without evidence of the preceding insult. However, when the liver
injury persists for a long time it drives to a chronic liver disease. Progressive fibrosis is the
hallmark of chronic liver injury and it can eventually result in cirrhosis, liver failure or

hepatocellular carcinoma (HCC) (Malhi and Gores, 2008).

Briefly, the main liver disorders that affect population these days are acute liver injuries
(mainly due to toxic insults), cholestatic liver injuries, chronic viral hepatitis, alcoholic and non-

alcoholic steatohepatitis, fibrosis and liver cancer (Malhi and Gores, 2008).

Chronic injury * Genetic polymorphisms

* Viral infection * Epigenetic marks

* Alcohol * Cofactors (such as

* NASH obesity and alcohol)

* Autoimmune disorders

* Cholestatic disorders Liver

* Metabolic diseases l transplant

A [+ Liver failure A
5-50 years ' | » Portal '
¥ hypertension !

————

* Inflammatory damage
* Matrix deposition

* Parenchymal cell death
* Angiogenesis

Resolution

Early
fibrosis

[

* Disrupted architecture

* Loss of function

* Aberrant hepatocyte
regeneration

Regression

* Removal of underlying cause
= Anti-fibrotic drug or cell therapy

Figure lll. Natural history of liver disease (Pellicoro et al., 2014).

Cirrhosis

Hepatocellular
carcinoma



l. INTRODUCTION 2. Liver disorders

2.1. Liver fibrosis

In all organ systems, the normal mammalian response to injury occurs in three
overlapping but distinct stages: inflammation, new tissue formation, and tissue remodelling. A
critical step is when repair and regeneration takes place, because excessive deposition of ECM
leads to hypertrophic scars, which results in tissue dysfunction (Xue et al., 2013).

2.1.1. Epidemiology, aetiology and mechanisms

Liver fibrosis is a common pathological consequence of chronic liver diseases and
results from the progressive accumulation of a qualitatively altered ECM, that is highly
enriched in type | and Ill fibrillar collagens. Scar deposition results from an altered wound
healing response to prolonged parenchymal cell injury and/or inflammation. It is characterized
by increased production of matrix proteins and decreased matrix remodelling. In advanced
stages, fibrosis leads to cirrhosis, a condition defined by an abnormal liver architecture, with
fibrotic septa surrounding regenerating nodules and altered vascularization. Clinical
consequences of cirrhosis are liver synthetic failure, portal hypertension, high susceptibility to
infection and high risk to develop HCC, thus requiring for a systematic screening for HCC
(Mallat and Lotersztajn, 2013; Schuppan and Kim, 2013).

Recent reports from the Global Health Organization indicate that cirrhosis is an
increasing cause of morbidity and mortality in more developed countries. It is the 14" most
common cause of death in adults worldwide but the 4" in central Europe. It accounts for
170,000 deaths in Europe per year, which is 1.8% of all deaths (Mallat and Lotersztajn, 2013;
Tsochatzis et al., 2014). Predominant causes of liver fibrosis and cirrhosis in more developed
countries are infection with hepatitis C virus (HCV), alcohol misuse, and increasingly, non-
alcoholic liver disease. Infection with hepatitis B virus (HBV) is the main cause in sub-Saharan

Africa and most parts of Asia (Tsochatzis et al., 2014).

Mechanisms that underlie liver fibrogenesis show striking similarities with fibrotic
processes that occur with chronic injury in other tissues, including skin, lung, and kidney.
However, several clinical reports have documented that regression of liver fibrosis occurs in a
substantial proportion of patients, provided that the factor responsible for liver insult is

eradicated or controlled (Zeisberg and Kalluri, 2013; Mallat and Lotersztajn, 2013).

The principal source of ECM accumulation and prominent mediators of fibrogenesis are
“activated fibroblasts” or MFB. There are different origins of activated fibroblasts: resident
fibroblasts, bone marrow-derived fibrocytes, epithelial cells that undergo epithelial-to-
mesenchymal transition (EMT), vascular smooth muscle cells and pericytes. Recent knowledge
indicates that most fibrogenic MFB are endogenous to the liver, and activated HSC and

fibroblasts are the major endogenous fibrogenic cells. In liver fibrosis, HSC are considered to
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be a major source of fibrogenic cells, while portal fibroblasts play an important role in the
fibrogenic process during cholestatic liver diseases (lwaisako et al., 2014). In the normal liver,
HSC are located in the space of Disse and display a quiescent phenotype characterized by the
expression of a large number of adipogenic genes and neural markers. Upon acute or chronic
liver injury, a complex network of autocrine/paracrine fibrogenic signals promotes the activation,
usually called transdifferentiation, of quiescent HSC to a myofibroblastic phenotype. This
fibrogenic inputs include cytokines, chemokines, growth factors, lipid mediators and reactive
oxygen species (ROS) that are produced by epithelial cells (hepatocytes and cholangiocytes),
endothelial cells and cells of the immune system (macrophages, dendritic cells, and B and T
lymphocytes). Moreover, apoptotic bodies derived from damaged hepatocytes can also
transdifferentiate HSC to MFB favouring the fibrogenic process (Mallat and Lotersztajn, 2013;
Czaja, 2014). A number of growth factors are associated with MFB differentiation, including
Platelet-Derived Growth Factor (PDGF), angiotensin Il, Connective Tissue Growth Factor
(CTGF), and TGF-p. TGF-p has a pivotal role in fibrogenesis, and some of the other growth
factors involved exert their effects by directly stimulating TGF-f production (Barnes and Gorin,
2011).

MFB are characterized by the expression of a-smooth muscle actin and a parallel loss
of retinoids an lipid droplets, and de novo expression of receptors for fibrogenic, chemotactic
and mitogenic factors, that leads to increased proliferation and survival, secretion of
proinflammatory cytokines and chemokines, enhanced synthesis of matrix proteins,
predominantly fibrillar collagens, and inhibitors of matrix degradation, thus provoking the

progressive scar formation (Zeisberg and Kalluri, 2013; Mallat and Lotersztajn, 2013).

Inflammation plays an essential role in the development of liver fibrosis. When a
chronic injury takes place, a large infiltration of mononuclear cells, which include macrophages,
lymphocytes, eosinophils, and plasma cells, occur. Mobilization of lymphocytes produces
lymphokines that activate macrophages, which, in turn, stimulate lymphocytes, fibroblasts, and
other inflammatory cells, thus setting the stage for persistence of an inflammatory response
(Wynn and Barron, 2010). Furthermore, macrophages produce pro-fibrotic mediators, including
TGF-p and PDGF, and control extracellular matrix turnover by regulating the balance of various
matrix metalloproteases and tissue inhibitors of metalloproteases. Examples of knock-out mice
that are resistant to fibrosis because they have less inflammation include those with gene
deletions of TNF-a or Toll-like receptor 4 (TLR4), among others (Kitamura et al., 2002; Seki et
al., 2007). The relevance of TGF-p pathway during liver fibrosis will be further discussed in a

following section (Section 3.1).
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Figure IV. Events and signalling pathways involved in liver fibrosis (Czaja, 2014).

Finally, ROS, including H,O,, OH and O, are critical intermediates in both the normal
physiology and pathological conditions of liver cells. Indeed, chronic oxidative stress plays a
role during both the initial inflammatory phase and its progression to fibrosis. Oxidative stress
markers have been detected in the serum and biopsy samples from liver cirrhosis patients and
in experimental liver fibrosis/cirrhosis animals (Yadav et al., 2002; Pawlak et al., 2008).
Moreover, in liver biopsies, areas of fibrosis were localized to areas with increased 4-hydroxi-2’-
nonenal (4-HNE), a marker of lipid peroxidation (MacDonald et al., 2001; Seki et al., 2005).
ROS may be generated in the liver by multiple sources, including the mitochondrial respiratory
chain, cytochrome p450 family members, peroxisomes, xanthine oxidase, and nicotinamide
adenine dinucleotide phosphate (NADPH) oxidases. Accumulating evidence indicates that
NADPH oxidases (NOX)-mediated ROS has a critical role in HSC activation and hepatic
fibrogenesis (Paik et al., 2013). Sources of ROS and their role during fibrogenesis will be deeply
addressed in a future section (Section 4.6).
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2.1.2. Animal models

During the last years, several mouse models have been used for the study of the
pathogenesis and molecular mechanisms associated with fibrosis. Among them, chemically
induced fibrosis with hepatotoxic agents, being CCl, the most commonly used, has been
extensively studied. These agents cause massive hepatocyte cell death provoking centrilobular
parenchymal injury and fibrosis. In addition, Concanavalin A is commonly used to induce
immune-mediated liver fibrosis, resembling human chronic hepatitis. Finally, bile duct ligation
constitutes a very used model for biliary fibrosis and cirrhosis, since it triggers extrahepatic
biliary atresia and primary sclerosing cholangitis. Importantly, during the last decade knock-out
mice have become a powerful strategy to study the molecular mechanisms of fibrosis, focusing
on the contribution of one or more genes to the pathogenesis of the disease (Hayashi and
Sakai, 2011). These knock-out mice, in addition, have helped to establish new genetic models
of liver fibrosis such as the Multi drug resistance 2 knock-out (Mdr2"') mouse, which develops

spontaneous sclerosing cholangitis (Fickert et al., 2004).

2.1.3. Therapeutic approaches

Regression of fibrosis can be achieved by the successful control of chronic liver injury,
owing to termination of the fibrogenic reaction following clearance of hepatic MFB and
restoration of fibrolytic pathways. MFB can be eliminated by apoptosis, senescence or reversion
to a quiescent (HSC) phenotype. However, inactivated HSC remain primed for re-
transdifferentiation, and may be more responsive to recurrent fibrogenic stimuli than its original
quiescent state. In advanced stages of fibrosis and cirrhosis the potential for reversibility
declines (Mallat and Lotersztajn, 2013; Czaja, 2014).

The first line treatment is, when possible, to counteract the underlying liver disease to
stop fibrosis progression. For instance, patients with viral hepatitis should be treated with anti-
viral therapies while corticosteroids are useful for autoimmune hepatitis. Recent clinical trials
with efficient causal therapy have demonstrated reversibility of advanced liver fibrosis.
Treatments focused on the elimination of the etiological agent or putative immune-mediated
mechanism may be supplemented with antifibrotic agents. Despite experimental
characterization of an array of antifibrotic pharmacological targets, there is still no clinical
translation. This might be due to multiple causes: liver fibrosis usually progresses slowly in
humans, therefore requiring long clinical trials; no non-invasive specific and sensitive markers of
fibrosis progression/regression are available; and fibrogenic and fibrolytic pathways are
complex, therefore targeting a single pathway may be of limited efficacy. MFB and their
products are primary targets for antifibrotic therapies, which in principle would address all types
of fibrosis, including advanced fibrosis. Nevertheless, additional cellular elements that are either
upstream of MFB or tightly linked to fibrogenic activation may provide a basis for

complementary and more disease-specific antifibrotic approaches. A combined therapy may
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be a more effective approach, given the crosstalk between different cell types that generally
underlies the fibrogenic activation (Schuppan and Kim, 2013; Mallat and Lotersztajn, 2013;
Czaja, 2014; Tsochatzis et al., 2014).
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2.2. Hepatocellular carcinoma

2.2.1. Epidemiology, risk factors and prevention

Hepatocellular carcinoma (HCC) is a major public health problem worldwide with over
700,000 new cases each year and its incidence is increasing in Europe and worldwide. HCC is
the sixth most prevalent cancer and the third most frequent cause of cancer-related death,
following lung and stomach cancers. HCC represents more than 90% of primary liver cancers.
Intriguingly, there are important differences on the incidence when considering the gender,
being the male to female ratio estimated to be 2.4. This difference is mainly attributed to the
different exposition to risk factors, as well as the influence of androgens and estrogens on HCC
progression. Exposition to risk factors also determine the incidence of liver cancer regarding
age or ethnicity (European Association For The Study Of The Liver and European Organisation
For Research And Treatment Of Cancer, 2012; Bruix et al., 2014; Tabrizian et al., 2014).

In most cases, HCC develops within an established background of chronic liver
disease, being HBV chronic infection the dominant risk factor in eastern Asia and sub-Saharan
Africa, together with exposure to aflatoxin B1. HCV chronic infections together with alcohol are
the main risk factors in North America, Europe and Japan. Non-alcoholic fatty liver disease
(NAFLD) and non-alcoholic steatohepatitis (NASH) are other clear risk factors for HCC
development. Progressive hepatic fibrosis, which is a common pathway for all forms of chronic
liver disease, evolves to cirrhosis, which is the largest risk factor for developing liver cancer. Up
to 90% of cases of HCC arise in the setting of advanced fibrosis or cirrhosis regardless of

aetiology (Wallace and Friedman, 2014; Bruix et al., 2014).

Since HCC develops within an established chronic liver disease, avoiding the exposure
to risk factors for these chronic liver diseases is the best option to prevent HCC. HBV infection
accounts for more than 50% of all HCC cases. Thus, HCC related to HBV can be prevented by
vaccination. When there is already a HBV chronic infection, viral replication can be controlled by
means of antiviral drugs, which would prevent progression of liver disease and, perhaps, HCC
in the long term. The same strategy can be applied to HCV chronic infection to prevent
development of HCC. However, if cirrhosis is already established, risk of HCC is not modified
despite antiviral treatment. In the case of HCV, 3-5% of the cases of established cirrhosis
evolve to HCC. HCV infection prevention relies on avoidance of viral transmission through
contaminated blood. Alcohol consumption constitutes also an important risk factor for HCC and
it provokes a synergistic effect when there is an infection with HBV, HCV or both. Individuals co-

infected with HIV also have an increased risk of HCC development (Forner et al., 2012).
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Figure V. Diagrammatic representation of various pathological changes that eventually lead to HCC
development (Ramakrishna et al., 2013).

2.2.2. Animal models

Liver carcinogenesis is a multi-step process with several cellular and mechanical
dysregulations that eventually lead to malignant transformation of hepatocytes. There are
numerous mouse models that successfully produce HCC and are used to try to elucidate
mechanisms governing tumour development, at the same time that can be used to test new
drugs designed for the treatment of HCC patients. Murine HCC models can be divided into four
main categories: chemically induced HCC, oncogene driven HCC, xenograft models and
genetically modified mice (GMM) (Hernandez-Gea et al., 2013).

Chemically induced models, especially Diethylnitrosamine (DEN) model, are among
the most common used in HCC research. DEN belongs to the category of genotoxic chemical
carcinogens, as its carcinogenic capacity is due to its capability of alkylating DNA structures.
DEN works in a dose dependent manner and the time needed for HCC development also
depends on sex, age and strain of mice. The liver lesions appear sequentially, starting with
adenomas and the later development of hyperplastic nodules. When associated with CCl,, DEN
model mimics the sequence of injury-fibrosis-malignant transformation that usually occurs in
humans. Other chemicals used to induce HCC development are Aflatoxin B4, Thioacetamide
(TAA) and a choline deficient diet (CDD) (Heindryckx et al., 2009; Fausto and Campbell, 2010;
Hernandez-Gea et al., 2013).
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Another model of HCC development is by means of conditional overexpression of the
oncogenic protein Myc, in which the expression of human Myc is regulated in murine liver
(Hernandez-Gea et al., 2013).

In xenograft models, tumours are generated by injecting human cancer cells into
immune deficient mice. The tumour xenograft can be established by the implantation of biopsy
material or human tumour cell lines either subcutaneous in the flank of the mice (ectopic model)
or directly to the liver (orthotopic model). Subcutaneous model enables to follow the appearance
and increase of the tumour mass easily while implantation in the liver better replicates the

tumour environment.

Finally, GMM are engineered to mimic pathophysiological and molecular features of
HCC. The most common ones can be divided in two groups, transgenic mice, which carry the
overexpression of a specific gene, and knock-out mice, in which a gene was deleted. There are
many GMM models, such as overexpressing TGF-a, Myc, p-catenin and HRAS, or PTEN
knock-out mice, among others (Sanchez and Fabregat, 2009; Heindryckx et al., 2009;
Hernandez-Gea et al., 2013).

2.2.3. Molecular mechanisms of HCC: Relevance of proliferation

related pathways

Hepatocarcinogenesis is a complex multistep process in which many signalling
cascades are altered, leading to a heterogeneous molecular profile. HCC genetic
heterogeneity is absolutely impressive; there exist differences between patients, between
nodules in the same patient and even within a single tumour nodule. However, some molecular

pathways are known to be clearly involved in HCC.

There have been described several mutations in HCC, the main ones include the
tumour suppressor gene TP53 (in about 25-40% of cancers, depending on tumour stage), and
CTNNB1, the gene encoding for p-catenin (in about 25% of HCC, predominantly in HCV-related
cases) (Bruix et al., 2014; Llovet, 2014). Recently, mutations in the promoter of the telomerase
reverse-transcriptase (TERT) gene have emerged as the most prevalent somatic mutation
affecting 60% of HCC cases (Nault et al., 2013). Also chromosomal amplifications, such as
11913 (Cyclin D1 and FGF19), and deletions are common and affect important oncogenes and
tumour suppressors (Sawey et al., 2011). Silencing of tumour suppressors and reactivation of
oncogenes by epigenetic alterations have been also described. Finally, transcription of key
oncogenes can be also modulated by miRNAs (Toffanin et al., 2011). As a result of all these
alterations, several signalling cascades related to cell survival and proliferation, angiogenesis,

invasion and metastasis are dysregulated (Wang et al., 2013).
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Figure VI. Signalling pathways frequently dysregulated in HCC (Zender et al., 2010).

As it happens in most of the cancers, altered proliferation pathways have been
correlated with liver cancer. Among these alterations, the most frequently reported pathways
involve growth factors such as epidermal growth factor (EGF), insulin-like growth factor (IGF)
and hepatocyte growth factor (HGF).

EGFR pathway is overactivated in many patients with HCC. It has been reported that
this altered signalling can be due to overexpression at mMRNA and protein level, reduced
turnover of the receptor, DNA copy gain in chromosome 7, where there is the locus of EGFR,
and/or modifications in EGFR ligands levels. Our group have demonstrated that increased
EGFR signalling not only increases the growth capacity of HCC cells but also confers them
resistance to apoptosis (Caja et al., 2011a). Additionally, activation of EGFR stimulates several
proteins such as focal adhesion kinase (FAK), caveolin, E-cadherin and p-catenin, which play

roles in migration and cytoskeletal reorganization (Nalesnik and Michalopoulos, 2012).

The HGF/Met axis is known to be involved in cell proliferation and metastasis. As
mentioned in a previous section (Section 1.2), it has a prominent role in liver regeneration. Met
activation has been found in 20-40% of HCC, mainly through both the receptor and its ligand
(Sia and Villanueva, 2011).

IGF signalling is important for the regulation of growth and development, and it has
been shown to be involved in the pathogenesis of several malignancies, including HCC. Allelic
lose of the IGFR2 and overexpression of the IGF2 ligand are the most common alterations

described in liver cancer (Tovar et al., 2010; Moeini et al., 2012).
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Upon EGFR, Met and IGFR activation, extracellular signals can be transduced through
different cytoplasmatic intermediates, such as PI3K/AKT/mTOR or RAS/MAPK pathways. The
RAS/Raf/MAPK pathway is typically activated in HCC as a result of increased signalling from
upstream growth factors, and not due to RAS mutations, as it usually happens in other solid
tumours. The PI3K/AKT/mTOR signalling, which controls proliferation, cell cycle and apoptosis,
is activated in 30-50% of HCC (Gedaly et al., 2012). AKT can be activated through a tyrosine
kinase receptor or through constitutive activation of PI3K or loss of function of the tumour

suppressor gene PTEN by epigenetic silencing or somatic mutations (Llovet and Bruix, 2008).

Of special relevance for this work is the control of cell cycle by these altered pathways.
Cell cycle consists in four phases, the gap 1 (G4) phase, the DNA synthesis (S) phase, the gap
2 (Gy) phase and the mitosis (M) phase. The progression of the cell cycle is tightly regulated by
cyclins and cyclin dependent kinases (CDKs), whose production and activity is affected by a
wide variety of external factors, such as growth factors and hormones that specifically activate
or inhibit various signalling pathways that ultimately result in cell cycle progression, cell cycle
arrest, differentiation or apoptosis. During each of the phases, a specific cyclin forms a complex
with a specific CDK. For instance, Cyclin D forms a complex with CDK4 or CDK6 at the
beginning of G4 phase, allowing the activation of CDK4/6. This complex then phosphorylates
the retinoblastoma protein (Rb), leading to E2F transcription and subsequent transcription of
genes required for cell cycle progression, such as Cyclin E and A. CDKs belong to the family of
serine/threonine kinases and its activation consists of several steps of reversible
phosphorylation. The cell cycle can be regulated by adjusting the expression of cyclins and
CDKs but can also be influenced by modulating CDK activity by kinases and phosphatases
such as cdc25. Nevertheless, CDK activity can also be modulated by CDK-inhibitors (CKls).
The CKI family consists of two subfamilies: the inhibitor of CDKs (INK4) family and the CDK-
interacting protein (CIP) family. The INK4 family consists of four proteins which inhibit Cyclin D
binding to CDK4 and CDK6: p15™“E, p16™ * p18™“C and p19™“". And the CIP family
inhibits all cyclin-bound CDKs and consists of three proteins: p21°*", p27"" and p57""? (Verbon
et al., 2012). Cell cycle dysregulation in HCC can be provoked not only as a consequence of the
growth factor overactivated signalling pathways but also of direct alteration of cyclins, CDKs
and/or their regulators (Che et al., 2012; Ao et al., 2014).

Besides growth factor related pathways, some data indicate aberrant activation of
pathways involved in cell differentiation and development, such as Wnt signalling. As
mentioned before, many studies show mutations in the gene encoding for -catenin (Villanueva
et al.,, 2007). In addition, Wnt pathway overactivation might be as a consequence of
overexpression of Frizzled receptors, or inactivation of E-cadherin or members of the
degradation complex (GSK3p, AXIN and adenomatosis polyposis coli (APC)). Other pathways
related to cell differentiation such as Hedgehog and Notch are also described to be

overactivated in HCC (Sia and Villanueva, 2011).
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The microenvironment, combined with concurrent tissue responses including
angiogenesis, chronic inflammation and oxidative stress, are also critical in the tumour biology.
Important proliferative, angiogenic, and regenerative cytokines secreted by HSC contribute to a
carcinogenic milieu. These include transforming growth factors (TGF-a and TGF-f), platelet-
derived growth factors (PDGF-B and PDGF-C), HGF, vascular endothelial growth factor (VEGF)
and IL-6 (Rani et al., 2014).

HCC is a highly vascularised cancer and neovascularization is a key event from early
stages. Indeed, experimental studies suggest that targeting angiogenesis is of major relevance
in HCC. The angiogenic process in HCC is complex and tightly regulated, resulting from the
balance between multiple angiogenic and anti-angiogenic factors from the tumour and the host
cells. VEGF, angiopoietin-2, PDGF and FGF are considered the key drivers of angiogenesis in
HCC. Actually, VEGF and angiopoietin-2 plasma levels have been identified as independent
prognostic biomarkers in patients with advanced HCC (Forner et al., 2012; Hernandez-Gea et
al., 2013).

Solid evidences support the casual connection between chronic inflammation and
cancer. Despite the fact that the majority of the cases of HCC occur in a background of chronic
inflammation, there still exist big gaps in the understanding of the molecular link between
inflammation and HCC. It is suggested that chronic inflammation drives a maladaptive
reparative reaction and stimulates liver cell death and regeneration, eventually associated with
the development of dysplastic nodules and cancer. Some studies support the role of NF-«xB,
hypoxia inducible factor 1o (HIF1a) and STAT3 as the major molecular players linking
inflammation and cancer. Among all the inflammatory cytokines involved, IL-6, which in turn
activates JAK-STAT and MAPK pathways, is thought to be the most abundant. Additionally,
several growth factors such as HGF, EGF and TGF-f, are known to regulate the immune and
inflammatory response in HCC microenvironment (Capece et al., 2013; Ramakrishna et al.,
2013). Considering the relevance of TGF-p pathway in this work, it will be further discussed in a

separate section (Section 3).

Additionally, several alterations in the ECM occurring during progressive
fibrosis/cirrhosis predispose to the development of HCC. Accumulation of collagenous and non-
collagenous ECM is controlled in part by matrix metalloproteinases (MMP), which degrade
substrates, and tissue inhibitors of metalloproteinases (TIMP), which inhibit MMP. Enhanced
collagen deposition increases the stiffness of the ECM, which in turn promotes on going HSC
activation, and thus, more collagen deposition in a positive feedback loop. HSC are the major
source of MMP and TIMP, and their activity is controlled by cytokines. MMP and TIMP are
important in progression of hepatocytes from dysplasia to the development of poorly
differentiated HCC (Wallace and Friedman, 2014). Moreover, increased matrix stiffness in
chronic injured liver favours the growth of HCC cells (Schrader et al., 2011). Many cell-to-matrix
interactions are transmitted via transmembrane adhesion molecules, in particular integrins, that

bind growth factors and components of the ECM. Integrin expression patterns are altered in
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human HCC, potentially mediated by selective pressure from both tumoral and peritumoral
stromal cells, and promote established HCC by their actions on cell proliferation, adhesion,
invasion, migration and apoptosis, favouring the progression of HCC and metastasis (Wu et al.,
2011). Being the metastasis an important process for this work, it will be further analysed in a
separate section (Section 5).

Finally, during last years it has become evident that oxidative stress is playing a
relevant role in liver carcinogenesis. For example, overproduction of ROS provokes nitrosative
and oxidative stress through interaction with DNA, RNA, lipid and proteins, leading to an
increase in mutations, genomic instability, epigenetic changes and protein dysfunction
(Hernandez-Gea et al., 2013). However, lower concentrations of ROS can also perturb cell and
tissue function by more subtle, often transient and reversible mechanisms, which lead to signal
transduction (Choi et al., 2014). Due to the relevance in this work, oxidative stress and ROS will

be deeply discussed in a separate section (Section 4).

2.2.4. HCC and metastasis

HCC is one of the most aggressive human malignancies, with high rate of recurrence
that can be divided in intrahepatic and extrahepatic patterns. Intrahepatic recurrences can be
as a result of multicentric occurrence or intrahepatic metastasis of HCC (Utsunomiya et al.,
2010). On the other side, extrahepatic metastasis can occur by direct extension,
hematogenous spread or lymphatic invasion. Reported HCC metastatic sides include lungs,
lymph nodes, bone, peritoneu and/or omentum and brain. Other rare sides of metastasis have

also been described (Becker et al., 2014).

2.2.5. Diagnosis and management of HCC

HCC is the main cause of death in patients with cirrhosis, and long-term disease-free
survival will rely on its early detection and treatment. Patients with high risk of HCC
development undergo surveillance through periodic hepatic ultrasonography (US) and AFP
blood test. Other serum markers such as descarboxiprothrombin (DCP), also known as
Prothrombin Induced by Vitamin K Absence Il (PIVKA-II), are currently under study to
complement US and AFP (Flores and Marrero, 2014).

Imaging has a central role in the diagnosis of HCC, together with a biopsy of the
lesion. Some biomarkers are currently used for staining of tissue samples when diagnose of
HCC is not clear. They include CD34, CK7, glypican 3, HSP-70 and glutamine synthetase.
CK19 and EpCAM are recommended stainings for detection of progenitor cell features (Flores
and Marrero, 2014).
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As in many cancers, assessment of prognosis is a crucial step in management of
patients with HCC. Prognosis should be assessed accordingly to tumour stage, degree of liver
dysfunction and presence of cancer-related symptoms. Among the many HCC staging systems
that have been developed around the world, there is a classification widely adopted that
stratifies HCC patients according to outcome and simultaneously links it with treatment
investigation. This classification is called Barcelona Clinic Liver Cancer (BCLC) strategy and it
establishes treatment recommendations for all stages of HCC, depending on overall size of the
tumour, number and size of the nodules, liver physical and functional status and cancer-related
symptoms. BCLC identifies patients with early HCC who are potentially curable, those at
intermediate or advanced disease stage for whom non-curative treatment offers the likelihood of
extended survival, and those at end stage for whom treatment would provide more harm than
benefit (Forner et al., 2012; Bruix et al., 2014). Biomarkers such as AFP, VEGF, angiopoietin-2
or c-kit should enable better stratification. However, they are still not considered for treatment

decisions (Bruix et al., 2014).
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Figure VII. BCLC staging system and therapeutic strategy (Villanueva et al., 2013).

Prior to 2007, there was no single systemic therapy with proven efficacy in advanced
HCC. This might be due to the high molecular heterogeneity and resistance to conventional
chemotherapy. In that year, sorafenib, an oral tyrosine kinase inhibitor with a broad inhibitory
profile (for example BRAF, PDGFR and VEGFR), showed a substantially increase in survival in
patients with advanced HCC (stage C of the BCLC classification). It was demonstrated by the
SHARP (Sorafenib Hepatocellular Carcinoma Assessment Randomized Protocol) trial that the
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overall survival was 10.7 months in the sorafenib group while it was 7.9 months in the placebo
group. The magnitude of the effect of sorafenib was further confirmed in a randomized clinical
trial in Asia. Currently, sorafenib is the only treatment approved for patients at advanced stages
of HCC, and there is an urgent need to identify biomarkers to accurately predict patient’s
response to the drug (Forner et al., 2012; Villanueva et al., 2013; Tabrizian et al., 2014). In this
sense, a recent work from our group demonstrated that CD44 could play an important role in
protecting HCC cells from sorafenib-induced apoptosis in a TGF-B-induced mesenchymal

background (Fernando et al., 2014).

Encouraged by the success of sorafenib, a number of other studies are on going using
other targeted agents alone or in combination with sorafenib. So far, phase 3 trials testing
sunitinib (another oral multikinase inhibitor for receptor tyrosine kinases), everolimus (a mTOR
kinase inhibitor), linifanib, brivanib (two anti-angiogenic therapies), or the combination of
sorafenib with erlotinib (an EGFR inhibitor) have been negative, as well as all agents tested in
second line (Bruix et al., 2014; Flores and Marrero, 2014). The most feasible cause of these
failures is the suboptimal understanding of oncogenic drivers and molecular subclasses in HCC,
together with the common cirrhotic background of HCC patients, that might facilitate drug liver
toxicity, impairing to meet the end points of the clinical trials. To try to improve the results from
trials, it appears reasonable that the strategy design should be modified. A possible solution
would be to incorporate molecular information of the mechanisms responsible for tumour
progression in each patient, to design trials with enriched populations based on pathway
activation, instead of including “all comers”, in order to maximize the chances of positive clinical
outcome benefits. As mentioned before, several critical pathways are known to be activated in
subsets of patients with HCC, such as Wnt, JAK-STAT, TGF-g, mTOR, MET, IGF and Notch

signalling, among others (Villanueva et al., 2013; Llovet, 2014).
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3. Transforming growth factor-beta (TGF-g)

Alterations of the transforming growth factor-f§ (TGF-f) signalling pathway are involved
in human diseases including cardiovascular, fibrosis, reproductive, wound healing and immune
disorders, and also in cancer. With respect to human malignancies, TGF-§ typically exerts
tumour-suppressing activities in normal cells, as well as in early-stage carcinomas through its
ability to induce cell cycle arrest and apoptotic reactions. However, as carcinomas continue to
evolve and ultimately acquire metastatic phenotypes, the tumour suppressing functions of TGF-
B are circumvented such that TGF-f is utilized as an oncogenic factor that promotes carcinoma
growth, invasion, and metastasis. Our group has been focused on the study of the role of TGF-
B in the liver. More precisely, we have been studying the relevance of this signalling pathway on
cell death, proliferation, differentiation and migration in liver physiology and pathology, analysing

its role in liver fibrosis and hepatocarcinogenesis.
3.1. TGF-g in the progression of liver disease

Chronic liver diseases (CLD) are leading causes of morbidity and mortality worldwide.
In CLD, hepatocyte damage, wound healing and tissue remodelling go awry, resulting in fibrosis
and ultimately cirrhosis, the platform on which HCC develops. At the cellular and molecular
level, the multistep process of progressive CLD is reflected in the complex modulation of
intracellular signal transduction, altered cell-cell communications and, more drastically, an
altered differentiation state of most liver resident cell types. It is well-known that TGF- plays a

pivotal role in the sequence of events leading to end-stage CLD (Dooley and ten Dijke, 2012).

3.1.1. Role of TGF-§ in liver fibrosis

In the normal liver, sinusoidal endothelial cells and Kupffer cells (macrophages) contain
relatively high levels of TGF-p mRNA, whereas HSC express little amounts of the cytokine.
However, in response to pro-fibrogenic stimuli HSC express the three different isoforms of TGF-
B and contribute to the development of fibrosis through both autocrine and paracrine loops of
TGF-B-stimulated collagen production (Inagaki et al., 2005). As we explained in a previous
section (Section 2.1), MFB are the main cell responsible for fibrosis and the major source of
MFB are activated HSC, being TGF-§ a key player in the transdifferentiation process of HSC
to MFB. In contrast to HSC, where TGF-f plays a growth inhibitory role, MFB demonstrate a

growth stimulatory effect in response to the cytokine (Dooley et al., 2000). Several studies have
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identified Smad3 as being the main mediator of the fibrogenic response of HSC, especially with

respect to the induction of collagen expression (Dooley and ten Dijke, 2012).

In addition to HSC transdifferentiation to MFB, it is now fully accepted that hepatocyte
death is critical for hepatic fibrosis (Brenner, 2009; Nikolaou et al., 2012). Indeed, it has been
proved that apoptosis and phagocytosis of hepatocytes directly induce HSC activation and
initiation of fibrosis (Jiang et al., 2010). TGF-p is an important regulatory suppressor factor in
hepatocytes, inhibiting proliferation (Carr et al., 1986) and inducing cell death (Oberhammer et
al., 1992). However, paradoxically, in addition to its suppressor effects, TGF-p also induces
anti-apoptotic signals in proliferating hepatocytes, through the activation of the EGFR pathway
(Valdés et al., 2004; Murillo et al., 2005). Cells that survive to TGF-p-induced apoptotic signals
undergo EMT (Valdés et al., 2002; Caja et al., 2011b). Although still controversial, it is thought
that EMT from hepatocytes could be another source of MFB (Wells, 2010). Additionally, during
development of TGF-g-initiated fibroproliferative disorders, NOXs generate ROS, resulting in
downstream transcription of a subset genes encoding matrix structural elements and pro-fibrotic
factors (Samarakoon et al., 2013a). Apart from being downstream effectors implicated in TGF-
signalling, ROS play other roles promoting fibrosis progression, in relation with TGF-f. ROS
may promote fibrosis activating latent TGF-p through either latency-associated peptide (LAP)
direct activation and subsequent release of the cytokine (Pociask et al., 2004) or via MMP
activation (Wang et al., 2005). Indeed, LAP/TGF-$ complex has been proposed to function as
an oxidative stress sensor (Jobling et al., 2006). Finally, ROS can also stimulate the expression
and secretion of TGF-f in a positive feedback loop in many types of cells, including HSC and
hepatocytes (Proell et al., 2007; Boudreau et al., 2009). Due to the relevance of ROS and NOX

proteins in this work, they will be further addressed in a following section (Section 4).

Cirrhosis is not simply extensive fibrosis but is characterised by architectural disruption,
aberrant hepatocyte regeneration, nodule formation and vascular changes. These
macroregenerative nodules that display foci of hepatocyte dysplasia are considered to be pre-

neoplastic lesions of HCC.

3.1.2. Role of TGF-f in hepatocarcinogenesis

The key for understanding the complicated role of TGF-§ in cancer resides in knowing
that it acts as a tumour suppressor during the early stages of tumorigenesis, but it also
promotes invasiveness and metastasis in advanced tumour cells when cells become
resistant to its suppressive effects. Several components of TGF-p suppressor signalling have
been found inactivated in pancreatic, colorectal, head-and-neck, ovarian and other tumours.
Although mutations and deletions of TGF-f signalling-related genes are found in some cancers,
they are rare in HCC (Fabregat et al., 2014).
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Figure VIII. TGF-f signalling exerts both anti-oncogenic and pro-oncogenic activities in carcinogenesis
(Achyut and Yang, 2011).

Of remarkable importance to better understand the role of TGF-f in HCC progression,
in most of the cases, cancer cells grow embedded in a cirrhotic environment enriched with
extracellular matrix that is, in turn, mediated by the cytokine. In these conditions, TGF-f
signalling promotes HCC progression by two mechanisms: first, via an intrinsic activity in the
tumour as an autocrine or paracrine growth factor and, second, via an extrinsic activity in the
stroma. In the stroma, TGF-f§ induces microenvironment changes, including generation of
cancer-associated fibroblasts (CAF) which play a relevant role in facilitating the production of
growth factors and cytokines that contribute to cell proliferation, invasion and neoangiogenesis.
In addition, due to its immunosuppressive actions, TGF-p contributes to tumour cell evasion
from immune surveillance. On the other hand, the intrinsic effects are mostly observed in
highly invasive tumour conditions where TGF-f3 signalling may stimulate tumour proliferation
and survival, and cells that survive to TGF-p suppressor effects undergo EMT favouring tumour

metastasis (Fabregat et al., 2014; Giannelli et al., 2014).

All these different effects of TGF-f in liver cells are evidenced in a study by Coulouarn
and col., where they define different liver gene signatures in response to TGF-f3, based on the
response of mice hepatocytes to this cytokine. The “early” signature is associated to
suppressor genes, whereas the termed “late” TGF-§ signature is associated to EMT,
migration and invasion (Coulouarn et al., 2008). Interestingly, the early response pattern is
associated with longer, and the late response pattern with shorter, survival in HCC human
patients. In addition, tumours expressing the late TGF-p-responsive genes displayed invasive
phenotype, increased tumour recurrence and accurately predicted liver metastasis. Of
importance, this study also discriminated HCC cell lines by degree of invasiveness (Coulouarn
et al., 2008).
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3.2. TGF-p signalling pathway

In humans, the TGF-$ superfamily represents a diverse set of growth factors, including
bone morphogenic proteins (BMPs), growth and differentiation factors (GDFs), activins, TGF-
B’s, nodal and anti-mullerian hormone (AMH), that mediate such diverse processes as cell
proliferation, differentiation, motility, adhesion, organization and programmed cell death. Most
members of this family exist in variant forms, with the TGF- cytokine consisting of three
isoforms: TGF-f4, TGF-B, and TGF-f3;. The TGF-B ligands are synthesized within the cell as
pro-peptide precursors containing a pro-domain, LAP, and the mature domain, and are secreted

into the ECM. They need to be cleaved to form active signalling molecules (Heldin et al., 2012).

TGF-B signals via formation of a heterotetrameric complex of type | and type II
serine/threonine kinase receptors in which the constitutively active type Il receptor
phosphorylates and activates the type | receptor. There are several types of both type | and
type 1l receptors but TGF-p preferentially signals through activin receptor-like kinase 5 (ALKS5)
type | receptor (TBRI) and the TGF-p type Il receptor (TBRII). In addition, endoglin and
betaglican, also called accessory receptors, bind TGF-p with low affinity and present it to the
TPARI and TPRII. Activated receptor complexes propagate canonical TGF-f signalling through
phosphorylation of the receptor-associated Smads (R-Smads). Humans express eight Smad
proteins that can be classified into three groups: Receptor-associated Smads (R-Smads), Co-
operating Smads (Co-Smads) and Inhibitory Smads (I-Smads). Among the R-Smads, Smad?2
and 3 mediate the TGF-f branch of signalling, whereas the BMP branch exclusively utilizes
Smad1, 5 and 8. Upon TGF-f stimulation, the R-Smads Smad2 and 3 are phosphorylated and
associate with the Co-Smad Smad4, forming a complex that translocates to the nucleus where,
in collaboration with other transcription factors, it binds and regulates promoters of different
target genes. Two of these genes are the I-Smads Smad6 and Smad7, producing a negative
feedback regulation of the TGF-f signalling. The co-activators and repressors recruited by the
Smad complex are cell- and context-specific, therefore determining the specific genes induced
within particular cells, explaining the diverse set of biological responses exerted by TGF-
B signalling (Padua and Massagué, 2009; Drabsch and ten Dijke, 2012; Morrison et al., 2013).
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In addition to the canonical Smad pathway, TGF-f is capable of utilising non-Smad

effectors to mediate some of its biological responses, including non-receptor protein tyrosine

kinases such as Src and FAK, mediators of cell survival (e.g., NF-xB, PI3K/AKT pathways),
MAPK (ERK1/2, p38 MAPK, and JNK among others), and Rho GTPases like Ras, Rho and
Rac1. Interestingly, these pathways can also regulate the canonical Smad pathway (Heldin et

al., 2012; Drabsch

and ten Dijke, 2012; Morrison et al., 2013).
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3.3. TGF-p biological roles

As mentioned above, TGF-f is secreted by several cell types and it regulates a diverse
array of cellular processes including cell proliferation, morphogenesis, migration, extracellular
matrix production, cytokine secretion and apoptosis. To better contextualize the work presented
here, this section will summarize the main functions exerted by TGF-, especially in liver, on

which our group has focused its effort during the last decades.

3.3.1. TGF-g and cell proliferation

In normal epithelial cells, as well as in endothelial, neuronal and hematopoietic cells,
TGF-p regulates the expression of several genes promoting cell cycle arrest in the G, phase of
the cell cycle, in a Smad dependent manner, through a diverse array of mechanisms, leading to
pRb dephosphorylation. In these cells, TGF-§ rapidly induces two CDK inhibitors, p21Cip1 and
p15™* and down-regulates Myc, Id1, Id2 and 1d3, all four transcription factors involved in
proliferation and inhibition of differentiation. Thus, TGF-f3 mediates a dual effect on the cell cycle
by simultaneously inhibiting the CDK functions and eliminating proliferative drivers (Seoane,
2006; Padua and Massagué, 2009; Drabsch and ten Dijke, 2012). Some of the mechanisms
involved in the transcriptional regulation of the TGF-p cytostatic gene responses have been

already elucidated. For example, TGF-p induces p21°*’

Cip1

via a Smad3-FoxO complex that
interacts with a specific region of the p21 promoter (Seoane et al., 2004). Besides the
canonical Smad-dependent gene responses involved in the cytostatic program, TGF-$ can also
promote cell cycle arrest through Smad-independent pathways. For instance, the binding of
TGF-p receptor complex to the regulatory subunit of PP2A facilitates the dephosphorylation and
inhibition of p70 S6 kinase and contributes to the anti-proliferative response (Petritsch et al.,

2000). In addition, TGF- can also induce JNK and p38 to stabilize p21“*" (Kim et al., 2002).

In hepatocytes, TGF-§ is known to induce cell cycle arrest at low doses (Sanchez et
al., 1996), and to counteract proliferative signals induced by EGF or insulin (Carr et al., 1986;
Sanchez et al., 1998). Although hepatocytes from regenerating liver are known to be resistant to
the mito-inhibitory effects of TGF-, maybe due to a decrease in the expression of its receptors,
TGF-B has been thought as being a natural stimulus that terminates liver regeneration,

preventing uncontrolled hepatocyte proliferation (Michalopoulos, 2007).

In normal cells, the cytostatic effects of TGF-f are often dominant over the opposing
mitogenic signals; however, carcinoma-derived cells are usually refractory to growth inhibition
by the cytokine. In certain cases, this is due to the disruption of TGF-p signalling caused by
somatic mutations in components of the TGF-f pathway, such as microsatellite instability

leading to mutations in TPRII, inactivating mutations in Smad2 and 4, or with lower incidence,

30



. INTRODUCTION 3. TGF-

mutations in the TBRI. Nevertheless, many tumours with an intact, non-mutated TGF-f pathway
lack the TGF-f anti-proliferative response, in some cases due to overactivation of non-Smad
pathways that can lead to aberrant expression or post-transcriptional modification of the TGF-f
pathway components (Seoane, 2006). Indeed, our group has described that TGF-g induces
survival signals in both foetal and transformed hepatocytes, but not in adult hepatocytes,
through the transactivation of the EGFR pathway. We have demonstrated that this
transactivation is through a NOX, NF-kB and Caveolin-1 dependent mechanism (Murillo et al.,
2007; Caja et al., 2007; Moreno-Caceres et al., 2014).

3.3.2. TGF- and apoptosis

In addition to its role in regulating the cell cycle, TGF- also participates in the
maintenance of tissue homeostasis through its influence on apoptotic pathways. TGF-p is a
well-known inducer of apoptosis. However, it is known that the apoptotic signalling induced by
TGF-p consists in different mechanisms and a complex network of apoptosis-related events that
might occur differently, not only in a cell type-specific manner, but also dependent on the cell
context and the extracellular microenvironment. There have been several Smad-dependent and
-independent mechanisms described for a variety of cell lines, but in any case, this signal
ultimately results in activation of pro-apoptotic caspases as well as changes in the expression,
localization and activation of both pro- and anti-apoptotic members of the BCL2 family (Padua

and Massagué, 2009).

In epithelial cells, such as foetal hepatocytes, TGF-B-induced apoptosis is coincident
with ROS production (Sanchez et al., 1996; Sanchez et al., 1997) through either induction of a
NOX system, more precisely induction of NOX4, to increase extramitochondrial ROS (Herrera
et al., 2004; Carmona-Cuenca et al., 2008) or depletion of antioxidant proteins that increase
mitochondrial ROS (Franklin et al., 2003; Herrera et al., 2004). TGF-p-induced ROS production
is necessary for the apoptotic process in hepatocytes and it is required for an efficient

mitochondrial-dependent execution of apoptosis (Herrera et al., 2001a; Herrera et al., 2001b).

Nevertheless, as it happens with the role of TGF-p controlling cell proliferation, when
speaking about cell death, TGF-f can also exert both pro- and anti-apoptotic functions. TGF-$
is able to activate survival pathways, for example activating AKT signalling inducing an
increase in anti-apoptotic proteins (Valdés et al., 2004; Wilkes et al., 2005; Song et al., 2006).
However, usually, AKT activation is transient and might be related to the capacity of TGF-f to
transactivate c-Src and EGFR pathways (Park et al., 2004b; Murillo et al., 2005). Indeed, TGF-3
is able to mediate the production of EGFR ligands, which eventually confers resistance to its
pro-apoptotic effects in hepatocytes (Del Castillo et al., 2006; Carmona-Cuenca et al., 2006;
Murillo et al., 2007) and HCC cells (Caja et al., 2011a), and the inhibition of the EGFR pathway
enhances TGF-p induced apoptosis (Sancho et al., 2009). Importantly, the capacity of
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hepatocytes to survive to TGF-f is also dependent on their differentiation status (Sanchez et al.,
1999). Thus, rat hepatocytes respond to TGF-p inducing survival signals, whereas adult
hepatocytes do not (Caja et al., 2007). In the same way, different features of HCC cell lines, like
the activation of the EGFR or MEK/ERK pathways, may provoke different outcomes after TGF-$
exposure (Caja et al., 2009; Caja et al., 2011a).

3.3.3. TGF-§ and metastasis

The paradoxical switch in TGF-f function during tumorigenesis has been linked to its
ability to induce EMT programs, which reflects an evolutionarily conserved cascade in which
polarized epithelial cells adopt mesenchymal cell characteristics together with enhanced
chemoresistance and evasion from host immunosurveillance, expanded stem-like and tumour-
initiating activities, elevated resistance to apoptotic stimuli, and acquired migratory, invasive,
and metastatic phenotypes (Morrison et al., 2013). In fact, in contrast to the canonical role in
controlling epithelial cell proliferation, TGF-p is considered pro-growth with respect to the
mesenchyme. Classically, in response to injury, granulocytes, platelets, leukocytes and
additional parenchymal cells increase the presence of TGF-§ at the site of the wound. TGF-p,
then, induces fibroblast proliferation, MFB differentiation, and remodelling of the ECM, favouring

fibrotic processes (Principe et al., 2014).

Epithelial cells show apical-basal polarity, adhere and communicate with each other
through specialized intercellular junctions and are positioned on a basement membrane that
helps to define their physiology. In this way, epithelia function as permeable barriers that
delineate tissues and organs. The transition of epithelial cells into mesenchymal cells, either in
development or pathological situations, follows a common and conserved programme.
However, it has also inherent flexibility and variability depending on the cell type, tissue context

and signals that activate the EMT programme (Lamouille et al., 2014).

EMT starts with dissolution of epithelial cell-to-cell contacts and loss of apical-basal
polarity. In addition, the expression of epithelial junction proteins such as E-cadherin, ZO-1 and
occludin is down-regulated at the level of gene expression, concomitantly with increases in the
expression of mesenchymal adhesion proteins like N-cadherin. Snail/Slug, ZEB1/2 and Twist
families of transcription factors potently regulate this epithelial to mesencymal switch in gene
expression. Additionally, actin cytoskeleton, as well as microfilaments, microtubules and
intermediate filaments (vimentin and a-smooth muscle actin (a-SMA)) are dramatically modified
and reorganized promoting phenotypic changes to enable cells to acquire a front-rear polarity
and motility. Finally, cells acquire invasive properties through increased expression and
secretion of MMPs, and cells that undergo EMT are also efficiently capable of synthesizing
components of the ECM to reconstitute their microenvironment following cell invasion.
Importantly, EMT can also be reverted through a process called mesenchymal-to-epithelial

transition (MET), occurring after migration and homing into new sites within an embryo, during
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tumour progression or healing of fibrotic tissue (Heldin et al., 2012; Morrison et al., 2013;
Lamouille et al., 2014).

In cancer, epithelial cells undergo EMT, which favours intravasation of cells to both
lymph and blood vessels and consequent dissemination far from the primary tumour. At
secondary loci, cells may undergo a MET process to be able to colonize secondary sites and
form metastasis. It is worth to mention that cancer cells may undergo EMT in different extents, it
is possible that some cells retain epithelial features at the same time that are acquiring some

mesenchymal ones, and other cells become fully mesenchymal (Kalluri and Weinberg, 2009).

It should be noted that both canonical and non-canonical TGF-$ pathways participate in
driving EMT programs by the cytokine. Indeed, Smad3 and 4 function as positive regulators of
EMT programs, while Smad2 functions as a negative regulator of EMT, by regulating different
transcription of target genes. Through the activation of PISK-AKT-mTOR pathway and small
GTPases, including RhoA, TGF-g induces increased motility and invasion, and changes in
protein synthesis and actin reorganization. MicroRNAs, as well as epigenetic changes and
alternative splicing, also regulate the EMT program induced by the cytokine (Heldin et al., 2012;
Morrison et al., 2013; Katsuno et al., 2013).

In the liver, TGF-p induces an EMT process in foetal hepatocytes that survive to its
apoptotic effects (Sanchez et al., 1999). To induce EMT, TGF-f is known to up-regulate the
transcription factors Snail and Slug, which in turn repress the expression of epithelial markers,
while activating the expression of mesenchymal markers (Katsuno et al., 2013). Interestingly,
EMT-inducing factors such as Snail or Twist might help TGF-f to also promote cell
dedifferentiation and expression of cell surface presumptive cancer stem cell markers (Mani et
al., 2008). In accordance, foetal hepatocytes that undergo EMT become refractory to apoptotic
effects of TGF-f, showing characteristics of liver progenitor cells (Valdés et al., 2002). Indeed,
TGF-B may contribute to transdifferentiation of foetal hepatocytes into liver progenitors, which
later on will be able to differentiate both in mature hepatocytes and cholangiocytes (Del Castillo
et al., 2006; Caja et al., 2011b). It is important to note that in absence of the cytokine, cells that

underwent a TGF-B-induced EMT revert to an epithelial phenotype (Bertran et al., 2009).

TGF-p is able to induce both pro-apoptotic and survival signals at the same time in
hepatocytes, and the balance between them is what decides the final cell fate. There is a close
link between apoptosis and EMT, not only because initially the EMT process depends on the
ability of cells to overcome TGF-p induced apoptosis, but also because EMT induces survival
signals that rescue from apoptosis (Valdés et al., 2002; Valdés et al., 2004; Bertran et al,,
2009). For instance, Snail overexpression has been shown to confer resistance to TGF-f
induced pro-apoptotic effects (Vega et al., 2004; Franco et al., 2010). Furthermore, EMT might
confer resistance to TGF-p suppressor effects through the increase in the expression of EGFR
ligands and activation of its pathway, which highlights the existence of a cross-talk between
TGF-p and EGF signals in hepatocytes (Del Castillo et al., 2006).
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Nevertheless, acquiring a mesenchymal phenotype is not the only way through which
epithelial cells can invade local and distant sites, since they can move also as a collective
group, maintaining epithelial features, as it will be deeply discussed in a following section
(Section 5). Although it has been less studied by far, it has been described that TGF-$ can be
implicated in these other kind of movement in different systems, including the liver. For
instance, it has been reported that TGF-f has a role in the regulation of collective migration
through controling the directional migration of hepatocyte cohorts by modulating their adhesion

to fibronectin (Binamé et al., 2008).
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4. ROS and NADPH oxidases

4.1. Reactive oxygen species

Reactive oxygen species (ROS) are short-lived, highly electrophilic molecules
generated by the partial reduction of oxygen to form superoxide (O;’), hydrogen peroxide (H,0,)
and hydroxyl radical (OH) as well as secondary metabolites including lipid peroxides,
peroxynitrite (ONO’), and hypochlorous acid (HOCI). Reactive nitrogen species (RNS) such as
nitric oxide (NO) are sometimes included (Lambeth and Neish, 2014). Free radicals are defined
by the presence of a single unpaired electron in the outer orbital. This unstable configuration
can propagate a chain reaction that includes modification of macromolecules, notably certain
proteins, membrane components, and nucleic acids (Lambeth and Neish, 2014). Not all oxygen
species are free radicals. For instance, H,O, is not a free radical, but it is a precursor of free

radicals.

Different types of ROS have different intrinsic chemical properties, which dictate their

reactivity, subcellular localization and preferred biological targets:

* Superoxide (O,) is a free radical whose lifetime in biological systems is few seconds. It
is considered a weak oxidant and a weak reductant and rapidly reacts with another molecule of
superoxide to form hydrogen peroxide. This is called self-dismutation reaction and it is
performed by an enzyme called superoxide dismutase (SOD). Another important reaction in
biological systems is the diffusion-controlled reaction between superoxide and nitric oxide
(radical-radical reaction) to form a very potent oxidant and reactive nitrogen specie,
peroxynitrite. Interestingly, superoxide is membrane impermeant (Kalyanaraman, 2013).

* Hydrogen peroxide (H,0,) is considered a moderate oxidant and its relatively stable
(its half-life could be of months if protected against light and trace metal contamination).
However, antioxidant enzymes such as catalase and glutathione rapidly destroy it. H,O, in the
presence of released iron could form hydroxyl radical (OH), a potent oxidant, via the Fenton
mechanism (Fe** + H,0, — Fe®* + 'OH + OH") or the Haber-Weiss mechanism (O, + H,0, —
‘OH + OH" + O,). Hydroxyl radical is a potent antimicrobial oxidant. Moreover, myeloperoxidase
(MPO) is a heme-containing peroxidase that oxidizes halide anion (chloride, bromide and iodide
anions) in the presence of H,O,, forming the corresponding hypohalous acid that is also very
reactive. Even more relevant for this work, hydrogen peroxide reacts with cysteine residues
from proteins, acting as a signal transducer. It is important to note that hydrogen peroxide is
membrane permeable, thus freely diffuses to other compartments in cells. Recent evidences
suggest that extracellular hydrogen peroxide preferentially enter the cell through specific plasma
membrane aquaporin channels (Finkel, 2011; Kalyanaraman, 2013).
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4.2. Oxidative stress and oxidant signalling

The term oxidative stress refers to the imbalance between the prooxidant and
antioxidant levels in favour of prooxidants in cells and tissues, most of the times due to the
overproduction of ROS. However, this term is imprecise, because different biological situations
create different mixtures of these molecular species, each with its own spectrum of reactivity
with different biomolecules (Lambeth and Neish, 2014). For many years, the traditional view of
ROS was that their production was unregulated and that their intracellular targets were random.
Actually, one of the consequences of oxidative stress is cell injury caused by oxidative damage
being the main targets of oxidative damage DNA (mutations caused by AT <= GC transition and
by GC < TA transversion), lipid (lipid peroxidation) and protein (formation of carbonyls,

dityrosine and nitrated and chlorinated tyrosines) (Holmstrom and Finkel, 2014).

However, there is a growing appreciation that oxidant species such as O, and H,O; can
also have useful and beneficial effects (Holmstrom and Finkel, 2014). It is true that damaged
and oxidized biomolecules are implicated as potential contributors to a range of pathologies,
including neurodegenerative diseases, atherosclerosis and the ageing process itself.
Nonetheless, when ROS are confined to a phagolysosome, they can mediate microbicidal
killing, being beneficial, and additionally, low levels of ROS can function within specific
signalling pathways, through transient and reversible mechanisms (Lambeth and Neish,
2014).

By oxydizing reactive cysteine residues, which are often located in the enzyme’s active
site, ROS can activate or inactivate their target proteins. Although the pKa of a thiol group on
free cysteine is high (between 8 and 9), in some target molecules due to the surrounding
aminoacid microenvironment of the cysteine, its pKa can be substantially modified to result in a
pKa as low as 4 to 5, easy to be oxidized. One of the earliest observations in support of a role
for ROS in signal transduction was that the increase in tyrosine phosphorylation that occurs
after growth factor stimulation is preceded by a burst of ROS generation. Rather than being
harmful, this rise in intracellular ROS level was shown to be required for downstream signalling.
This tyrosine phosphorylation involved the redox-dependent inactivation of protein tyrosine
phosphatases (PTPs). It is now clear that in addition to targeting phosphatases, ROS can also
directly affect kinase signalling through the redox-dependent modification of cysteines in certain
domains of receptors. Additionally, reversible oxidation and reduction of other aminoacids can
occur, and emerging evidences indicate that methionine residues might provide an analogous

redox-dependent system (Finkel, 2011; Holmstrom and Finkel, 2014; Drazic and Winter, 2014).
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Figure X. The multiple ways in which oxidant signalling can affect cellular functions (Holmstrém and
Finkel, 2014).

The number of intracellular targets known for redox-dependent signalling has increased
dramatically during the last years. The more recent analyses, based on either computational
means or through large-scale proteomic approaches, has suggested that reactive and
potentially modulatory cysteine residues might exist in well over 500 individual proteins, thereby
extending this form of redox regulation to a wide range of enzymatic activities. Of note, the
relevance of redox in signalling relies on its reversibility, oxidized thiols can be reduced by
mechanisms involving thioredoxin (TXN) or glutathione, among others, resulting in an off/on
regulation analogous to protein phosphorylation/desphosphorylation, allowing the control of
critical steps in many signal transduction pathways (Finkel, 2011; Lambeth and Neish, 2014;
Holmstrém and Finkel, 2014).

Some degree of specificity is presumably achieved by colocalizing the source of ROS
with the intended target, or by confining the spread of ROS to intracellular regions that are
enriched in redox targets (Holmstréom and Finkel, 2014).
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4.3. Oxidant sources

There are numerous potential sources of ROS within the cell. ROS can be produced as
by-products of enzymatic processes, which is considered the case of mitochondrial ROS.
Mitochondria generate ATP in an oxygen-dependent manner during which the flow of electrons
down the respiratory chain eventually culminates at complex IV with the reduction of molecular
oxygen to water. Throughout this process, superoxide is generated, predominantly at complex |
and complex Ill of the cytochrome chain, when electrons initially derived from NADH or FADH,
react with oxygen. Normal mitochondria provide a low basal level of ROS in most of cells, but
this level may increase during aging or mitochondrial damage. Mitochondrial oxidants have
been historically viewed as purely toxic, however, recent evidence suggest that they can be also
regulators of intracellular signalling pathways. In addition to mitochondria, other redox-active
enzymes can generate superoxide and hydrogen peroxide as a by-product. These include
xanthine oxidase, cytochrome p450, cyclooxygenase, lipoxygenase, and nitric oxide synthase
(NOS) (Finkel, 2011; Lambeth and Neish, 2014).
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Figure XI. Intracellular sources of reactive oxygen species (ROS) (Holmstrom and Finkel, 2014).

In contrast, NOXs are a family of enzymes that generate ROS (either superoxide or
hydrogen peroxide) as the primary species during the catalytic metabolism of oxygen for a
range of host defence and signalling functions. Seven isoforms of NOX are expressed in
mammalian cells (NOX1-5, DUOX1 and DUOX2). All NOX isoforms are membrane bound
enzymes that rely on NADPH for their activity and the major source of ROS is generated when
the flavin- and heme- containing protein complex transfer electrons from cytosolic NADPH to

molecular oxygen to produce O, or H;O, (Holmstrém and Finkel, 2014; Lambeth and Neish,
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2014). Considering the relevance of NOXs for this work, it will be further reviewed in the next

section (Section 4.4).

Cells have necessarily developed a variety of mechanisms to keep ROS within
acceptable levels. To combat or modulate the production and effect of ROS, the cell is equipped
with various potent antioxidant defences. They involve antioxidant enzymes, small molecular-

weight antioxidants and adaptive mechanisms leading to antioxidant gene expression.

Antioxidant enzymes include superoxide dismutases (SODs), catalases and
peroxidases. There are at least three types of SODs: copper-zinc SOD (CuZnSOD), which is
cytosolic; manganese SOD (MnSOD), which is mitochondrial; and extracellular SOD (EC-SOD).
SOD catalytically enhances the normal dismutation of superoxide forming hydrogen peroxide
(O + Oy +2H" — H,0, + O,) and it is normally present at low micromolar concentrations in
cells. The peroxisomal enzyme catalase (CAT) reduces hydrogen peroxide to molecular oxygen
and water. CAT is present in all tissues and it is important when H,0O, levels are low. At higher
concentrations of H,O,, glutathione peroxidase enzyme (GPx), that is dependent on reduced
glutathione, is responsible for detoxifying H,O,. During this process, reduced glutathione (GSH)
is oxidized to glutathione disulphide (GSSG) that is then reduced back to GSH by glutathione
reductase using NADPH as a co-factor. In addition, other mechanisms such as peroxiredoxin
and thioredoxin, are involved in detoxifying intracellular hydroxiperoxides (Kalyanaraman, 2013;
Lambeth and Neish, 2014).

Additionally, cells can modulate the transcription of cysteine-rich proteins and
peptides such as glutathione, TXNs, and peroxiredoxins that function as redox sinks. These
gene products can be transcriptionally up-regulated by the action of redox-sensitive signalling
pathways such as the Nuclear Factor Erythroid-2-Related Transcription Factor 2 / antioxidant
response elements (Nrf2/ARE) regulatory mechanism. For example, electrophiles formed as by-
products of lipid hydroperoxide decomposition, like the aldehydes MDA and 4-HNE, are able to
induce antioxidant gene expression through activation of the Keap1-Nrf2 system. Under
reducing conditions, Keap1 binds to Nrf2 promoting Nrf2 cytoplasmic degradation through a
cullin-dependent E3 ubiquitin ligase. Upon oxidation of redox-sensitive cysteines of Keap1,
there is a conformational change that suppresses the proteasomal degradation and provokes
the cytosolic accumulation of Nrf2, which translocates to the nucleus and binds to ARE that are
contained within the promoters of antioxidant genes, thereby activating its transcription
(Kalyanaraman, 2013; Lambeth and Neish, 2014; Holmstrom and Finkel, 2014).

In addition to enzymatic mechanisms, there exist non-enzymatic small molecular
weight antioxidants present in certain foods and drinks such as ascorbic acid (vitamin C),
alpha-tocopherol (vitamin E), reduced glutathione (present in milimolar levels in cells) and p-
carotene, among others. The localization of antioxidants is of relevance for its action. It is
important that these antioxidants are not able to deal with hydrogen peroxide as they will only

react really slowly with it (Kalyanaraman, 2013). Glucose metabolism through the pentose
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phosphate pathway (PPP) is tightly linked to antioxidant defence capacity of cells since it
generates the NADPH necessary to maintain glutathione in a reduced form, which is perhaps
the most important non-enzymatic ROS scavenger. GSH can get reduced and therefore re-
activated by glutathione reductase and NADPH (Holmstrom and Finkel, 2014; Glasauer and
Chandel, 2014).
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4.4. NADPH oxidase (NOX) family

The NOX family has emerged in the last years as important source of ROS in signal
transduction (Brown and Griendling, 2009). It consists of seven members, NOX1-5 and two dual
oxidases (DUOX1-2), which share analogies in structure and catalytic function, since all of them
mediate the reduction of oxygen using NADPH as an electron donor. However, important

differences in regulation and cellular functions are observed among them.

The first NOX described was the phagocytic NADPH oxidase or respiratory burst
oxidase, whose catalytic subunit is known as NOX2 or gp91phox. Subsequently, p47phox,
p67phox and the small GTPase Rac1 and Rac2 were identified as essential regulatory subunits.
NOX2 is an enzyme whose main function is to produce large amounts of ROS in a respiratory
burst characterized by consumption of O, and production of superoxide. Mostly during the 90s,
investigators in diverse fields had observed that superoxide and hydrogen peroxide were
produced in non-phagocytic tissues/cells, often in response to hormones or growth factors.
These observations brought to the discovery of the other mammalian NOX homologs. The other
members of the NOX family have been cloned and studied in the past fifteen years (Lambeth et
al., 2007; Lambeth and Neish, 2014). The first homologue of NOX2 to be cloned was NOX1,
originally described in 1999 as MOX1 (Suh et al., 1999), followed by the two dual oxidases
(DUOX1 and 2), NOX3, NOX4, and eventually NOX5 in 2001. In addition, new NOX regulatory
subunits termed NOXO1 (NOX organizer 1) and NOXA1 (NOX activator 1), homologs of
p47phox and p67phox respectively, were identified (Brown and Griendling, 2009; Lambeth and
Neish, 2014).

4.4.1. NOX structure

All NOXs are transmembrane flavoproteins that transport electrons across biological
membranes to reduce oxygen to superoxide. In accordance with this preserved function, there
are conserved structural properties of NOX enzymes that are common to all family members.
Starting from the COOH terminus, these conserved structural features include flavin adenine
dinucleotide and nicotinamide adenine dinucleotide plus hydrogen (FADH and NADPH) binding
sites at their C-terminus domain and six conserved transmembrane domains. Electrons are
transported by two heme groups that are coordinated by four highly conserved histidines within
the transmembrane domains. Additionally, NOX5 has an amino-terminal calmodulin-like domain
that contains four calcium binding EF-hand structures, and DUOX1 and 2 have an extracellular
peroxidase domain in addition to the EF-hand and gp91phox homology domains (Bedard and
Krause, 2007; Brown and Griendling, 2009). Thus, the mammalian NOX enzymes can be
classified into two broad groups, those that require p22phox (NOX1-4) and those that are
regulated by calcium through an EF hand-containing calcium-binding domain (NOX5, DUOX1

and DUOX2). Depending on the NOX subunit, p22phox can serve multiple roles, functioning as
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a maturation factor required for appropriate glycosylation and localization of the NOX subunit,
stabilizing the NOX subunit, and providing a docking site for binding of other regulatory subunits
(Lambeth and Neish, 2014).
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Figure XIl. Structure and molecular organization of NADPH oxidases (NOX) (Block and Gorin, 2012).

4.4.2. NOX activation

The classic activity control of NOX enzymes is exerted by calcium or protein-protein
interactions and concerns all NOX enzymes, with the exception of NOX4, which is
constitutively active. Briefly, the two main elements that contribute to NOX1, NOX2 and NOX3
activation are the interaction with the small GTPase Rac and the interaction with cytosolic
activator proteins. NOX activators NOXA1 and p67phox have been identified to require
organizing scaffolding proteins to tether them to the large NOX enzyme, which are termed
p47phox and NOXO1. As mentioned before, p22phox has a scaffold function for the maturation
and the folding of the catalytically active NOX protein through a proline rich region, which also
provides a binding platform for the cytosolic activator proteins of NOX1-3. In line with the
exclusive dependency of NOX1-3 on cytosolic activators, mutations in the proline rich region of
p22phox do not affect NOX4-dependent ROS production. In essence, the activity control of
NOX1-3 is therefore primarily achieved through alterations of the cytosolic proteins, which in
turn can be modulated by several mechanisms such as phosphorylation, interaction with
cytoskeleton, redox status, among others. NOX5 and the DUOX enzymes contain the EF-hands
making them directly calcium-dependent, but are independent of Rac. In addition, DUOX1 and 2
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require the association of DUOXA1 and 2, respectively, for localization to the plasma
membrane. NOX4, in contrast to the other members of the family, is constitutively active and its
regulation is believed to be mainly at transcriptional level. It forms stable complexes with
p22phox but is Rac-independent and co-expression with p47phox and p67phox or
NOXA1/NOXO1 does not increase ROS generation (Lambeth et al., 2007; Serrander et al.,
2007; Brandes et al., 2014a). Recently, NOX-interacting partners have been suggested to bind
to and enhance NOX4 activity, such as polymerase (DNA-directed) delta-interacting protein 2
(Poldip2) (Lyle et al., 2009) and TLR4 (Park et al., 2004a; Suzuki et al., 2012). Further

discussion about NOX4 activity will be done in a separate section (Section 4.5).

Although the activity of NOX and DUOX enzymes is acutely regulated by subunits or
calcium, the maximum capacity of a cell to generate ROS will be also determined by the
protein expression of NOX/DUOX (as previously mentioned for NOX4) and their regulatory
subunits. Expression of NOXs is ubiquitous in mammals, though the individual NOX isoforms
have different distribution between tissues and species. It is known that cytokines, growth
factors as well as other stimuli such as hypoxia, low pH and bacterial products, can regulate its
expression. NOX1 is most highly expressed in colon epithelia, but it is also expressed at lower
levels in vascular smooth muscle cells (VSMC), endothelial cells, uterus, placenta, prostate,
osteoclasts, hepatocytes, retinal pericytes, neurons, astrocytes and microglia. Though NOX2 is
most highly expressed in phagocytes, expression has also been detected in central nervous
system, endothelium, VSMC, fibroblasts, cardiomyocytes, skeletal muscle, hepatocytes and
hematopoietic stem cells. NOX3 expression is mainly localized in the inner ear. NOX4 was first
identified in the kidney, but was subsequently found in many cell types such as VSMC,
endothelial cells, fibroblasts, keratinocytes, osteoclasts, neurons, and of special interest for this
work, in hepatocytes. NOX5, which is the least well-studied NOX homologue because it is
missing in rodents due to gene deletion, has been identified in lymphoid tissues, testes, spleen,
smooth muscle cells and endothelial cells. And finally, the dual oxidases DUOX1 and 2 were
first described in the thyroid gland but they have been also reported in epithelial cells of the lung
(Brown and Griendling, 2009; Paletta-Silva et al., 2013). Furthermore, subcellular localization
of NOX proteins is considered to be determinant for the specificity of the signalling induced by
NOX-derived ROS. Thus, NOX1, NOX2, NOX3 and DUOXes are mainly described to be at the
plasma membrane, although other localizations have been reported for NOX1 (for instance,
endosomes, nucleus and cytoplasm) and NOX2 (submembranous phagosomes, endosomes
and in caveolae on the leading edge of lamellipodia). On the contrary, NOX4 has been identified
in focal adhesions, nucleus and endoplasmic reticulum (Brown and Griendling, 2009). Of note,
the lack of good specific and reliable antibodies represents one of the biggest obstacles in the
field.

Interestingly, NOX enzymes can also be grouped according to the species of reactive
oxygen that are released. NOX1-3 and NOX5 generate primarily superoxide, whereas the
major detected product of NOX4 and DUOX1-2 is hydrogen peroxide (Lambeth and Neish,
2014). Although production of O, is the main biological function of NOX proteins and it is
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important in the bactericidal activity of NOX2, its dismutation product H,O, directly mediates
much of the signalling that occurs. As reported in a previous section, hydrogen peroxide is more
stable than superoxide and it is also capable of crossing biological membranes. Because of the
presence of SOD in the cell, H,O; is formed rapidly from NOX-generated superoxide, or in the
case of NOX4, perhaps prior to the release of O, from the enzyme. As mentioned, DUOXes
produce H,O, directly via a two electron reduction of oxygen, rather than by producing
superoxide first as an intermediate (Brown and Griendling, 2009).

4.4.3. NOX functions in physiology and pathology

One of the puzzling observations in the NOX field is that cells and tissues often express
multiple NOX proteins in the same cell, but that these enzymes regulate different functions in
different cell types. All the differences in structure and co-activators, plus the different
subcellular localizations of NOX enzymes, the nature, intensity and duration of the activating
signal, and the developmental stage of the cell, are a feasible explanation of these different
cellular responses to the generated ROS. NOX-derived ROS may mediate fundamental
biological processes in cells and tissues, as well as some pathological disorders by participating
in gene expression, cytoskeleton remodelling, migration, differentiation, as well as cell
proliferation and death. In addition, they have more specialized functions, such as host defence
(NOX2), otoconium formation in the inner ear (NOX3), iodination of thyroid hormone (DUOX2),
and control of thyroid hormone (NOX2) (Brown and Griendling, 2009; Altenhofer et al., 2012).

There is abundant evidence for the regulation of gene expression by ROS. NOX-
dependent ROS generation has been shown to induce, for example, the expression of TNF-a,
TGF-B, angiotensin Il, plasminogen activator inhibitor-1 and HIF1a. This regulation can occur
through redox-sensitive second messenger systems, like MAPK activation, or through
transcription factors including NF-xB, AP-1 and p53, which contain redox-sensitive cysteine
residues in their DNA binding domain. Alternatively, NOX-derived ROS may also alter gene
expression through the regulation of MRNA stability. ROS, through thiol oxidation, also directly
activate the transcription factor Nrf2 by oxidizing its inhibitory redox-sensor Keap1, as
mentioned before (Bedard and Krause, 2007; Brandes et al., 2014b).

Since studies in the 1990s demonstrated the association between cell division and
ROS, many reports have been published attributing NOX-derived ROS to cell growth. ROS
had been shown to influence proliferation in the form of second messengers in many pathways
regulating cell proliferation, such as those involving p21 and MAPK. Furthermore, ROS were
shown to be important modulators of ubiquitination and phosphorylation of cell cycle associated
enzymes, such as cdc25 and CKis. Indeed, ubiquitination mediated by ROS is essential for the
regulation of the expression of CKls, such as p21, p27 and p57, and influences proliferation in a
context dependent manner, either favouring or impairing cell cycle progression. Additionally,
ROS have been recently found to activate growth factor receptors in the absence of the growth
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factor receptor ligands, thereby further controlling proliferation (Verbon et al.,, 2012). One
important receptor for cell cycle regulation is the EGFR. Since 1999, ROS are known to affect
EGFR signalling by inhibition of EGFR internalization, thus increasing the receptor’s signalling
potential (de Wit et al., 2000). Interestingly, it has also been described that EGF stimulates the
generation of hydrogen peroxide, which is mediated by the activation of NOX1 through a
mechanism involving PI3K and Rac1 (Verbon et al., 2012). Hydrogen peroxide markedly
stimulates mitotic pathways involving protein tyrosine phosphate as a result of reversible
oxidative inactivation of protein tyrosine phosphatase 1B (PTP1B) (Lee et al., 1998). Oxidative
inactivation of a variety of PTPs appears to be a widespread phenomenon and it is generally
associated with mitotic growth. In addition, our group has described that NOX1 promotes
autocrine growth of liver tumour cells through the up-regulation of the EGFR pathway. This
proliferation can be impaired by the addition of the NOX inhibitor VAS2870 (Ortiz et al., 2008;
Sancho and Fabregat, 2010; Sancho and Fabregat, 2011). In lung epithelia, NOX1
overexpression modifies Cyclin D1 expression leading to the stimulation of mitotic growth
(Ranjan et al., 2006). However, growth effects are likely to be cell type/context/isoform specific,
as overexpression of NOX enzymes in some cells is associated with senescence rather than
growth. Indeed, the first description of NOX4 reported a rapid senescence of NOX4-
overexpressing fibroblast (Geiszt et al., 2000; Kodama et al., 2013). Furthermore, Senturk et al.
demonstrated that TGF-p-induced senescence in well-differentiated HCC cells occurs in a
NOX4 and|p21 dependent manner (Senturk et al., 2010). Therefore, a role in stimulating growth

cannot be generalized.

Furthermore, many studies have described programmed cell death in response to ROS
and NOX expression/activation. For instance, our group has demonstrated that NOX4 is
necessary for the apoptosis induced by TGF-p in HCC cells (Carmona-Cuenca et al., 2008;
Caja et al., 2009). Actually, we have described that TGF-f induces the expression of both
NOX1 and NOX4 in transformed hepatocytes, and whilst NOX4 induced-ROS are responsible
of cell death, NOX1 confers partial resistance to TGF-p-induced apoptosis, through the
activation of the EGFR pathway (Sancho et al., 2009). In addition, NOX1-dependent activation
of NF-kB pathway mediates the resistance to TGF-§ observed in PTP1B knock-out hepatocytes
(Ortiz et al., 2012). The same role for NOX4 mediating TGF-p-induced cell death has been
recently reported in podocytes (Das et al., 2014). In contrast, other groups demonstrated that
ROS from NOX4 in pancreatic cells (Vaquero et al., 2004) and from NOX1 in colon adenoma
and carcinoma (Fukuyama et al., 2005), inhibit apoptosis. Therefore, depending on the cell
type, genetic background, and probably the NOX isoform, NOX-derived ROS can participate in

either pro-apoptotic or anti-apoptotic responses.

NOXs can also regulate migration and adhesion in an isoform and cell-specific
manner. Cellular movement requires coordinated changes in the structure of the actin
cytoskeleton and, as it will be futher described in a following section (Section 5), Rho GTPase

proteins play a central role. Importantly, both Rho GTPases and actin are sensitive to oxidative
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thiol modifications. Among the several potential sites on the actin molecule that are sensitive to
redox modifications, Cys*’* is of particular functional importance since its oxidation and
glutathionylation have been associated with decreased actin polymerization. However, it has
also been described that ROS production by EGF was correlated with actin deglutathionylation,
resulting in increased actin polymerization. Possibly, the role of this actin thiol residue in cell
migration is dependent on the cell type (Stanley et al., 2013; Schroder, 2014). Something
similar happens when considering the correlation between ROS and Rho GTPases activation,
since some studies suggest that increased ROS production is correlated to RhoA activation,

whilst others point to an increase in Rac1 activation.

Focal adhesions (FA) can also be modulated by NOX-derived ROS, since it has been
described that at least NOX1 and NOX4 can co-localize with focal adhesion complexes
(Hilenski et al., 2004). For example, FAK, which, is a master regulator of adhesion turnover, is
maintained in an inactive, dephosphorylated form by the constitutive action of the redox-
sensitive tyrosine phosphatases (LMW-PTP and SHP-2) (Mitra et al., 2005).

Considering all the processes regulated by NOXs, it is reasonable to associate some
diseases to the misregulation or absence of certain NOX. The earliest discovery was an
immune disorder, chronic granulomatous disease (CGD), caused by the absence of active
NOX2 or its subunits. Patients with CGD exhibit chronic infections and impaired wound healing
(Segal et al., 2009). NOX-derived ROS have been also implicated in the pathogenesis of a
number of neurological disorders, including Parkinson and Alzheimer’s diseases (Hernandes
and Britto, 2012), cardiovascular disorders such as atherosclerosis and hypertension (Sirker et
al., 2011; Montezano and Touyz, 2014), fibrotic processes (Paik and Brenner, 2011; Hecker et
al., 2012) and cancer (Bonner and Arbiser, 2012; Weyemi et al.,, 2013), among others.
Implication of NOX proteins in liver disorders will be further discussed in a following section
(Section 4.6).

4.4.4. NOX inhibitors

An important tool for the validation of potential therapeutic targets and proof of principle
studies is the pharmacological inhibition of NOX proteins by small chemical compounds.
Several compounds have been used for many years, including apocynin, diphenylene iodonium
(DPI), and 4-(2-aminoethyl)-benzensulfonylfluorid (AEBSF). However, it has become apparent
that these inhibitors are not specific for NOX proteins. Apocynin is not a NOX inhibitor but
rather a pro-drug with antioxidant actions. It forms adducts with p47phox as well as apocynin
multimers which are reported to act as NOX inhibitors through an unknown mode of action. DPI
is a general flavoprotein inhibitor, therefore a potent but totally non-specific inhibitor of all NOX
enzymes, as well as of other flavoproteins such as cytochrome p450 monooxygenases,

xanthine oxidases and NO synthases. It also blocks some proteins of the mitochondrial

46



. INTRODUCTION 4. ROS and NADPH oxidases

respiratory chain. And finally, AEBSF is primarily a serine protease inhibitor (Altenhofer et al.,
2012; Brandes et al., 2014a).

Other reported NOX inhibitors are antioxidants like ebselen, plumbagagin or fluvene-5,
making it difficult to attribute their effects specifically to NOX inhibition (Brandes et al., 2014a).

Recently, several NOX and even isoform-specific NOX inhibitors have been
published. Vasopharm GmbH developed VAS2870, a triazolo pyrimidine well validated as a
NOX inhibitor, as it shows no intrinsic antioxidant activity and does not inhibit other
flavoproteins, but it is not NOX isoform-specifc. Apparently, it directly modifies thiols like the
ones in p47phox, thus inhibiting NOX1 and NOX2. Some studies also suggest that it can inhibit
NOX4 and NOX5 by inhibiting an intra-molecular interaction of different domains of the proteins.
Moreover, it has also been described some significant off-target effects (Altenhofer et al., 2012;
Brandes et al.,, 2014a). GenKyoTex developed GKT136901 and GKT137831 in a high-
throughput screening for NOX4 inhibitors. GKT compounds potently inhibit NOX1, NOX4 and
NOX5, with not known off-target effects, through an unknown mechanism. Importantly,
GKT137831 is already in clinical development. In addition, ML171 is another promising hit for
NOX1 inhibition, however the pharmacokinetics and safety data available likely enable the use
of this compound in vivo (Altenhéfer et al.,, 2014). So far, there are still no NOX4 specific

inhibitors described.

47



. INTRODUCTION 4. ROS and NADPH oxidases

4.5. NADPH oxidase NOX4

4.5.1. Structure and activity

The NADPH oxidase homologue NOX4 was originally identified as a NOX homolog
highly expressed in the kidney (Geiszt et al., 2000; Shiose et al., 2001) and it is an exception
within the family. The enzyme has constitutive activity, and so far, no essential cytosolic
interacting proteins or other activating mechanisms have been identified. Structurally, NOX4
associates with p22phox, but in a different form from NOX1 and NOX2 (von Léhneysen et al.,
2010).

Extracellular TM: transmembrane domain
| I [ v NADPH
A loop C loop E loop D FAD

Lo 1. |

Nox4 MDY :,/\ /\rrma‘{ TM41 Jms 7:,\,>ITM6‘,< 0 2 \/ \/ \/ >

578 aa \/ l . J ——

N-terminus B loop D loop C-terminus

|
Cytoplasmic

Figure XIll. NOX4 protein domain map (Choi et al., 2014).

The activity of NOX4 has generally been thought to be constitutive and thus mRNA
formation determines ROS production (Serrander et al., 2007). However, also mRNA stability,
translation efficiency and protein stability of NOX4 are controlled (Peshavariya et al., 2009).
NOX4-derived ROS production can be enhanced by the binding of Poldip2 to p22phox in the
NOX4 complex (Lyle et al.,, 2009). Another possible interesting interaction facilitates NOX4
degradation. This occurs, at least in some part, through ubiquitination in a process involving the
ubiquitin ligase CBI-c, Hic-5 and HSP27 (Desai et al., 2014). Despite this, it is generally
believed that the predominant controller of NOX4-dependent ROS formation is the expression
level of the enzyme. Indeed, expression control is of particular importance in TGF-g signalling
since it has been identified as the strongest inducer of NOX4 expression (Sturrock et al., 2007).
In addition, several studies focussing on acute agonist-stimulated ROS production, for example
responses to angiotensin-1l (Dikalov et al., 2008) or bFGF (Schroder et al., 2007), showed that
they are mediated by other NOX enzymes, and NOX4 only mediates basal cellular radical
formation. Indeed, genetic deletion of NOX4 reduces the constitutive basal ROS formation of
murine vessels (Schrdoder et al., 2012) and kidneys (Babelova et al., 2012). Some reports

attribute an acute Rac-dependent ROS production to NOX4, although this is incompatible with
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the absence of a Rac-binding site in the protein. A potential explanation for these findings is that
Rac does not directly activate NOX4 but alters pathways which control NOX4 degradation or

localization through changes in the cytoskeleton (Brandes et al., 2014a).

4.5.2. NOX4 localization

The intracellular localization of NOX4 is still a matter of discussion. On the one hand,
NOX4 localization may vary between cell types and changes with the differentiation state. On
the other hand, good enough commercially available antibodies are still missing. Nevertheless,
NOX4 expression has been reported for nucleus, perinuclear space, lipid rafts, mitochondria,
plasma membrane and endoplasmic reticulum (Helmcke et al., 2009). Moreover, NOX4 has
been located in protrusions and focal adhesion of smooth muscle cells in association with
vinculin (Hilenski et al., 2004). Importantly, five splice variants have been reported for NOX4,
NOX4 A-E. NOX4B isoform lacks the first NADPH binding site while NOX4C lacks all FADH and
NADPH binding sites. Cells over-expressing both isoforms exhibited a decrease in ROS levels.
Finally, NOX4D and NOXA4E lack the transmembrane domains, suggesting these as non-
membrane associated isoforms. Of special relevance seems to be NOX4D because it contains
all FADH and NADPH binding domains, shows the same rate of ROS generation as NOX4
prototype and it is shown to be expressed in the nucleus (Goyal et al., 2005; Anilkumar et al.,
2013). Deeper analyses of these splice variants might be the key to understand the different
subcellular localizations of the enzyme, as well as a potential explanation of the different
functions reported for NOX4. Interestingly, changes in the localization of NOX4 have been
associated with activation of the enzyme. For example, insulin stimulates a rapid surface

localization of NOX4 in podocytes (Kim et al., 2012).

4.5.3. NOX4 expression and functions

An important feature of NOX4 is its ubiquitous expression. NOX4, as we said before,
is highly expressed in the kidney, but it has also been reported to be expressed in other cell
types including mesangial cells, smooth muscle cells, endothelial cells, fibroblasts,
keratinocytes, osteoclasts, neurons, and hepatocytes (Brown and Griendling, 2009; Paletta-
Silva et al., 2013). Especially in differentiated cells, NOX4 is highly expressed, and potentially
NOX4 itself may be necessary for the process of differentiation. Indeed, in some
mesenchymal cells, in particular MFB and smooth muscle cells (SMC), as well as in cells of the
adipocyte linage and chondrocytes, it has been suggested that NOX4 drives the differentiating
process itself (Clempus et al., 2007; Schroder et al., 2009; Kim et al., 2010b; Kanda et al.,
2011). This idea is supported by the fact that NOX4-dependent ROS production is relatively low
and directly correlates with the expression level of NOX4. Differentiation of a cell reduces their

mobility, somehow appears to cause quiescence, and opposes activation and proliferation.
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NOX4 may contribute to the maintenance of a differentiated state of the cell and thus prevents

activation or proliferation (Schroder et al., 2012).

Nevertheless, in addition to cell differentiation, NOX4-derived ROS have been
implicated in a variety of physiological processes, including cellular senescence, apoptosis,

survival and migration (Brown and Griendling, 2009).

It has been described an important role for NOX4 mediating TGF-§ effects. In cardiac
fibroblasts (Ellmark et al., 2005), lung (Sturrock et al., 2007) and pulmonary artery SMC
(Sturrock et al., 2006) and hepatocytes (Carmona-Cuenca et al., 2006), among many other cell
types, TGF-p induces NOX4 expression, in a Smad3 dependent manner (Hecker et al., 2009;
Bondi et al., 2010; Jiang et al., 2012). NOX4 expression in response to TGF-f plays different
roles depending on cell type. Treatment of pulmonary artery SMC with TGF-$ promotes
proliferation through the expression of NOX4 (Sturrock et al., 2006). NOX4 also mediates TGF-
B-induced phosphorylation of Rb and the eukaryotic translation initiation factor 4E (elF4E)
binding protein-1, which regulate cell cycle progression and hypertrophy, respectively, in airway
smooth muscle cells (Sturrock et al., 2007). We mentioned before that NOX4 mediates cell
senescence. Indeed, it mediates TGF-p-induced senescence both in liver and kidney (Senturk
et al., 2010; Hubackova et al., 2012). Importantly for the work presented here, NOX4 plays a
key role in TGF-B-induced fibroblast differentiation into MFB (Cucoranu et al., 2005; Amara et
al., 2010; Sampson et al., 2011), a process that will be further described later on. Furthermore,
TGF-p-induced NOX4 expression is required for TGF-B-induced cell death in hepatocytes, HCC
cells and mouse hepatic oval cells (Carmona-Cuenca et al., 2008; Caja et al., 2009; Martinez-
Palacian et al., 2013), as well as in podocytes (Das et al., 2014) and endothelial cells (Yan et
al., 2014). In the liver, NOX4 mediates TGF-p-induced apoptosis through the liver-specific
tumour suppressor STAT5 and the modulation of the expression of key pro-apoptotic genes,
such as PUMA, BIM and BMF (Caja et al., 2009; Yu et al., 2012). Moreover, in endothelial cells,
NOX4 and ROS have a pivotal role in mediating TGF- dependent apoptosis and phenotype
specification by modulating p38, PTP1B/VEGF/AKT and Notch signalling pathways (Yan et al.,
2014). Finally, it has been recently described that ROS and NOX4 may also participate in the
TGF-B-induced EMT in several epithelial cell types (Boudreau et al., 2012; Lee et al., 2013b;
Hiraga et al., 2013; Prasanphanich et al., 2014). At the same time, NOX4 mediates phenotypic
changes induced by TGF-f in vascular smooth muscle cells via activation of p38/serum
response factor (SRF)/myocardin-related transcription factor (MRTF) pathway (Martin-Garrido
et al., 2011).

Of interest for the work presented here, NOX4 signalling has been linked to the
cytoskeleton. Most of the work done until now is basically related to vascular smooth muscle
cells. It has been suggested that NOX4 could be associated with cytoskeletal structures such as
vinculin, in this type of cells (Hilenski et al., 2004). In the same cell type, NOX4-Poldip2 complex
may regulate RhoA signalling, thus influencing cell migration (Lyle et al., 2009). Indeed, it has

been recently demonstrated that Poldip2 participates in VSMC migration via regulation of focal
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adhesion turnover and traction force generation in a NOX4/RhoA/FAK dependent manner
(Datla et al., 2014). Also in metabolic-stressed monocytes, NOX4 appears to regulate cell
adhesion and migration through its association with FAK, Paxillin and actin (Ullevig et al., 2012;
Lee et al., 2013a). Finally, it has also been shown that NOX4 may mediate TGF-p induced
cytoskeletal changes in endothelial cells (Hu et al., 2005). Interestingly, both down-regulation
and overexpression of NOX4 have been suggested to inhibit migration. In addition, in vitro
studies point toward an important role of NOX4 in vivo in processes that involve cell migration,
such as angiogenesis (Schroder, 2014). Indeed, in a NOX4-deficient mouse angiogenesis is
reduced. Of note, NOX4 also contributes to the expression of pro-migratory stimuli such as
VEGF (Zhang et al., 2010; Schréder et al., 2012).

Many reports suggest a role for NOX4 in senescence. In fact, one of the first
observation after the discovery of the enzyme was that NIH3T3 fibroblasts overexpressing
NOX4 developed signs of cellular senescence (Geiszt et al., 2000). In addition, as we said
before, NOX4 is highly expressed in the kidney, where it has also been reported to mediate
senescence (Baltanas et al., 2013). Moreover, NOX4 also mediates angiotensin Il induced
senescence in late endothelial progenitor cells (Li et al., 2011). And, together with NOX1,
NOX4-generated ROS mediate senescence in endothelial cells (Schilder et al., 2009), as well
as Ras induced senescence, through a mechanism involving DNA damage response and p38

signalling pathway (Weyemi et al., 2012; Kodama et al., 2013).

On the other hand, several reports have shown that NOX4-derived ROS are
responsible of mediating proliferation and survival in response to different stimuli. Treatment
of VSMC with urokinase plasminogen activator results in NOX4-mediated growth and survival
(Menshikov et al., 2006). In addition, the vasoactive peptide Urotensin Il stimulates proliferation
of VSMC through a mechanism involving NOX4/FOXO3a/MMP2, contributing to the progression
of vascular diseases associated with vascular remodelling (Diebold et al., 2011). NOX4 is also
involved in proliferation in hypoxia-mediated activation of pulmonary adventitial fibroblasts (Li et
al., 2008). Growth and survival effects of NOX4 activation have been reported to be mediated
by AKT in mesangial cells stimulated with angiotensin Il (Gorin et al., 2003), and also through
the oxidation-mediated activation of Src (Block et al., 2008). In addition, it has been described a
positive feedback loop between NOX4 and PI3K/AKT signalling that contributes to promote
proliferation of non-small lung cancer cells (Zhang et al., 2014). Moreover, in pancreatic cancer,
NOX4 promotes activation of JAK/STAT pathway in order to enhance the growth response (Lee
et al.,, 2007). NOX4 also plays a role in VEGF-stimulated ERK phosphorylation (Datla et al.,
2007), and may also be involved in mediating ERK activation in response to PDGF (Wagner et
al., 2007). In endothelial cells, NOX4 is induced upon Prostacyclin stimuli enhancing cell
proliferation and angiogenesis (Peshavariya et al., 2014). Moreover, upon TNF-a stimuli NOX4
may mediate both apoptosis and survival in cerebral microvascular endothelial cells, being the
survival effects mediated by the endogenous antioxidant carbon monoxide (CO), which is able
to inhibit the TNF-a induced ERK and p38 MAPK activities (Basuroy et al., 2011). Finally,

autophagy, which is considered an essential survival mechanism during energy stress in the
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heart, is promoted by endoplasmic reticulum localized NOX4 in cardiomyocytes (Sciarretta et
al., 2013). In addition to the pro-growth effects, in some systems, NOX4 may also mediate anti-
apoptotic actions. For example, in pancreatic cells NOX4-derived ROS induced by growth
factors have an anti-apoptotic role, since the depletion of NOX4 or ROS promotes apoptosis
(Vaquero et al., 2004). Indeed, it has been demonstrated that this NOX4 activation involves
transcription up-regulation of p22phox in a NF-xB/AKT dependent manner (Edderkaoui et al.,
2011). Moreover, VEGF-induced ROS from NOX proteins (NOX2 and NOX4), increased

leukemic cell proliferation and protected cells from apoptosis (Maraldi et al., 2010).

On the contrary, NOX4 has also been associated with cell death. NOX4 not only
mediates TGF-p induced apoptosis in different models as mentioned before, but also mediates
apoptosis induced by other stimuli. It has been described that high insulin level-induced
apoptosis involves NOX4-generated oxidative stress and the down-regulation of a complex
receptor signalling, involving ERK1, IGF1R and FGFR1 (Scioli et al., 2014). NOX4 also
mediates BMP4 induced apoptosis in endothelial cells in a p38MAPK/JNK dependent manner
(Tian et al., 2012). A study done in mice deficient in NOX4 (Nox4'/') of either sex demonstrated
that those animals are largely protected from oxidative stress, blood-brain-barrier leakage and
neuronal apoptosis, after both transient and permanent cerebral ischemia, and that post-stroke
inhibition of NOX can be protective (Kleinschnitz et al., 2010). Moreover, using another mice
model, in this case cardiac specific Nox4 knock-out mice, it was demonstrated that NOX4 also
mediates apoptosis in cardiac myocytes, in addition to hypertrophy and interstitial fibrosis, in
response to pressure overload (Kuroda et al., 2010). Finally, Heme-oxygenase-1 (HO-1), the
limiting enzyme in the heme catabolism, induced cell death in chondrocytes via NOX4 (Rousset
et al., 2013).

4.5.4. Role of NOX4 in different disorders

Apart from the different roles stated before, NOXs have also been described to play a
role in different chronic diseases that are often associated with tissue damage and fibrosis
(Lambeth et al., 2007). NOX4 has been proposed to contribute to tissue destruction in asthma
(Hoidal et al., 2003). Interestingly, NOX4 induction in response to Urotensin Il markedly
increases ROS levels contributing to smooth muscle hypertrophy and proliferation associated to
pulmonary hypertension (Djordjevic et al., 2005). Later on, it was described that TGF-f-induced
expression of NOX4 in pulmonary artery smooth muscle cells, was probably involved in the
development of pulmonary hypertension (Sturrock et al., 2006). NOX4-derived ROS have been
also associated with pressure overload pulmonary hypertension, contributing to ventricular
dysfunction and failure (Frazziano et al., 2014). Both NOX1 and NOX4 have been implicated in
mitogenesis and hypertrophy in the cardiovascular system, and therefore might participate in
atherosclerosis and hypertension (Brandes, 2003; Brandes and Schréder, 2008; Montezano et

al.,, 2011). Others studies have implicated NOX4 as a major source of ROS in many cell types
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and in kidney tissue of diabetic animals (Etoh et al., 2003; Block et al., 2009; Gorin and Block,
2013). Indeed, NOX-derived ROS have been implicated in the development of diabetic
nephropathy and a renoprotective effect has been suggested for a NOX1/NOX4 inhibitor in a
Type 2 diabetes mouse model (Sedeek et al., 2013; Jha et al., 2014). Moreover, NOX4-derived
ROS also contribute to cardiomyopathy at early stages of Type | diabetes (Maalouf et al., 2012).
Finally, several lines of evidence suggest that NOX enzymes are involved in promoting fibrotic
responses in different organs such as kidney, liver and heart, leading to adverse pathological
events (Lambeth et al., 2007). In contrast to previous reports, where NOX4 was mediating TGF-
[ effects via Smad3, it has been recently reported that TGF-p may mediate kidney
myofibroblast activation through RhoA/ROCK pathway activation, which in turn regulates
Poldip2/NOX4-derived ROS production (Manickam et al., 2014). Of note, it has been reported
that NOX4 inhibition may not only impair the initiation of fibrotic processes but also attenuate
established fibrosis (Jarman et al.,, 2014; Hecker et al., 2014). The implication of oxidative

stress and NOX proteins in liver fibrosis will be further discussed in the next section.

Finally, NOX4 has also been implicated in cancer. Actually, it has been shown to be
expressed in several cancers such as melanoma (Yamaura et al., 2009; Liu-Smith et al., 2014),
pancreatic cancer cells (Vaquero et al., 2004; Lee et al., 2007), glioblastoma (Shono et al.,
2008; Hsieh et al., 2011; Mondol et al., 2014), prostatic cancer (Lu et al., 2010), non-small cell
lung cancer (Zhang et al., 2014), HCC (Choi et al., 2014) and thyroid cancer (Weyemi et al.,
2010).
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4.6. Involvement of NOX-derived ROS in liver diseases

ROS are critical intermediates in both the normal physiology and pathological conditions
of liver cells. When the equilibrium between ROS generation and the antioxidant defence of

cells is disrupted, it results in oxidative stress.

Both parenchymal and non-parenchymal hepatic cells express different members of
the NOX family. Thus, hepatocytes and hepatic stellate cells (HSC), either activated or non-
activated, express NOX1, NOX2, NOX4, DUOX1 and DUOX2; endothelial cells express mainly
NOX1, NOX2 and NOX4; and Kupffer cells, which are hepatic-resident macrophages, express
the phagocyte NADPH oxidase NOX2 (Guichard et al., 2008; Paik et al., 2013).
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Figure XIV. Cellular distribution of NOX isoforms in the liver (Paik et al., 2013).

Until now, little is known about the physiological roles of NOX enzymes in liver.
However, NOX2 in Kupffer cells should play a similar role to the one played in other
macrophages. Thus, a role in killing microorganisms, participation of inflammatory response and
possibly also cellular signalling, are the most likely functions of NOX2 in these cells. Indeed,
NOX2-derived ROS have been suggested to clear pathogens derived from the gut as well as
being essential mediators in antigen presentation by Kupffer cells. In addition, they are also
involved in the regulation of gene expression of CD95 (Fas) ligand (CD95L) and NF-xB-
dependent production of TNF-a, that can eventually influence on hepatocytes (Bedard and
Krause, 2007).

Concerning HSC, they generate ROS in response to various stimuli, particularly TGF-p,
that play a relevant role during liver fibrosis. However, it is not known whether NOX enzymes

develop other roles in these cells.

54



. INTRODUCTION 4. ROS and NADPH oxidases

Hepatocytes generate ROS in response to a wide variety of endogenous and
exogenous stimuli but not all of them are mediated by NOX enzymes because other systems
such as mitochondria, cytochrome p450 enzymes, ER oxidoreductases and cytosolic
peroxisomal and xanthine oxidases can also generate ROS in hepatocytes. However, ROS
generation in response to at least capsaicin, tamoxifen, CD95L and TGF-$ appears to be NOX
mediated (Bedard and Krause, 2007). In hepatocytes, ROS, and potentially NOX enzymes,
induce a number of functional adaptive changes in the capability of hepatocytes to produce bile
and to secrete exogenous and endogenous compounds (Guichard et al., 2008). However, the
main function attributed to NOX-derived ROS in hepatocytes is apoptosis. Thus, both CD95L
and TGF-p were shown to lead to hepatocyte cell dead through a mechanism involving NOX-
derived ROS.

It has been reported that NOX-mediated ROS contributes to various liver diseases
(Paik et al., 2013). Hepatic inflammation accompanies the majority of acute and chronic liver
disorders and it is a complex process that originates in response to a variety of stress
conditions. Dysregulated inflammatory responses have been associated with most (if not all)
hepatotoxic insults, including ischemia/reperfusion (IR) injuries; alcohol overconsumption;
intoxications by xenobiotics or heavy metals; bacterial, viral and parasitic infections; as well as
systemic metabolic conditions, such as NAFLD, NASH, obesity, diabetes, and the metabolic

syndrome (Brenner et al., 2013).

As mentioned above, ROS have been shown to play a central role in mediating effects
of hepatitis virus core proteins (Perlemuter et al., 2003; Dionisio et al., 2009). Concerning HCV
infection, it has been shown to induce oxidative stress through modulation of NOXs in different
cell types within the liver. HCV is known to activate the phagocytic NOX2. In addition, it also
increases NOX1 and NOX4 mRNA and protein levels in hepatocytes, where HCV has the
primary site for replication. Indeed, a dominant negative NOX4 containing a C-terminus
deletion, NOX4 or NOX1 knock-down, and DPI, a well-known flavoprotein inhibitor, significantly
decreased HCV-induced superoxide and/or hydrogen peroxide production in hepatocytes.
Moreover, HCV activated human and murine promoter activity in hepatocytes. Interestingly,
HCV increased levels of TGF-p in these cells, which is responsible for inducing NOX4
transcription (Boudreau et al., 2009; de Mochel et al., 2010; Choi et al., 2014). Of note, the
nuclear and perinuclear localization of NOX4 was increased with HCV in hepatocytes (de
Mochel et al., 2010). Furthermore, not only in hepatocytes but also in HSC, HCV was shown to
induce TGF-p transcription through a redox-sensitive mechanism involving NF-xB, AP-1, Sp1,
and STAT3 (Presser et al., 2013). HCV induces a marked increase in ROS production in human
HSC, an effect that is attenuated by DPI (Bataller et al., 2004). However, the NOX isoforms
involved in HCV-induced responses in HSC are not yet identified. In addition, the mechanism by

which HCV increases NOX1 is still unknown.
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Of note, oxidative stress during chronic liver diseases due to increased ROS production
as well as decreased activity of antioxidant systems is not only a consequence of chronic liver
injury but also significantly contributes to excessive tissue remodelling and fibrogenesis (De
Minicis and Brenner, 2007). Mitochondria play a role in ROS production in the liver, since
hepatocytes contain hundreds of these organelles and the mitochondrial electron transport is
disrupted in a great number of pathophysiological circumstances, resulting in increased electron
leak (Murphy, 2009). However, perhaps the main sources of ROS implicated in liver fibrosis are
NOXs.

One of the most studied mechanisms of fibrogenesis influenced by ROS is
myofibroblast activation, and indeed, it was suggested that NOX proteins would be mediating
TGF-p effects on myofibroblasts activation in some systems. NOX-derived ROS have been
previously related to fibrosis in several organs such as lung (Hecker et al., 2009), pancreas
(Masamune et al., 2008), kidney (Sedeek et al., 2010; Bondi et al., 2010) and heart (Cucoranu
et al., 2005). High concentrations of ROS induce HSC dead, however, non-toxic levels of ROS
stimulate the activation, proliferation, and collagen production of HSC (Paik et al., 2013).
Indeed, in the liver, HSC transdifferentiation was shown to be inhibited by antioxidants (Foo et
al., 2011; Abhilash et al., 2012). In addition, several reports have demonstrated a key role for
NOX proteins in the progression of hepatic fibrosis (De Minicis et al., 2010; Cui et al., 2011;
Paik et al., 2011). It has been shown that in HSC, NOX proteins mediate fibrogenic responses
induced by various agonists, including angiotensin Il, PDGF, leptin, TGF-$ and phagocytosis of
apoptotic bodies (Paik et al., 2013). As mentioned before, TGF-f is the strongest agonist for
HSC activation, and it is released mainly from Kupffer cells. In addition, studies in HSC from
p47phox'/' mice demonstrated that angiotensin |l stimulates TGF- production and type |
collagen expression in HSC, exerting direct profibrogenic actions on HSC through the activation
of the NOX complex and subsequent production of ROS (Paik et al., 2013). Importantly, studies
performed in NOX1'/', NOX2'/', or p47phox'/' mice have pointed out the importance of NOX1 and
NOX2 in fibrosis development (De Minicis et al., 2010; Jiang et al., 2010; Cui et al., 2011; Paik
etal., 2011).

Recent findings also implicate the tumour suppressor p53 as a critical co-factor for
several key fibrotic and cell cycle effectors (e.g., TGF-, CTGF, PAI-1, p21 and angiotensin).
Increased oxidative stress associated with the fibrotic process is both a likely initiator and an
upstream mediator of p53 signalling in the injured tissue (Samarakoon et al., 2013b). Although
appears that p22phox is implicated in the process, it still needs to be proven that a NOX protein
is responsible of this ROS production.

Finally, promotion of hepatocyte apoptosis is another crucial event during fibrogenesis
since it triggers Kupffer cell and HSC activation by secreting cytokines, chemokines and
microparticles. Our group described some years ago that TGF-f induces hepatocyte apoptosis
through ROS that are derived from both mitochondria and NOX activity (Herrera et al., 2004).
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Based on the knowledge of the pathogenic role of ROS and more precisely the role of
NOX-derived ROS in hepatic fibrogenesis, the development of novel pharmacological NOX
inhibitors is being assessed as potential anti-fibrotic therapeutics. However, the collateral

inhibition of some physiological functions of NOX should be considered.

It is worthy to remember that liver fibrosis can lead to cirrhosis, a condition that highly
predisposes to develop liver cancer. The hallmarks of cancer were classified by Hanahan and
Weinberg some years ago (sustaining proliferative signalling, evading growth suppressors,
resisting cell death, enabling replicative immortality, inducing angiogenesis, and activating
invasion and metastasis) (Hanahan and Weinberg, 2000; Hanahan and Weinberg, 2011). It has
been demonstrated that ROS derived from NOXs can modulate all these hallmarks of cancer
(Weinberg and Chandel, 2009; Block and Gorin, 2012). NOX dictate carcinogenesis through the
regulation of several cell signalling pathways related to carcinogenesis that respond to stress
signals, such as JAK-STAT, protein Kinase C, MAPK and AKT (Paletta-Silva et al., 2013).

When considering the particular case of liver cancer, evidence suggests that oxidative
stress is a common pathogenic feature in diverse models of HCC. However, what most of the
studies showed were altered levels of antioxidants or antioxidant gene expression. For instance,
mice deficient in cooper-zinc superoxide dismutase (CuZn SOD, sod1"') exhibited increased
incidence of nodular hyperplasia and HCC (Elchuri et al., 2005). Moreover, liver-specific nuclear
factor erythroid-2-related transcription factor-1 (Nrf1) knock-out mice developed liver cancer in
100% of both male and female animals, together with increased lipid peroxidation and oxidative
DNA damage (Xu et al., 2005).

In addition, oxidative stress due to increased mitochondrial ROS production has also
been reported in animal models of liver cancer, such as DEN- and 12-o-tetradecanoylphorbol
13-acetate (TPA)-induced hepatocarcinogenesis. In both cases antioxidants like N-
acetylcysteine (NAC) or butylated hydroxyanisole (BHA), or the flavoprotein inhibitor DPI

attenuated carcinogenesis and HCC progression (Choi et al., 2014).

Concerning NOX proteins, increased levels of NOX subunits p47phox, p67phox and
Rac1 were found increased in pre-neoplastic and neoplastic lesions from c-Myc, TGF-a and c-
Myc/TGF-a transgenic mice, where HCC developed with elevated ROS and decreased GSH in
hepatocytes (Choi et al., 2014).

Chemical mutagenesis of DNA, leading to the mutations of critical cellular genes, it is
likely to be a key mechanism whereby oxidative stress contributes to hepatocarcinogenesis.
Oxidative stress induces hepatic 8-Hydroxydeoxyguanosine (8-OHdG), which is a product of
redox-mediated DNA damage that has been found increased in HCC, and might be responsible
to induce G:C to T:A transversions, frequently observed in cancers (Schwarz et al., 2001). The

discovery that NOX4 is present in or around the nucleus, especially when there is concomitant
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chronic HCV infection, together with increased levels of NOX subunits in HCC models, suggest

that NOX activity may increase the probability of DNA damage in the liver.

Another important process occurring during hepatocarcinogenesis, as well as we said it
occurs during fibrogenesis, is inflammation. Recent studies indicate that TLR4 is a key factor
in HCC. It has been shown that TLR4 and intestinal microbiota are not required for HCC
initiation but for HCC promotion, mediating increased proliferation and preventing apoptosis (Yu
et al., 2010; Dapito et al., 2012). Toll-like receptors are known to participate in the inflammatory
response in the liver. Indeed, the extracellular domain recognizes the corresponding ligands
having either pathogen-associated molecular pattern or damage-associated molecular pattern,
and the cytosolic domain mediates down-stream signal transduction to produce interferon (IFN)-
a/-p or pro-inflammatory cytokines (Paik et al., 2013). In macrophages, ROS play an important
role in LPS/TLR4 signalling, that was demonstrated by using NOX inhibitors (DPI and apocynin)
or siRNA against p22phox (Martinon et al., 2010). NOX2/p47phox is a key mediator of
LPS/TLR4-stimulated ROS generation in polymorphonuclear cells and macrophages (DeLeo et
al., 1998; Choi et al., 2014). In addition, LPS induces the expression of NOX1 through TLR4 in
the same cells (Kim et al., 2010a). Moreover, a yeast-two hybrid assay and GST-pull-down
assay demonstrated that the C-terminal domain of NOX4 interacts with the cytosolic domain of
TLR4 (Park et al., 2004a). Furthermore, the 28KDa NOX4 splice variant (NOX4D) was shown to
co-immunoprecipitate with TLR4 (Ben Mkaddem et al., 2010). However, whether NOX proteins
are involved in TLR4 signalling in hepatocytes is still unknown.

Importantly, inflammation, apoptosis and regenerative DNA synthesis subsequent to
DEN-induced liver damage were diminished in p47phox"' mice. Indeed, it was shown that DEN
had a direct stimulatory effect on Kupffer cells to release superoxide and TNF-a during liver
damage and inflammation, which aggravated the genotoxic and cytotoxic effects in hepatocytes,
contributing to tumour initiation and promotion, effects that were attenuated in mice deficient in
p47phox (Teufelhofer et al., 2005). However, a recent study using the same mice model
demonstrated that the production of superoxide might be more relevant for the promotion than

for the initiation of the hepatocarcinogenesis (Parzefall et al., 2014).

Some work done by our group and others demonstrated that NOX-derived ROS have
relevant roles in hepatocarcinoma cells, mainly mediating TGF-B effects. TGF- § induces the
expression of both NOX1 and NOX4 in transformed hepatocytes. NOX4 mediates apoptosis
induced by TGF-p in HCC cells (Carmona-Cuenca et al., 2008; Caja et al., 2009; Yu et al.,
2012), and overactivation of the MEK/ERK pathway in liver tumour cells confers resistance to
the TGF-p-induced cell death through impairing NOX4 up-regulation (Caja et al., 2009).
Importantly, TGF-$ also induces senescence in well-differentiated HCC cells through a
mechanism involving NOX4 and p21 (Senturk et al., 2010). On the contrary, NOX1 confers
partial resistance to TGF-p-induced apoptosis, through the activation of the EGFR pathway
(Sancho et al., 2009).
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5. Cell migration, invasion and metastasis

Cancer metastasis is a highly complex multistep process that involves alterations in
growth, angiogenesis, dissemination, invasion and survival, which leads to a subsequent
attachment and growth of new cancer cell colonies (Budhu et al., 2005). The initial steps of local
invasion include the activation of signalling pathways that control cytoskeletal dynamics in
tumour cells and the turnover of cell-to-matrix and cell-to-cell junctions, followed by active

tumour cell migration into the adjacent tissue (Friedl and Alexander, 2011).

Cell migration is a highly organized process and highly dependent on the actin
cytoskeleton dynamics. Actin cytoskeleton is composed of microfilaments scattered throughout
the cell from the apical to the basal regions and it is a major component of the whole
cytoskeleton. Globular actin (G-actin) is polymerized and compiled in an adenosine triphosphate
(ATP)-dependent process to form a helical filamentous structure known as F-actin. F-actin
molecules display a distinct polarity in their structure with positive and negative ends, being the
positive end (also known as the plus or barbed end) the one that favours the addition of
monomers, and the negative end (pointed or minus end) the one that favours the loss of
subunits or depolymerisation of F-actin (Stanley et al., 2012).
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5.1. Types of cell migration

Cells can migrate as collective groups or as individual cells. Two modes of individual
cell migration have been characterized in a number of systems: an elongated “mesenchymal-
like” mode and a rounded “amoeboid” mode of cell migration. Mesenchymal migration has
been largely studied in two-dimensional systems and is typical of single cells migrating
individually while adhering to a surface. It is characterized by cell polarization, requirement for
extracellular proteolysis and low actomyosin contractility. Cells largely depend on actin
polymerization and depolymerisation that provoke sequential accumulations of actin at the front
of the cell, including protrusions such as filopodia, lamelipodia, and membrane ruffles, and
retraction at the rear, for achieving a directed cell movement. In addition, actin stress fibers are
connected to focal adhesions and with them form a cellular network that is both a generator and
a sensor of mechanical force (Stanley et al., 2013). On the contrary, in amoeboid migration,
which predominantly occurs in cancer cells, cells do not strongly adhere to the extracellular
matrix. Instead, they adopt a rounded morphology and rely on actin-myosin contractility for
propulsion. This enables them to actively migrate through three-dimensional environments
(Stanley et al., 2013). In addition to individual movement, cells can migrate collectively by a
coordinated movement of cells as strands, sheets or clusters. Similarly to single-cell migration,
collective cell movement results from actomyosin polymerization and contractility coupled to
cell polarity; however, in the collective movement, cells remain coupled by cell-to-cell junctions
at the leading edge as well as in lateral regions inside the moving cell group and the leading
cells generate movement through the use of cellular protrusion (similar to mesenchymal
migration) (llina and Friedl, 2009; Stanley et al., 2013). Importantly, plasticity of inter-
convertibility between different forms of migration and cell morphology facilitates tumour cells to

metastasize.
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Figure XV. Types of cancer cell migration and its characteristics (Spano et al., 2012).
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Variations in the physical properties of the environment activate cellular mechano-
sensors, which can generate transcriptional responses in the cell, impacting on cell fate, cell
shape, and migration. The orchestrated remodelling of the actin cytoskeleton requires spatial
and temporal changes in adhesion to the ECM. Indeed, integrin receptors and their ligands are
important regulators of the actin cytoskeleton since when active, integrins bind ECM and it
occurs the recruitment of scaffold proteins, such as paxillin, and signalling proteins, such as the
tyrosine kinase FAK which in turn associate with additional molecules, forming the FA
complexes that regulate signalling to Rho GTPases (Wiesner et al., 2006; Gardel et al., 2010;
Parsons et al., 2010). Interestingly, the adhesion size and distribution reflect the contractile
state of the cell. Thus, nascent adhesions initially form in the lamellipodium or filopodium and
either disassemble or elongate at the convergence of the lamellipodium and lamellum.
Adhesion maturation to focal complexes and focal adhesions is accompanied by the bundling
and cross bridging of actin filaments and increase in adhesion size (Wiesner et al., 2006;
Parsons et al., 2010).
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5.2. Role of Rho GTPases

Rho GTPases family plays a key role in integrating intracellular signals downstream of
mechano-sensors, promoting re-organization of the actin cytoskeleton that is needed for the
change in cell shape and, eventually, the mode of migration in a given environment (Sadok and
Marshall, 2014). Rho GTPases family is composed of more than 20 small intracellular proteins
that are key regulators of cell migration through their actions on actin assembly and
actomyosin contractility, and they are grouped into eight subfamilies, though the best studied
are Rac (composed of 4 members, Rac1, Rac2, Rac3 and RhoG), Rho (composed of 3
members, RhoA, RhoB and RhoC) and Cdc42 (composed of 5 members, Cdc42, TC10, TCL,
Chip and Wrch-1) subfamilies.

Upon certain stimuli, Rho GTPase can switch from its inactive guanine diphosphate
(GDP)-bound state to its active guanine triphosphate (GTP)-bound state, thus controlling
downstream effector proteins. Classically, the control of Rho GTPase activity occurs through the
action of three types of cellular proteins: GEFs, which are guanine nucleotide exchange factors
that stimulate the exchange of GDP with GTP; GAPs, GTPase activating proteins that stimulate
the hydrolysis of intrinsic bound GTP; and GDIs, guanine nucleotide dissociation inhibitors that
prevent the dissociation of GDP and are also involved in the membrane localization of the Rho
GTPases (Sadok and Marshall, 2014).

The cellular roles of Rho GTPases are defined by the nature and the location of their
effector proteins, which are activated downstream of the GTPase and can be divided into three
groups: protein kinases, phospholipases and scaffold proteins. These wide range of effectors
permit that Rho GTPases control many aspects of cell behaviour. Thus, they are involved in
progression through the cell cycle, as well as in the formation of cell-to-cell junctions and
establishment of cell polarity. However, GTPases are especially well known to regulate actin
dynamics. Studies of cell migration in 2D environments showed that the Rho subfamily is
involved in the formation of basolaterally located stress fibers, which are groups of actin
filaments banded together to form striking features that are structurally linked to focal adhesion
complexes. Cdc42 is primarily involved in the formation of filopodia, which are long and thin
cylindrical structures with a diameter of less than 200nm and that can extend many microns
away from the main cell body. They are composed of tight bundles of actin filaments whose
orientation is in the direction of movement or the forward facing edge. Finally, the Rac subfamily
members regulate the formation of lamellipodia, which are thin sheet-like structures, firmly
attached to the underlying surface, and dominate the leading edge of motile cells. Membrane
ruffles, which are non-adherent parts of the lamellipodia that retract as the cell moves, are also
under the control of members of the Rac subfamily (Grise et al., 2009; Stanley et al., 2013;
Sadok and Marshall, 2014).

Nevertheless, it is important to note that mechanisms that drive cell movement in 3D

can differ from the ones that control cell migration in 2D. Studies in 3D environments, where
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cells have to move through collagen-rich connective tissue with variable physical and chemical
properties, have shown that single cancer cells can adopt a round, highly contractile, Rho-
driven mode of movement, or an elongated, lower contractility Rac-dependent mode of
migration. Importantly, both types of movement rely on actomyosin contractility to generate the
force needed for migration but differ in the levels of contractility required. Actomyosin
contractility is driven by canonical Rho/ROCK signalling, where Rho activates ROCK, which
phosphorylates (and thus inactivates) the myosin light chain phosphatase (MYPT), increasing
the phosphorylation levels of the Myosin Light Chain (MLC), leading to the activation of the
Myosin 1l. In addition, activation of Cdc42 downstream of DOCK10 can also promote
actomyosin contractility through activation of the kinase Pak2, which directly phosphorylates
MLC. MLCs, which are structural components of the actin binding motor protein Myosin, are a
cross-linker of actin filaments (Stanley et al., 2013; Sadok and Marshall, 2014).
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Figure XVI. Crosstalk between Rho GTPases and actin remodelling during cell migration (Sadok and
Marshall, 2014).

As mentioned before, Rho GTPases have been implicated in all modes of migration.
Rounded, amoeboid form of movement is driven by high actomyosin contractility through Rho
signalling. In this case, cells are less adhesive and have a round shape. On the other hand, Rac
signalling is required for actin assembly in elongated-protrusive movement (Sanz-Moreno and
Marshall, 2010). Interestingly, Cdc42 is capable of regulating elongated mesenchymal or

rounded contractile movement via usage of different GEFs (Sanz-Moreno, 2012).

63



I. INTRODUCTION 5. Cell migration, invasion and metastasis
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Figure XVII. Reciprocal regulation between Rho and Rac during mesenchymal and amoeboid motility
(Parri and Chiarugi, 2010).

5.2.1. Rho GTPases in HCC

Several studies have highlighted the implication of Rho GTPases in tumour cell invasion
and metastasis. Since there have not been found gain- or loss-of-function mutations in Rho
GTPases, it is likely that the disturbance of Rho GTPase signalling in cancer may be either
caused by alterations of their regulators or by direct regulation of their expression levels, thus
resulting in variation of their biological activity (Grise et al., 2009). Thus far, only few focused
studies have linked human HCC and alteration of Rho GTPase expression. Indeed, reported
alterations are limited to the GTPases RhoA, RhoC, Rac1 and Cdc42. For instance, RhoA,
which plays a key role in the regulation of cell contractility via the actomyosin system, and
RhoC, which is required for cell-to-cell adhesion and invasion, are usually overexpressed in
tumours, and both involved in liver tumour progression and metastasis. Also Rac1 is suggested
to play a role in HCC progression and development of metastasis. On the other hand, there is
controversial literature on the role of Cdc42 during hepatocarcinogenesis. Some studies in mice
point that Cdc42 acts as a liver tumour suppressor, suggesting that the absence of Cdc42 can
be considered as an initiating agent, whilst the analysis of Cdc42 in human HBV- and HCV-
related liver cancers tended to show higher Cdc42 protein expression when compared to
normal liver, although it is not known whether this Cdc42 is active or not. In addition, alterations
in Rho GAPs, the negative regulators of Rho GTPases, have also been reported in HCC. The
best illustration is the Deleted in Liver Cancer 1 (DLC-1) gene. DLC-1 acts as a negative
regulator of RhoA and to a lesser extent of Cdc42. lts deletion or loss of function has been
related to tumour promotion and tumour metastasis (Grise et al., 2009).

Considering that Rho GTPases seem to play critical roles in the development and
progression of HCC, Rho GTPase signalling may constitute an attractive therapeutic target in
HCC.
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Il. HYPOTHESIS

Due to the role of NOX4 as a downstream target of TGF-f actions, when we started this
work we hypothesised that NOX4 could be mediating TGF-g effects under physiological and
pathological situations of the liver where this cytokine plays a relevant role. During liver fibrosis
we could expect a pro-fibrotic action, although nothing was known about the type of cell where
NOX4 may mediate its effects. Under physiological conditions of liver proliferation, such as liver
regeneration, and under pathological conditions, like hepatocarcinogenesis, NOX4 could

mediate growth/tumour suppressor actions.
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lll. OBJECTIVES

The main aim of this project has been to elucidate the role of the NADPH oxidase

NOX4 under physiological and pathological situations of the liver.

Specific objectives:

1. To analyse the involvement of NOX4 in liver fibrosis

1.1.

1.2.

1.3.

Changes in NOX4 expression during liver fibrosis in two different animal models.

Effect of silencing NOX4 in the activation of HSC to myofibroblasts in response to
TGF-B.

Effect of silencing NOX4 in the response of hepatocytes to TGF-p in terms of cell
death.

To analyse the crosstalk between the TGF-§ pathway and NOX4 expression during

liver tumorigenesis

21.

2.2.

Phenotypic characterization of human HCC cell lines: Relevance of TGF-$ pathway.

Crosstalk between the TGF-p pathway and NOX4 in human HCC cell lines.

3. To analyse the role of NOX4 in liver cell proliferation

3.1

3.2.

3.3.

4,
4.1.
4.2.
4.3.
5.

5.1.

5.2.

Effect of silencing NOX4 in human HCC cells on its in vitro proliferative capacity.

Molecular mechanisms involved.
Relevance of NOX4 in the regulation of proliferation in non-transformed hepatocytes.

Regulation of NOX4 expression during liver regeneration after partial hepatectomy in

mice.

To analyse the role of NOX4 in liver carcinogenesis

Regulation of NOX4 expression during liver carcinogenesis in experimental animal

models.

Effect of silencing NOX4 in HCC cells on their pro-tumorigenic capacity in in vivo

xenograft experiments in nude mice.

Analysis of NOX4 expression in human liver tumours.

To analyse the role of NOX4 in the metastatic capacity of HCC cells

Characterization of different HCC cell lines in terms of morphology, contractility and

invasive capacity.

Effect of silencing NOX4 on HCC cell morphology and contractility. Relevance in the

migratory and invasive capacity of HCC cells.
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1. Cell culture

1.1. Cell models

Mice HSC, MBF and hepatocytes were obtained in our or colleagues’ laboratories and
used in previous published works (Proell et al., 2005; Mair et al., 2010). By employing p19*%"
deficiency, we established a non-transformed murine HSC model to investigate their plasticity
and the dynamics of HSC activation. The HSC immortal cell line, showed stellate cell
characteristics including expression of desmin, glial fibrillary acidic protein, alpha-smooth
muscle actin and pro-collagen | (Proell et al.,, 2005). In vivo-activated MFB derived from

physiologically inflamed livers of Mdr2” / p19ARF'/'

double-null mice were obtained as previously
described in van Zijl et al., 2009 and used in this study in in vitro experiments. Finally,
hepatocytes from wild-type mice were isolated and immortalized with a puromycin-resistance
retroviral vector pBabe encoding Simian virus 40 large T antigen (LTAg), as described in
Gonzalez-Rodriguez et al., 2007 and were generously provided by Dr. AM Valverde (Madrid,

Spain).

Cell line Tumour type Morphology / P53 status Other characterisics

differentiation grade

PLC/PRF/5 Human liver Epithelial / Mutated
hepatocarcinoma v\ gifferentiated pR249S
Huh7 Human liver Epithelial / Mutated
hepatocarcinoma Well differentiated pY220S
Hep3B Human negroid Epithelial / Deleted Deficient in functional pRB;

hepatocarcinoma mutations within hFas gene

Well differentiated

SNU449 Human asian Diffusely spreading Mutated Aneuploid;
hepatocarcinoma  cells / pK139R mutations in CDKN2A
Poorly differentiated DA161T
HLF Human hepatoma Diffusely spreading Mutated

(non-differentiated)  cells / 0G244A

Poorly differentiated

Table I. Molecular characteristics of human HCC cell lines used

Hep3B and PLC/PRF/5 cell lines were obtained from the European Collection of Cell
Cultures (ECACC). Huh7 and HLF cells were from the Japanese Collection of Research

Bioresources (JCRB Cell Bank) and were kindly provided by Dr. Perales (University of
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Barcelona, Spain) and Dr. Giannelli (University of Bari, Italy), respectively. SNU449 and the
human liver cell line CCL-13 (Chang liver, CHL) were from the American Tissue Culture

Collection (ATCC). The molecular characteristics of human HCC cell lines are shown in Table I.

1.2. Culture conditions

1.2.1. Cell culture on plastic

For cell culture, HSC, MFB and hepatocytes were grown in DMEM supplemented with

10% foetal bovine serum (FBS) and maintained in a humidified atmosphere of 37°C, 5% CO..

Human cell lines were cultured as following for both maintenance of the cell lines and
experiments in 2D. Hep3B cells were grown in MEM medium supplemented with non-essential
aminoacids, SNU449 and HLF in RPMI medium, and Huh7, PLC/PRF/5, CHL in DMEM
medium, supplemented with 10% FBS, in a humidified atmosphere at 37°C, 5% CO,. Cell lines

were never used in the laboratory for longer than 4 months after receipt or resuscitation.

1.2.2. Cell culture on thick layers of collagen |

Fibrillar bovine dermal collagen (no. 5005; PureCol, Advanced BioMatrix) was prepared
at 1.7mg/mL in DMEM according to the manufacturer's protocol. Volume used differed
according to the culture plate: 100uL per well in 96-well plates, 300uL per well in 24-well plates
and 700uL per well in 12-well plates. After collagen gel polymerization (4 hours at 37°C, 10%
CO,) cells were seeded on top of the collagen in medium containing 10% FBS and allowed to
adhere for 24 hours.

1.3. Treatments used

Response to TGF-p on different cells was analysed by adding human recombinant
TGF-B (2ng/mL) (Calbiochem, La Jolla, CA, USA) to the culture after 8-12 hours of serum
deprivation. For HSC, due to the fact that are very sensitive to serum deprivation, TGF-p was

added to complete medium (medium with 10% FBS).

Different pharmacological inhibitors and antioxidant compounds (Table Il) were added

to cell culture 30 minutes before adding TGF-§.

When effects of adding FBS (10%) were analysed, cells were cultured under serum

deprivation conditions for 8-12 hours prior treatment.
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Compound / Inhibitor

DPI (Diphenylene iodonium) TuM
GEE (Glutathione ethyl ester) 2mM
BHA (Butylated hydroxyanisole) 200uM

Table Il. Inhibitors and antioxidants added to cell culture before TGF-$

2. Animal experimentation

For the fibrosis study, mice were housed in accordance with European laws and with
the general regulations specified by the Good Scientific Practices Guidelines of the Medical

University of Vienna (Austria).

For all other studies using mice models, procedures were approved and registered by
DARP (Departament d’Agricultura Ramaderia i Pesca, Generalitat de Catalunya) and all of
them were performed at the Animal Facility Core of the IDIBELL, which is recognized by the
Catalunya Government, the Spanish Government and AAALAC (UNIT 1155) (Association for
Assessment and Accreditation of Laboratory Animal Care International). All procedures and

animal care were carried out in accordance with institutional guidelines.
2.1. Mice models for liver fibrosis studies

Two genetically modified mice were used in this study as models of liver fibrosis. Mdr2™"
/ p19°%" double null mice displayed a fibrotic phenotype comparable to Mdr2” mice, widely
used as a model for experimental liver fibrosis (Baghdasaryan et al., 2010; Barikbin et al.,
2012), characterized by severe hepatic injury and large periductal accumulation of MFB,
showing the additional advantage of allowing the isolation of immortal cells for in vitro
experiments. Stat3"® / Mdr2” mice show Stat3 conditional inactivation specifically in
hepatocytes and cholangiocytes in Mdr2” background, which strongly aggravates liver injury
and fibrosis.

Animals were sacrificed to evaluate liver histology at 2 and 7 weeks of age. SCID mice
have been used as control.

Tissue was collected by Jéssica Mainez, a former PhD student in our group, in Wien, in

collaboration and under the supervision of Dr. Mikulits (Medical University of Vienna, Austria).
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2.2. Partial hepatectomy in mice

Animals used in this study were male C57/BL6 mice, aged 10 to 14 weeks. Partial
hepatectomies were performed by removal of two thirds of the adult mouse liver, according to
the method described by Higgins and Anderson. Briefly, after cleaning the animal with 70%
Ethanol, we made an incision just above the sternum bone and opened a little bit up and down.
Next, we made a “V” incision on the muscle layer just delimiting the bone. By pushing with four
fingers from down to up surrounding the opened area, the central and left lobe of the liver got
out of the body. A ligature surrounding the two lobes was performed and the two lobes were
removed simply by cutting them. Finally, the two incision made were closed sewing them. Mice
were euthanized at 2, 8, 24, 48 and 72 hours and 7 days after the surgery and tissue samples
were frozen immediately in liquid nitrogen for RNA extraction or fixed in 4% paraformaldehyde
overnight and paraffin embedded for immunohistochemistry (IHC). Livers from sham-operated

animals were used as control.

These experiments were done during a short secondment in Madrid, in collaboration

with Aranzazu Sanchez and Margarita Fernandez (Universidad Complutense de Madrid, Spain).

2.3. Diethylnitrosamine-induced hepatocarcinogenesis

in mice

Male mice at day 15 of age received intraperitoneal injections of DEN (5mg/kg) diluted
in saline buffer (PBS). Control animals were injected with saline buffer (PBS) intraperitoneally.
After 6, 9 or 12 months, mice were sacrificed and their livers removed. For histological studies,
liver lobes were fixed in 4% paraformaldehyde overnight and paraffin embedded for IHC
staining. Total RNA was isolated from these tissues to analyse gene expression by real time

quantitative PCR.

2.4. Xenograft model of subcutaneous tumour growth in

vVivo

Athymic nude mice were purchased from Harlan Laboratories. A total of 16 male mice,
7 weeks of age, were used. Hep3B cells transfected with either a control shRNA or a NOX4
silencing shRNA (shNOX4(#3)) were grown in the presence of 10% FBS. Then, cells were
trypsinized and counted, diluting them at a final concentration of 5x10’cells/mL in HBSS. The
total of 16 nude mice were randomly divided into two groups (shControl and shNOX4(#3), 8

mice per group) and the cell suspension (0.1mL/mouse) was subcutaneously injected into the
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left flank of the mouse. Tumour growth was measured every two days. Once tumours reached
1000mm?, animals were euthanized and subcutaneous tumours were removed, fixed overnight

in 4% paraformaldehyde and paraffin embedded for IHC analysis.

3. Knock-down assays

3.1. Transient silencing

For transient siRNA transfection, cells at 70% confluence were transfected using
TransIT-siQuest (Mirus, Madison, WI, USA) at 1:300 dilution in complete medium (medium with
10% FBS), with a final siRNA concentration of 50nM. After 8 hours with the transfecting
solution, plates were washed and left in fresh medium with 10% FBS overnight before starting

experiments.

Oligos were obtained from Sigma-Genosys (Suffolk, UK). Oligo sequences are shown
in Table Il

siRNA (gene) Sequence (5°-3’)
Human NOX4 GCCUCUACAUAUGCAAUAA
Mouse Nox4 CAAGAAGAUUGUUGGAUAA
Unsilencing GUAAGACACGACUUAUCGC

Table Ill. siRNA sequences

3.2. Stable silencing

For stable transfection of shRNA, cells at 50-60% confluence were transfected with
MAtra-A reagent (IBA GmbH, Goettingen, Germany) at a dilution of 1:600 in complete media,
according to the manufacturer's recommendation (15 minutes on the magnet plate), using
2ug/mL of shRNA plasmid. Huh7, Hep3B and PLC/PRF/5 cell lines were stable silenced for
NOX4. In addition, Hep3B, PLC/PRF/5, SNU449 and HLF cell lines were stable silenced for
TGFBRI. For both NOX4 and TGFBRI four different shRNA plasmids were transfected,
separately and combined, as well as a control unspecific sShRNA, and the best-silenced clones

were selected. After 24 hours, media was changed to complete media, and selection of
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transfected cells was done in all cases with puromycin (InvivoGen Therapeutics, France), for at
least 50 days prior to experiments. At the beginning, selection was done at a dose of 0.5ug/mL
of puromycin and this dose was gradually increased until reaching 2ug/mL, which is the one
used for maintaining the silenced clones. shRNA plasmids transfected were selected from
Mission SH, Sigma (Madrid, Spain) and sequences are indicated in Table IV. The cell line and

the clone used for experiments are indicated in each figure.

Plasmid
number

Sequence (5’-3’)

#1 CCGGGAGCCTCAGCATCTGTTCTTACTCGAGTAAGAACAGATGCTGAGGCTCTTTTTG
HNU On;( a4n #2 CCGGCCCTCAACTTCTCAGTGAATTCTCGAGAATTCACTGAGAAGTTGAGGGTTTTTG

#3 CCGGCAGAGTTTACCCAGCACAAATCTCGAGATTTGTGCTGGGTAAACTCTGTTTTTG

#4 CCGGGCTGTATATTGATGGTCCTTTCTCGAGAAAGGACCATCAATATACAGCTTTTTG
Human #1 CCGGCTCATGTTGATGGTCTATATCCTCGAGGATATAGACCATCAACATGAGTTTTTTG
TGFBRI

#2 CCGGGAAGTTGCTGTTAAGATATTCCTCGAGGAATATCTTAACAGCAACTTCTTTTTTG

#3 CCGGGATCATGATTACTGTCGATAACTCGAGTTATCGACAGTAATCATGATCTTTTTTG

#4 CCGGGCTGGTCTTAACTTTAGGTAACTCGAGTTACCTAAAGTTAAGACCAGCTTTTTG

Table IV. shRNA sequences

4. Analysis of cell proliferation

4.1. Crystal violet staining

Crystal violet staining allows quantifying the amount of cells that survive after a toxic
process, being useful when working with adherent cells that detached after undergoing a toxic
process. It is useful as well for quantifying the changes in the cell number along time when cells
are cultured under certain conditions (Drysdale et al., 1983). The method consists on cell
staining with a colorant, crystal violet. Cells were seeded in 24-well plates and cultured under
basal conditions (medium supplemented with 10% FBS). After the time of culture required the
cell media was removed, cells were washed twice with phosphate-buffered saline (PBS) and the
remaining viable adherent cells were stained with crystal violet solution (0.2%(w/v) in 2%

ethanol) for 1 hour. Following this, the staining solution was removed, and the wells were
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washed several times with PBS or distilled water until the excess staining not incorporated into
the cells was eliminated. The plate was air-dried, and the stained cells were lysed in 10% SDS.
By spectrophotometric analysis, the absorbance was measured at 595nm. Results were then

calculated as the percentage of viable cells at the indicated times relative to time zero.

4.2. DNA synthesis assay

To study DNA synthesis, the method of [3H]—Thymidine (GE Healthcare, Barcelona,
Spain) incorporation was used. Cells can convert [*H]-Thymidine into [°H]-Thymine, which can
then be incorporated into DNA as it is synthesized. This procedure allows the quantification of
only newly synthesized DNA. Cells were seeded in 12-well plate and 12 hours after FBS
depletion a mix of radioactive and cold Thymidine (0.5uCi/mL, 1uM cold Thymidine) was added.
After 40 hours of adding the mix, wells were washed with PBS and cellular products were
precipitated by adding to wells cold 10% trichloroacetic acid (TCA), during 20 minutes at 4°C.
Next, wells were washed twice with cold 70% ethanol and let dry. Finally, a solution containing
0.1N NaOH, 2% COzNa, and 0.5% SDS was added to wells and was incubated during 20
minutes at 37°C. 100uL from each well was mixed with 5mL of scintillation fluid and radioactivity
was counted for [3H] in a liquid scintillation counter using a p-radiation counter 1209 Rackbeta

(Wallac). Results were calculated as percentage versus control cells.

4.3. Analysis of the percentage of Ki67 positive nuclei

In order to determine the growth fraction of a given cell population Ki67 is considered an
excellent marker because it is a protein that can be detected during all active phases of the cell
cycle (G4, S, G2 and mitosis) and it is absent in resting cells (Gy) (Scholzen and Gerdes, 2000).
Cell immunofluorescence using rabbit anti-Ki67 antibody as a primary antibody and DAPI
(Molecular Probes, Eugene, OR, USA) staining for nuclei detection was done as explained in
Material and Methods 10.1. Cells were visualized in a Nikon eclipse 80i microscope with the
appropriate filters and at least ten 40x images were taken with a Nikon DS-Ri1 digital camera.
Finally, the percentage of Ki67 positive cells versus the total number of cells was quantified
from the images.

4.4. Analysis of DNA content by flow cytometry

Twenty-four hours after seeding, cells were trypsinized and collected in a 15mL tube,
which was then centrifuged at 1500rpm for 5 minutes. The pellet was resuspended in 200uL of
PBS 1X and was added drop by drop into 500uL of cold (stored at -20°C) 100% ethanol, in
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constant motion (gently applied with a vortex), in order to fix cells. At this point, samples can be
stored at -20°C. To collect the fixed cells, samples were centrifuged at 2500rpm during 5
minutes at 4°C. The pellet was air-dried and resuspended in 250uL PBS containing 0.1mg/mL
of RNAse. After incubation during 30 minutes at 37°C, propidium iodide (Pl) was added at a
final concentration of 0.05%. Following this process, Pl incorporation was directly proportional to
the amount of DNA contained by each cell. Finally, this suspension was analysed in a flow
cytometer FACScan from Becton-Dickinson at Serveis Cientifico-Técnics, Universitat de
Barcelona. Cell cycle analysis was carried out using the software ModFit LT™ (Verity Software
House): DNA content: 2C: Go/G, phases; 4C: G,/M phases; >2C and <4C: S phase.

5. Analysis of cell death

5.1. Analysis of Caspase-3 activity

For the analysis of Caspase-3 activity, after incubation of cells with the desired stimuli,
in our case cells were treated with TGF- for 24 hours, media was preserved and cells were
scrapped. Cells and media were collected together in a 15mL tube, which was then centrifuged
at 2500rpm for 5 min. Indeed, this pellet contained those cells that were attached to the tissue
culture dish and those that were dead and floating in the media. The pellet was resuspended in
30 to 100uL of lysis buffer, Table V. The solution was then transferred to an Eppendorf tube,
which was incubated for 20 minutes on ice and vortexed every 5 minutes. After this time was
elapsed, Eppendorf tubes were centrifuged at 13000rpm during 10 minutes at 4°C. The

supernatant was stored at -20 or -80°C until it was used.

When Caspase-3 activity was analysed in tissues, small pieces of frozen tissues were
pulverized mechanically in a mortar, previously sterilized at 200°C for 4 hours to inactivate
RNAses. Tissue powder was then transferred to an Eppendorf tube and resuspended in 200uL
of lysis buffer, incubated for 20 minutes on ice with a vortex mix every 5 minutes. From this

point, the same procedure was used for both, cells and tissue samples.

To determine Caspase-3 activity, first we determined the protein concentration by
Bradford’s method (Material and Methods 8.2). Then a mix containing 20ug of protein (in a final
volume of 25uL), 125uL of Buffer Reaction 2X (Table VI) and 2uL of fluorigenic substrate for
Caspase-3, Ac-DEVD-AMC (BD Pharmigen) was prepared. This substrate, once it was cleaved
by caspase-3, released the AMC fragment that was fluorigenic and could be quantified
spectrofluorimetrically. After 2 hours of incubation at 37°C and protected from light,
fluorescence was measured in a Microplate Fluorescence Reader Fluostar Optima using an

exciting wavelength of 360nm and an emission wavelength of 440nm.
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Tris-HCI pH 8 5mM
EDTA 20mM
Triton-X-100 0.5%

Table V. Caspase-3 lysis buffer

Glycerol 20%
Hepes pH 7.5 40mM
DTT 4mM

Table VI. Caspase-3 reaction buffer 2x

A unit of Caspase-3 activity is the amount of active enzyme necessary to produce an
increase in 1 fluorescence unit in the spectrofluorimeter. Results were represented as arbitrary

units/h/ug protein.

6. Measurement redox state

6.1. Intracellular ROS

In order to measure the intracellular content of ROS, a fluorimetric method was used.
Each condition was analysed in triplicate. Twenty-four hours after seeding the cells in 12-well
plates, they were washed with PBS and incubated with 2.5uM 2',7'-dichlorodihydrofluorescein
diacetate (H,DCF-DA, from Invitrogen, UK) in HBSS without red phenol during 30 minutes at
37°C in the dark. This compound is incorporated into the cells, and converted into 2’,7’-
diclorodihydrofluorescein (DCFH,) by intracellular sterases, that in turn is converted into 2',7’-
diclorofluorescein (DCF) when oxidized. Then cells were lysed with 250ul of the lysis buffer
described in Table VII during 10 minutes at 4°C in motion, and transferred in duplicate into a
96-well plate, each with 100uL. The resting 50uL were used for protein quantification using BCA
method (Material and Methods 8.3). Fluorescence was measured in a Microplate Fluorescence
Reader Fluostar Optima using an exciting wavelength of 485nm and an emission wavelength of

520nm. Cell auto-fluorescence (produced by cells incubated with HBSS without probe) was
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subtracted. Results were calculated as fluorescence units per ug of protein and then expressed

as percentage of control.

Hepes pH 7.5 25mM
NaCl 60mM
MgCl, 1.5mM
EDTA 0.2mM
Triton-X-100 1%

Table VII. Lysis buffer

6.2. Intracellular superoxide

In order to measure intracellular content of superoxide we incubated the cells with 10uM
Dihydroethidine (DHE, from Invitrogen, UK) in HBSS without red phenol during 30 minutes at
37°C in the dark. DHE is a compound able to cross cell membranes. Inside the cells, DHE can
be oxidized and converted into 2-hydroxyethidium (2-OH-E*). Then, it intercalates into DNA,
resulting in a red fluorescence. The procedure followed was the same as for intracellular
content of ROS (Material and Methods 6.1). At the end, fluorescence was measured in a
Microplate Fluorescence Reader Fluostar Optima at Ex/Em = 530/620nm. Cell auto-
fluorescence (produced by cells incubated with HBSS without probe) was subtracted. Results
were calculated as fluorescence units per ug of protein and then expressed as percentage of

control.

6.3. Mitochondrial superoxide

MitoSOX™ Red reagent (Invitrogen, UK) permeates live cells and specifically targets
mitochondria. It was used to determine mitochondrial superoxide production since it is rapidly
oxidized by superoxide but not by other ROS and RNS. The oxidized product is highly
fluorescent upon binding to nucleic acid. The procedure followed was the same as for
intracellular content of ROS (Material and Methods 6.1) incubating cells with 5uM MitoSOX in
HBSS during 10 minutes at 37°C in the dark. Fluorescence was measured in a Microplate
Fluorescence Reader Fluostar Optima at ExX’Em = 530/590nm. Cell auto-fluorescence was
subtracted. Results were calculated as fluorescence units per ug of protein and then expressed

as percentage of control.
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6.4. Extracellular hydrogen peroxide

Extracellular H,O, was measured in intact cells using horseradish peroxidase-linked
Amplex Ultra Red (Invitrogen, UK). The non-fluorescent, colourless compound Amplex Red is
oxidized by H,O, in the presence of HRP to generate resorufin, which is coloured (pink) and
highly fluorescent. It is used for the measurement of extracellular H,O, since horseradish
peroxidase does not penetrate membranes. Twenty-four hours after seeding the cells in 12-well
plates, they were washed with PBS and then 250uL of a mix with Amplex Ultra Red (50uM) and
horseradish peroxidase (0.1U/mL) were added to the cellular samples and incubated for 2 hours
at 37°C in the dark. Later, fluorescence readings were made in duplicate in a 96-well plate at
Ex/Em = 530/590nm using 100uL of media. Fluorescence was measured in a Microplate
Fluorescence Reader Fluostar Optima and expressed as percentage of control after correction

with cell number (crystal violet assay, Material and Methods 4.1).

7. Analysis of gene expression

7.1. RT-PCR

RNeasy Mini Kit (Qiagen, Valencia, CA) was used following Manufacturer’s protocol for
total RNA isolation. When RNA was isolated from cells, culture plates were washed with PBS
and cells were scrapped in a solution containing RLT (from the Kit) previously adding 10ul/mL of
B-Mercaptoethanol. When RNA was isolated from tissues, small pieces of frozen tissues were
pulverized mechanically in a mortar, previously sterilized at 200°C for 4 hours to inactivate
RNAses, then tissue powder was transferred to an Eppendorf tube and resuspended in 600uL
of RLT with 10uL/mL of p-Mercaptoethanol. Reverse transcription was carried out with random
primers using 1ug of total RNA from each sample for complementary DNA synthesis using High
Capacity RNA to cDNA Master Mix Kit (Applied Biosystems, Foster City, CA, USA) following

Manufacturer’s instructions.

7.2. Semi-quantitative PCR

Semi-quantitative Polymerase Chain Reactions (PCR) were performed using 25ng of
cDNA, plus a final concentration of 1uM of specific primers (Table VIII), dNTPS at 100uM,
1.5mM MgCl;, and 1 unit of Ecotaq (Ecogen, Barcelona, Spain).
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Gene

(mouse) Forward (5’-3’) Reverse (5°-3’)

Rn18s GCGAAAGCATTTGCCAAGAA CATCACAGACCTGTTATTGC

Acta2 CCGAGATCTCACCGACTACC TCCAGAGCGACATAGCACAG

Coltat TCAAGGTCTACTGCAACATGG TGTAGGTGAAGCGACTGTTG

Fn1 GGTTTCCCATTACGCCATTG ATTCTCCCTTTCCATTCCCG

Nox4 GGAAGCCCATTTGAGGAGTCACTGAAC  TGACTGAGGTACAGCTGGATGTTCAC
Tgfb1 GTGAAACGGAAGCGCATCGAAG AGCCGGTTACCAAGGTAACGCC

Vim TCCGCCAGCAGTATGAAAG TGGGTGTCAACCAGAGGAAG

Table VIII. Primers sequences used in semi-quantitative PCR

PCR reactions were carried out following the conditions shown in Table IX.

Phase Temperature Time N° cycles
Initial denaturalization 95°C 5 minutes 1
Denaturalization 94°C 30 seconds
Hybridization 55-65°C 30 seconds

25-40
Elongation 72°C 30-45 seconds
Final elongation 72°C 10 minutes 1

Table IX. Semi-quantitative PCR conditions

The obtained PCR products were analysed in 1.5% agarose gels in Ethidium Bromide
and imaged using Gel Doc 2000 (BioRad).

7.3. Quantitative Real Time PCR

For quantitative Real Time PCR, RNA was obtained as explained in the above section.
Expression levels were determined in duplicate in an ABIPrism7700 System, using the SYBR®
Green PCR Master Mix (Applied Biosystems, Foster City, CA, USA) in a 96-well plate, for
mouse primers. Reaction was prepared using 25uL of SYBR® Green PCR Master Mix, 2.5uL
specific primers (10uM) (Table X) and 50ng of cDNA plus RNAse free water up to 50uL per
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duplicate. For human primers, expression was determined in a LightCycler® 480 Real Time
PCR System, using the LightCycler® 480 SYBR Green | Master Mix (Roche Applied Science),
in a 384-well plate. In this case, reaction was prepared using 10uL of LightCycler® 480 SYBR
Green | Master Mix, 2uL specific primers (5uM) (Table Xl) and 40ng of cDNA in a final volume

of 20uL per duplicate. The levels of mMRNA for each gene were determined following

Manufacturers’ protocols and were normalized with a housekeeping gene.

Gene

(mouse) Forward (5’-3’) Reverse (5’-3’)

Rn18s CGAGACTCTGGCATGCTAA CGCCACTTGTCCCTCTAAG
Nox4 TCCAAGCTCATTTCCCACAG CGGAGTTCCATTACATCAGAGG
p22phox ACACAGTGGTATTTCGGCG CAGGTACTTCTGTCCACATCG

Table X. Primers sequences used in ABIPrism 7700 SYBR Green System quantitative PCR

Forward (5’-3’) Reverse (5’-3’)
RPL32 AACGTCAAGGAGCTGGAAG GGGTTGGTGACTCTGATGG
CDC42 CAGGGCAAGAGGATTATGACAG GTTATCTCAGGCACCCACTT
CDH1 CCCAATACATCTCCCTTCACAG CCACCTCTAAGGCCATCTTTG
CDH2 CCCAAGACAAAGAGACCCAG GCCACTGTGCTTACTGAATTG
CDKN1A TGTCACTGTCTTGTACCCTTG GGCGTTTGGAGTGGTAGAA
NOX4 GCAGGAGAACCAGGAGATTG CACTGAGAAGTTGAGGGCATT
RACT1 GCTTTTCCCTTGTGAGTCCTG CCTTCAGTTTCTCGATCGTGTC
RHOA AGCTGGGCAGGAAGATTATG CGTTGGGACAGAAATGCTTG
RHOC CAAGACGAGCACACCAGG AGCACTCAAGGTAGCCAAAG
TGFB1 AAGTGGACATCAACGGGTTC GTCCTTGCGGAAGTCAATGT
TGFBRI ACATGATTCAGCCACAGATACC GCATAGATGTCAGCACGTTTG

Table XI. Primers sequences used in LightCycler 480 SYBR Green System quantitative PCR
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8. Protein expression analysis

8.1. Cell lysis

After incubation with different factors or after cell culture under basal conditions, the cell
culture dishes were placed on ice. The media was collected into tubes, 2mL of cold PBS was
added to each dish, and cells were scrapped and collected into the tube. To make sure that
most of the cells were collected, other 2mL of cold PBS were added to the dish and collected
into the tube. Cells were then pelleted at 2500rpm during 8 minutes at 4°C. The pellet was then
washed with 5mL of PBS, and centrifuged at 2500rpm during 5 minutes at 4°C. The pellet was
resuspended with RIPA lysis buffer (Table XIllI) and transferred to an Eppendorf tube, being the
lysis performed during 1 hour with rotation at 4°C. Then, tubes were centrifuged at 13000rpm
during 10 minutes at 4°C, and the supernatants were collected and stored at -20°C or -80°C
until they were processed.

Sodium Deoxycholate 5mM
TRIS-HCI pH 7.4 20mM
SDS 0.1%
Triton-X-100 0.5%
NaCl 150mM
EDTA 2mM
PMSF 1mM
Leupeptin 5ug/mL
NazVO, 0.1mM
DTT 0.5mM
B-Glycerolphosphate 20mM

Table XIl. RIPA lysis buffer

When expression of Myosin Light Chain 2 (MLC2), Rho GTPases and its effectors
ROCK | and ROCK Il was analysed, the media was removed from culture dishes and 120-
150uL of Laemmli lysis buffer (Table Xlll) were added for a 12-well plate and incubated at room

temperature during 5 minutes. Then, cell lysates were collected and transferred into an
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Eppendorf tube. Afterwards, samples were denaturalized by heating them at 95 °C for 5
minutes and stored at 4°C. Next, samples were sonicated for 15 seconds before centrifugation
at 13000rpm for 30 minutes at 4°C, supernatants were then transferred into a new Eppendorf

tube and finally stored at -20°C or -80°C until they were processed.

TRIS-HCI pH 7.5 80mM
Glycerol 10%
SDS 2%
DTT TmM
NaF 10mM
NazVO, TmM
PMSF 0.1mM
B-Glicerolphosphate 10mM

Protease inhibitor cocktail EDTA-free

Table XIll. Laemmli lysis buffer

8.2. Protein quantification by Bradford’s method

Protein quantification was done following the spectrophotometric method described by
M. Bradford in 1976. For each measurement a standard curve of protein concentration was
prepared with Bovine Serum Albumin (BSA) in a range from 0 to 2ug/mL. The reaction was
prepared mixing 200uL of distilled water, 2uL of protein extract and 50uL of Bradford reactive.

Absorbance was measured at 595nm.

8.3. Protein quantification by BCA commercial kit

If SDS was a component of the lysis buffer, the Bradford method could not be used.
Instead, we used the commercial kit BCA. For each measurement a standard curve of protein
concentration was prepared with BSA in a range from 0 to 2ug/mL. The reaction was prepared
by mixing Solution A and Solution B in a ratio of 50:1. Then, 200uL of this mix were added to
10uL of 1:10 diluted sample, into a 96-well plate. After 30 minutes of incubation at 37°C,

absorbance was measured at 595 nm.
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8.4. Protein immunodetection by Western blot

Protein separation by their molecular weight was done by denaturalizing polyacrylamide
gels. The protein samples were prepared by mixing 30 to 100ug of protein with Laemmli loading
buffer, and were denaturalized by heating them at 95°C. Once the samples were boiled, they
were spun and saved at 4°C. Acrylamide gels consist of two different parts: the stacking and the
separating gel, the latter being prepared at different concentrations of acrylamide depending on
the size of the proteins to be studied. When Cyclin D1 was analysed, a gel of 15% acrylamide
was used. For the other proteins, a gel of 10% or 12% acrylamide was used. Once the gel was
ready it was assembled into the gel holder and immersed into the tank, which was filled with an
electrophoresis buffer (25mM Tris-HCI; 0.1%SDS; 0.2M glycine; pH 8,3). Then the samples
were carefully loaded to the gel together with a molecular weight standard in order to know the
molecular weight of the proteins studied. Finally, they were submitted to electrophoresis at a

constant voltage.

Once finished the electrophoresis, the proteins were transferred to a PVDF membrane
through the passage of electrical current using semi-dry equipment. The PVDF membrane was
first immersed into methanol for 1 minute following the manufacturer’s instructions. Then the
PVDF membrane and the Wattman paper were soaked in transfer buffer (48mM Tris-HCI;
Glycine 39mM; SDS 0.4%; Methanol 20%; pH 8.3) for 5 minutes, and the equipment was
assembled as follows from bottom to top: 3 Wattman papers - PVYDF membrane - Acrylamide
gel - 3 Wattman papers. An electrical current of 0.3mA was applied during 0.5-1 hour. After this
time, the membrane was stained into a solution of 0.5% red Ponceau in 1% acetic acid to
confirm that proteins had uniformly been transferred into the membrane. Then, membrane was
washed several times in PBS-Tween 0.05% (PBS-T).

For blotting the desired protein, the membrane was incubated in 5% non-fat dry milk or
5% BSA (depending on the primary antibody to be used) in PBS-T for 1 hour at room
temperature (RT). After this time, it was incubated with the primary antibody (see antibodies and
conditions in Table XIV) in 0.5 % milk/BSA in PBS-T during 16 hours at 4°C in motion. After
that, the membrane was washed 3 times during 10 minutes with PBS-T, and subsequently
incubated with the secondary antibody (conjugated with peroxidase) at a dilution of 1:5000 in
0.5% milk-PBS-T during 1 hour at RT in motion. Again the membrane was washed 3 times in
PBS-T. To visualize the antibody hybridized to the protein of study, the membrane was
incubated with a chemiluminescent solution, ECL (Amersham Biosciences) and exposed to an
Amersham HyperfiimTM ECL. Secondary antibodies used were obtained from GE-Healthcare:
anti-Mouse (NA931V), and anti-Rabbit (NA934V), conjugated with peroxidase.
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Primary antibody

Working conditions

Purchased from

Catalogue n°

Mouse anti-p-actin 1:5000 (0.5% non-fat milk)  SIGMA A5441
Rabbit anti-Cdc42 1:1000 (4% BSA) Cell signaling 2462
Rabbit anti-Cyclin D1 1:1000 (0.5% non-fat milk) ~ Santa Cruz sc-718
Mouse anti-E-cadherin 1:1000 (0.5% non-fat milk) ~ BD Pharmigen BD-610182
Rabbit anti-MLC2 1:500 (4% BSA) Santa Cruz sc-15370
Rabbit anti-NOX4 1:1000 (0.5% non-fat milk) ~ SIGMA-Genosys ~  ---—-----—----——-
Rabbit anti-Nitrotyrosine 1:1000 (0.5% non-fat milk) ~ Molecular probes A21285
Rabbit anti-phospho-MLC2 1:500 (4% BSA) Cell signaling 3674
Rabbit anti-phospho-Smad?2 1:1000 (0.5% non-fat milk)  Cell signaling 3101
Rabbit anti-Rac1 1:500 (0.5% non-fat milk) Millipore 05-389
Rabbit anti-RhoA 1:500 (0.5% non-fat milk) Cell signaling 21175
Rabbit anti-RhoC 1:1000 (0.5% non-fat milk)  Cell signaling 3430
Mouse anti-ROCK | 1:500 (4% BSA) BD Pharmigen 611137
Mouse anti-ROCK Il 1:1000 (4% BSA) BD Pharmigen 610624
Rabbit anti-TGF-p RI 1:1000 (0.5% non-fat milk)  Santa Cruz sc-399
Mouse anti-Vimentin 1:1000 (0.5% non-fat milkk)  SIGMA V6630

Table XIV. Primary antibodies used for Western blot

When expression of MLC2, Rho GTPases and its effectors ROCK | and ROCK Il was

analysed the protocol used was the following: Cells lysates obtained as explained in Material
and Methods 8.1 were fractionated using precast 4-12% gradient SDS—polyacrylamide gel
electrophoresis (SDS—-PAGE) gels in non-reducing conditions, and transferred subsequently to
PVDF membrane. For the blotting of the specific protein, the same procedure explained above

was followed.

In both cases, hybridized antibody could be removed with the stripping process
consisting in soaking the membrane during 30 minutes at 50°C with stripping solution (62.5nM
TRIS-HCI pH 6.8; SDS 0.05%; p-Mercaptoethanol 20%), in motion.

Rabbit anti-NOX4 polyclonal antiserum was created by Sigma-Genosys against a
peptide corresponding to the C-terminal loop region (amino acids 499-511), according to our
order. Specificity was tested by ELISA assay with the purified peptide. We licensed the antibody
to be commercially exploited by Merck Millipore (Billerica, MA) (Catalogue number. ABC459).
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Specificity of the antibody was validated in our laboratory (Figure XVIII).
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Figure XVIII. Specificity of NOX4 antibody was tested. A) Western blot using stable silenced human
HCC cells by means of different shRNA plasmids against NOX4, being the silenced band just above
60KDa, as it is expected considering the molecular weight of NOX4. Also a band above 50KDa could be
specific considering the pattern observed, representing perhaps a NOX4 splice variant. B)
Immunohistochemistry using two serial sections showing coincidence in the expression of NOX4 and the
cleaved form of Caspase-3 in the same hepatocytes, since it has been described that NOX4 is required
for apoptosis in hepatocytes.

9. Rho GTPase pull-down assays

Pull-down assays for determining activated fraction of RhoA and RhoC were performed
using Glutathione S-transferase (GST)-Rhotekin and for activated Rac1 and Cdc42 levels using
Glutathione S-transferase (GST)-PAK-CRIB expressed from pGEX-Rhotekin and pGEX-PAK-
CRIB, respectively.

To prepare GST-Rhotekin, 250mL of bacteria carrying pGEX-Rhotekin were grown to
OD600 and then were induced with 0.3mM IPTG for 3 hours. After, bacteria were pelleted by
centrifugation at 6000rpm during 15 minutes at 4°C. Pellets were resuspended with 10mL of
cold lysis buffer (Table XV) and sonicated for 20 minutes using 10 seconds ON — 10 seconds
OFF pulses. Then, 1% Triton-X-100 was added and incubated with rocking during 30 minutes.
After a centrifugation at 6000rpm during 30 minutes at 4°C, supernatant was incubated with
glutathione sepharose beads during 2 hours, at 4°C and rolling. Beads were washed 3 times
with TBS washing buffer (Table XVI) and kept on ice until needed.
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TRIS-HCI pH 7.4 50mM
Glycerol 10%
NP-40 1%
MgCl, 5mM
NaCl 100mM
DTT TmM

Protease inhibitor cocktail EDTA-free

Table XV. Rho GTPases pull-down lysis buffer

MgCl, 10mM
PMSF 0.1mM
Triton-X-100 1%

Protease inhibitor cocktail EDTA-free

Table XVI. GST-Rhotekin washing buffer

To prepare GST-PAK-CRIB, the same procedure was followed using pGEX-PAK-CRIB

and the TBS washing buffer from Table XVILI.

MgCl, 10mM
DTT TmM

Protease inhibitor cocktail EDTA-free

Table XVII. GST-PAK-CRIB washing buffer

For the pull-down assays, the same protocol was used for both GST-Rhotekin and
GST-PAK-CRIB, with the exception of the washing buffer. Washing buffer from Table XVI was

used for GST-Rhotekin and from Table XVII for GST-PAK-CRIB.
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Cells (2x10°) were seeded in 10cm dishes for 48 hours. Then, the medium was
removed, cells were washed on ice with cold TBS, and scrapped with 1mL of lysis buffer (Table
XV). Lysates were transferred to an Eppendorf tube and centrifuged at 13000rpm during 5
minutes at 4°C. At this point, 100uL of the supernatant were stored in a new Eppendorf tube for
the blot of total protein. The remaining supernatant was mixed with 60uL of GST-Rhotekin / -
PAK-CRIB bound beads and was incubated at 4°C with tumbling during 45 minutes. Samples
were then briefly spun (1200rpm — 1 minute), the supernatant was removed and beads were
washed twice in the corresponding cold washing buffer, before addition of Laemmli buffer and
analysis by western blotting with the corresponding primary antibody, as explained in Material
and Methods 8.4.

10. Immunocytochemistry

10.1. Immunofluorescence in 2D cultured cells

Epifluorescence microscopy studies were performed on cells seeded on gelatin-coated
glass coverslips. For F-actin staining, after treatment, cells were washed with PBS and fixed
with 4% paraformaldehyde (PFA) in PBS for 20 minutes at room temperature, then washed 3 to
5 times with PBS and finally, incubated with rhodamine-conjugated phalloidin (1:500) diluted in
0.1% BSA for 1 hour. To detect E-cadherin and vimentin cells were fixed with cold methanol
(stored at -20°C) during 2 minutes, washed 3 to 5 times with PBS, and then incubated with the
primary antibody. For NOX4, phospho-FAK, vinculin, phospho-Paxillin and ZO-1 staining, cells
were fixed with 4% PFA in PBS during 20 minutes and washed 3 to 5 times with PBS. For Ki67
and B-catenin staining, after being fixed with 4% PFA in PBS and washed 3 to 5 times with
PBS, cells were permeabilized with 0.2% Triton-X-100 during 2 minutes. When cells were
permeabilized, prior to the incubation with the primary antibody they were incubated with a

blocking solution (BSA 1%; FBS 10%; in PBS) during 1 hour at room temperature.

Primary antibodies, detailed in Table XVIIl, were diluted in PBS-BSA 1% and incubated
during 1 hour at room temperature. Then, after several washes with PBS, samples were
incubated with fluorescent-conjugated secondary antibodies (anti-mouse Alexa 488 or anti-
rabbit Alexa 488) 1:200 dilution in PBS-BSA 1% during 1 hour at room temperature. Finally,
cells were washed 3 to 5 times for 5 minutes each with PBS, adding DAPI in the second last
wash for nuclear DNA staining, when necessary. At the end, samples were embedded using
Mowiol®. Cells were visualized in a Nikon eclipse 80i microscope with the appropriate filters.

Representative images were taken with a Nikon DS-Ri1 digital camera.
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Primary antibody Dilution Purchased from Reference
Mouse anti-B-catenin 1:50 BD Pharmigen 610154
Mouse anti-E-cadherin 1:50 BD Pharmigen BD-610182
Rabbit anti-Ki67 1:100 Abcam ab16667
Rabbit anti-NOX4 1:100 (e T e S R ——
Rabbit anti-phospho-FAK 1:50 Cell signaling 3283
Rabbit anti-phospho-MLC2 1:200 Cell signaling 3671
Rabbit anti-phospho-Paxillin 1:100 Invitrogen 44-722G
Mouse anti-Vimentin 1:50 SIGMA V6630
Mouse anti-Vinculin 1:100 SIGMA V9131
Mouse anti-ZO1 1:50 SIGMA V6630

Table XVIII. Primary antibodies used for immunofluorescence

ImagedJ software (NIH) was used to analyse fluorescence from pFAK immunostaining to
analyse the number, area and distribution of focal adhesions per cell from TIFF images
captured using the same exposure conditions. DAPI staining was used to elucidate the number
of cells in each image.

NOX4 staining from cells seeded on gelatin-coated glass coverslips was visualized on a
Leica TCS SP5 spectral confocal microscope with a HCX PL APO A blue 63x 1.4 oil objective
lens and excited with the 488nm laser line of an Argon laser. Acquisition software was LEICA
application suite advanced fluorescence (LAS AF). The projections of Z-stacks are shown.

Fluorescence intensity was quantified using Fiji open source software.

10.1. Immunofluorescence in cells cultured on thick

layers of collagen |

For the immunostaining of cells seeded on top of a thick collagen | matrix, cells were
fixed during 15 minutes at room temperature by adding 50uL of PFA 12% to cells seeded on
100uL of matrix (final concentration of PFA is 4% considering collagen matrix volume) and
washed 3 times with PBS during 5 minutes. Afterwards, cells were permeabilized during 10
minutes using a solution containing 0.2% Triton X-100 in PBS-BSA 5% and washed again 3
times with PBS during 5 minutes. Next, samples were blocked in a PBS-BSA 5% solution during

20 minutes, and finally immunostained with specific primary antibodies diluted in blocking
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solution. For pMLC2 staining, primary antibody was diluted 1:200 into blocking solution and
incubated overnight at 4°C, in motion. The day after, cells were washed 5 times with PBS for 5
minutes and incubated during 2 hours at room temperature with secondary Alexa Fluor 488
diluted 1:500 in blocking solution. Cells were washed 5 times with PBS during 5 minutes, and
finally stained for F-actin during 1 hour at room temperature with Alexa Fluor 546-phalloidin
probe diluted 1:500 in blocking solution, and washed again for 5 times with PBS during 5
minutes. During the second last wash nuclei were stained with a DAPI solution 1:200. In all
incubations with primary and secondary antibodies, as well as for DAPI staining, dilutions were

calculated considering the volume of the collagen matrix.

For the imaging, collagen gels with immunostained cells were transferred to glass-
bottomed dishes and visualized on a Zeiss LSM 510 Meta confocal microscope (Carl Zeiss)
with C-Apochromat 40x / 1.2 NA (water) and Zen software (Carl Zeiss). Confocal Z-slice images
were analysed using Imaged. pMLC2 fluorescence signal was quantified calculating the pixel
intensity in single cells relative to the cell area, determined using F-actin staining, using Fiji

open source software.

11. Immunohistochemistry (IHC)

11.1. Paraffin embedding

After fresh tissue (or tumour) was surgically recovered, it was rinsed with PBS and
included into a cassette for paraffin embedding. Then, it was fixed with tamponed formaldehyde
(4%) during 12-16 hours. After fixing the samples, they were dehydrated by bathing them in
subsequent alcohols as indicated on Table XIX. Next, samples were finally embedded in

paraffin at 65°C and taken to 4°C for solidification.
11.2. IHC on paraffin-embedded tissues

Paraffin-embedded samples were cut into 4um-thick sections. Then, slices were placed
in poly-lysined slides. For poly-lysing, slides were incubated for 20 minutes with poly-L-Lysine at
4°C and let 16 hours of air-drying at 37°C.

Next, paraffin was removed and samples rehydrated. For this, sample slides were
placed at 50°C during 30 minutes and then soaked in subsequent alcohols as indicated in Table
XX.
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Step Time
Rinse with tap water 30 minutes
Ethanol 70% 60 minutes
Ethanol 96% 60 minutes
Ethanol 96% (new) 60 minutes
Ethanol 96% (new) Overnight
Ethanol 100% 60 minutes
Ethanol 100% (new) 90 minutes
Ethanol 100% (new) 90 minutes
Xylene 90 minutes
Xylene-Paraffin (50%-65°C) 90 minutes
Paraffin (65°C) Overnight

Table XIX. Samples dehydration for paraffin-embedding

Step Time
Xylene 10 minutes
Xylene (new) 10 minutes
Xylene (new) 10 minutes
Ethanol 100% 5 minutes
Ethanol 100% (new) 5 minutes
Ethanol 100% (new) 5 minutes
Ethanol 96% 5 minutes
Ethanol 96% (new) 5 minutes
Ethanol 96% (new) 5 minutes
Ethanol 70% 5 minutes
Distilled water 5 minutes

Table XX. Samples hydration for IHC
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Then after, sample slides were stained with Hematoxylin and Eosine (H/E) for tissue

structure study or used for immunohistochemical analysis.

For H/E staining, Hematoxylin solution, Harris modified, was used. Samples were
stained for 1 minute and washed abundantly with tap water. Next, samples were stained with
Eosin solution for 6 minutes and washed again abundantly with tap water. Finally, samples were
dehydrated soaking them in subsequent alcohols as indicated in Table XXI and slides were

mounted in D.P.X. for preservation.

Step Time
Ethanol 70% 1 minute
Ethanol 96% 1 minute
Ethanol 96% (new) 1 minute
Ethanol 96% (new) 1 minute
Ethanol 100% 5 minutes
Ethanol 100% (new) 5 minutes
Ethanol 100% (new) 5 minutes
Xylene 10 minutes
Xylene (new) 10 minutes
Xylene (new) 10 minutes

Table XXI. Samples dehydration after IHC

For IHC, after rehydration samples we rinsed during 5 minutes with distilled water and
then covered with a mixture of citric acid (0.38mg/mL) and sodium citrate (2.45mg/mL) and
boiled during 2 minutes to break the methylene bridges and expose the antigenic sites in order
to allow the antibodies to bind. Next, samples were left for 20 minutes at RT, and afterwards

rinsed during 5 minutes with distilled water.

At this point, we proceeded to deactivate the endogenous peroxidases of the samples,
in order to minimize the background, by incubating the slides in 3% hydrogen peroxide during
10 minutes and then washing them, first during 5 minutes in distilled water, and then in PBS-

Tween (0.1%) during 10 minutes.

Afterwards, samples were covered during 2 hours in IHC-blocking solution: 2% BSA
and 20% FBS in PBS-Tween (0.1%). Then, slides were incubated overnight with primary
antibody diluted in IHC-blocking solution, at 4°C in a wet chamber. The following primary
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antibodies (diluted from 1:50 to 1:100) were used: rabbit anti-Ki67, rabbit anti-cleaved Caspase-
3 (Asp-175), rabbit anti-NOX4.

After, slides were washed 3 times with PBS-Tween (0.1%) during 10 minutes and
incubated during 1 hour with anti-mouse or anti-rabbit secondary peroxidase-conjugated
antibodies (Vectastain ABC KIT, Vector laboratories Inc.), then samples were washed 3 times
with PBS-Tween (0.1%) during 10 minutes and incubated in ABC solution for 30 minutes,
following the manufacturer’s indications, until developing the peroxidase staining with diluted
Diaminobenzidine (D.A.B; purchased at DAKO, Inc.) for a maximum of 30 minutes. Once we
had acquired an optimum staining the developing reaction was stopped by soaking the samples

into tap water during 5 minutes.

The final steps consisted in a Hematoxylin counterstaining as indicated in Table XXII,

sample dehydration (Table XXI) and mounting the slides in D.P.X. for preservation.

Tissues were visualized in a Nikon eclipse 80i microscope with the appropriate filters.

Representative images were taken with a Nikon DS-Ri1 digital camera.

Step Time
Filtered Hematoxylin (Meyer’s) 5 minutes
Running tap water 5 minutes

Table XXII. Hematoxylin counterstaining after IHC

12. Tissue array

A human liver tissue array (catalogue number Z7020056, BioChain Institute, San
Francisco, USA) containing duplicates of 70 cases covering: 1) HCC and few samples of other
types of liver cancer; 2) 3 cases of other non-malignant liver tissues; and 3) 2 normal liver
tissues, was incubated with rabbit anti-NOX4 antibody diluted 1:50 into IHC-blocking solution
(2% BSA and 20% FBS in PBS-Tween (0.1%)) as a primary antibody. Same procedure as for
immunohistochemistry (Material and Methods 11) was used, without counterstaining with
Hematoxylin. Staining was densitometered using the software Quantity One (Bio-Rad
Laboratories, Hercules, USA) and the ratio between each case and the mean of normal tissues

was represented.
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13. Migration analysis

13.1. Chemotaxis assay

Chemotaxis is movement of an organism in response to a chemical stimulus. In order to
analyse the chemotactic response of HCC cells to 10% FBS, transwell permeable supports with
8um pores (Corning) were used. Cells were grown under basal conditions during 24 hours, and
then they were trypsinized, washed once with medium without FBS and resuspended in FBS
free medium for counting. 200,000 cells suspension was added to the upper chamber, medium
10% FBS was added to the lower chamber of a transwell permeable support, and it was
incubated at 37°C — 5% CO,. After 24 hours, bright field images of the cells that migrated to the

lower chamber were taken. Results were expressed as a number of cells per field.

13.2. Wound healing assay

Cells were grown under basal conditions up to 95% confluence. Monolayers were
scratched with a pipette tip, then culture dishes were washed 2 times with fresh medium and
finally, cells were cultured for 48 hours at 37°C in medium without FBS to avoid proliferation
interference. Representative phase contrast pictures were taken just after the scratch as a time
zero. Then, cell migration was recorded by phase contrast microscopy (Olympus IX-70) 48

hours after wound scratch.
13.3. Real time migration assay

For real time monitoring of cell migration, xCELLigence System was used. For this, we
used CIM plates which have an upper chamber sealed at the bottom with a microporous
polyethylene terephthalate (PET) membrane with a median pore size of 8um and a lower
chamber that serves as a reservoir for chemo attractant media. xCELLigence System measures
electrical impedance across micro-electrodes integrated on the underside of the membrane
providing quantitative information about cell migration. CIM plates were placed onto the Real-
Time Cell Analyzer (RTCA) station (xCELLigence System, Roche, Mannheim, Germany) for

monitoring cell migration.

First, both sides of the membrane were coated during 30 minutes with a collagen IV
solution (Sigma) (25.5ug/cm?). Then, cells cultured under basal conditions were trypsinized and

counted. Afterwards, 100uL of a suspension containing 4x10°cells/mL were seeded onto the top
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chamber of a CIM plate. The lower chamber contained a 48 hours conditioned media from NIH-
3T3 cells as a chemo attractant. Cell migration was continuously monitored throughout the
experiments by measuring changes in the electrical impedance at the electrode/cell interface,
as a population of cells migrated from the top to the bottom chamber. Continuous values were
represented as Cell Index (Cl), a dimensionless parameter, which reflects a relative change in

measured electrical impedance, and quantified as a slope (hours'1) of the first five hours.

14. Invasion analysis

14.1. Invasive growth assay

Spheroid cell culture was performed using the hanging drop method, as described
previously by Del Duca et al. (Del Duca et al., 2004). Cells were cultured under basal conditions
and then trypsinised and counted. Afterwards, cells were resuspended in 1mL of low viscosity
medium (800uL of medium 10% FBS plus 200uL of low viscosity methylcellulose solution) in a
concentration of 4x10°cells/mL. From this suspension, 25ulL droplets were suspended from the
lid of tissue culture dishes for 48 hours at 37°C — 5% CO,, during which time cells clustered into
compact sphere-like formation. Then, spheroids were collected into a 15mL tube and
centrifuged at 300rpm during 15 seconds, and finally, resuspended in a collagen | solution
(1.7mg/mL in DMEM), seeded in 24-well plates and left in the incubator at 37°C — 10% CO,, for
4 hours until the matrix polymerized. At that point, medium with 10% FBS was added on top and
phase contrast pictures were taken every 24 hours, during 4 days. For spheroid invasion
quantification, the increase on the area occupied by the spheroids between day 0 (when
spheroids were embedded into the collagen | matrix) and day 4 was calculated by using ImageJ

software.
14.2. 3D invasion assay

For the analysis of the invasive capacity of cells into a matrix, cells were suspended in
serum-free bovine collagen | solution at 2.3mg/mL or in a solution of serum-free bovine collagen
| / Matrigel (Corning) in a proportion 1:1, to a final concentration of 14,000 cells per 100uL of
matrix. Cells were trypsinized, counted and washed twice with cold PBS, finally centrifuged at
1800rpm during 8 minutes at 4°C and stored on ice. Next, the amount of cells necessary was
mixed with the matrix, keeping both the matrix solution and cells always on ice, and 100uL of

cell suspension were seeded on 96-well plates, previously coated for at least 30 minutes with a
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solution containing BSA 0.2% in DMEM. Cells were then spun down and left in the incubator at
37°C — 10% CO; for 4 hours until the matrix was polymerized. At that point, 50uL of 10% FBS-
containing media was added on top of the matrix, allowing the cells to invade upwards during 24
hours. Afterwards, cells were fixed for 16 hours by adding 50uL of 20% formaldehyde solution
per well (reaching the final concentration of 4% formaldehyde considering the matrix and
medium volumes) containing also 5mg/mL Hoechst 33258 for nuclei staining. Plates were then
imaged on a Zeiss LSM 510 Meta confocal microscope with a Plan Apochromat 10x / 0.30
objective lenses and Zen software. Confocal Z-slices were collected from each well at the
bottom of the well and at 50um above. Samples were run in quintuplicate and averaged. The
3D migration index was calculated as number of invading cells at 50um divided by the total

number of cells at the bottom.

For 3D imaging of invaded cells, sequential Z sections of embedded cells were obtained
using a Zeiss 710 confocal microscope. 3D reconstructions of invaded cells were made using
Zen software.

15. Adhesion assay

Cell adhesion was examined using a real-time assay through the xCELLigence System.
Cells were cultured under basal conditions, trypsinized and counted. Afterwards,
1.25x10"cells/well (final volume of 100uL) were seeded onto an E-plate VIEW 16, which
features microelectronic sensors integrated on the bottom of the plate. E-plates VIEW 16 were
placed onto the Real-Time Cell Analyser (RTCA) station (xCELLigence System, Roche,
Mannheim, Germany). Cell adhesion was continuously monitored throughout the experiments
by measuring changes in the electrical impedance at the electrode/cell interface every 3
minutes during several hours. To analyse cell adhesion to different extracellular matrix, wells
were previously coated during 30 minutes with collagen | (BD Bioscience) (4.5Mg/cm2), collagen
IV (Sigma) (25.5ug/cm?) or fibronectin (Upstate Biotechnology) (1.5ug/cm?). Continuous values
were represented as Cell Index (Cl), a dimensionless parameter, which reflects a relative
change in measured electrical impedance, and quantified as a slope (hours'1) of the first three

hours.

16. Integrin Array

For the analysis of integrin proteins on the cell surface we used a o/p-Integrin-Mediated
Cell Adhesion Array Combo Kit (ECM532, Merck Millipore, Billerica, MA, USA) according to the
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manufacturer’s instructions. It contained mouse monoclonal antibodies generated against
human alpha and beta integrins/subunits, that were immobilized onto a goat anti-mouse
antibody coated microtiter plate. Cells were trypsinized and washed twice with PBS/EDTA
solution, counted and diluted to a final concentration of 1.5x10°cells/mL in assay buffer. From
this cell suspension, each well containing mouse anti-a- or anti-p-integrin received 100uL
containing 1.5x10° cells, as did the BSA-coated negative control wells. The plate was then
incubated during 2 hours at 37° - 5% CO, and washed with assay buffer. Cells were then
stained with a Cell Stain Solution (provided in the kit), incubated during 5 minutes and washed
with distilled water. Extraction buffer (100uL) was added to each well and left shaking during 5-
10 minutes. Fluorescence was measured in Microplate Fluorescence Reader Fluostar optima
using an exciting wavelength of 485nm and an emission wavelength of 520nm. Results
represent relative cell attachment and were presented as arbitrary fluorescence units and/or as

fold change versus control cells.

17. Statistical analyses

Statistical analyses were performed as an estimation of the associated probability to a
student’s t-test (95% confidence interval) or as a one-way ANOVA by Fisher’s Least Significant
Difference (LSD) method, depending on the involved conditions. In general, experiments were
carried out at least 3 independent times with 2-3 technical replicates. Data were represented as
mean +/- standard error of the mean (SEM). In all cases statistical calculation was developed

using GraphPad Prism software (GraphPad, San Diego).
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V. RESULTS Role of NOX4 in liver fibrosis

1. ROLE OF NOX4 IN LIVER FIBROSIS

1.1. Changes in NOX4 expression during liver fibrosis in

two different animal models

Mdr2”  mice represent a widely used model for experimental liver fibrosis
(Baghdasaryan et al., 2010; Barikbin et al., 2012) and are characterized by chronic liver injury
and large periductal accumulation of MFB. Similarly, Mdr2”"/ p19"*" double null mice (van Zijl
et al., 2009) displayed a fibrotic phenotype comparable to Mdr2” mice but importantly, apart
from being useful for the investigation of in vivo fibrosis development, they permit the isolation

of MFB for in vitro experiments that become immortalized upon loss of p19*% "

, @ gene involved
in the negative control of cell cycle (van Zijl et al., 2009). Mdr2”" mice and Mdr2""/ p19ARF'/' mice
develop spontaneous fibrosis characterized by periductal accumulation of collagen and MFB, as
well as an increased number of Kupffer cells (F4/80 positive). Of note, dying hepatocytes are
mostly detected in the surrounding tissue of these fibrotic areas. On the other hand,
Stat3"/Mdr2” mice represent a mouse model with conditional inactivation of Stat3 in
hepatocytes and cholangiocytes of Mdr2” mice (Mair et al., 2010). Loss of the hepatoprotective
transcription factor Stat3 strongly aggravated liver injury and fibrosis of the Mdr2" fibrotic
phenotype to premature lethality. The compensatory hepatocyte proliferation due to

parenchymal liver damage is severely reduced in this model.

Previous reports have indicated that several profibrotic genes are up-regulated at early
stages of fibrosis development in Mdr2"" mice, highlighting the major pro-fibrotic cytokine, TGF-
B (Fickert et al., 2004). Interestingly, the analysis by immunohistochemistry of the expression
levels of the NADPH oxidase NOX4, a well-known target of TGF-§, were found elevated in the
two fibrosis models studied (Mdr2”/ p19”°fF" and Stat3"® / Mdr2”" mice) in both hepatocytes
and fibroblastoid cells. In the case of hepatocytes, NOX4 expression was more intense in those
cells surrounding the MFB area (Figure 1). These data suggested that changes in the

expression of NOX4 occur in different experimental animal models of hepatic fibrosis.
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SCID Mdr2" | p19ARF-
_ 2w.o.» '

Figure 1. NOX4 expression is increased concomitant with fibrosis development in Mdr2” /
p19ARF” and Stat3:"° / Mdr2” mice. Representative 60x images of NOX4 immunohistochemistry of
livers from control and 2 or 7 weeks old mice models indicated.

p19°%"" mice are a tool for the isolation of cells that behave in culture as spontaneously

AR®F non-fibrotic livers and activated MFB

immortalized cells. HSC in an inactive state from p19
from Mdr2”"/ p19°%" fibrotic livers were isolated and used to analyse the expression of NOX4
in vitro, by quantitative PCR. MFB showed increased expression of NOX4 at the mRNA level
when compared to inactive HSC (Figure 2), suggesting that NOX4 may be induced during the

HSC activation process.
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Figure 2. Comparative analysis of Nox4 mRNA expression. Quantitative real time PCR of Nox4 in
HSC isolated from p19ARF'/' mice, in vivo activated MFB from Mdr2” / p19ARF'/' livers and wild-type
immortalized hepatocytes (Hep). Data represent the mean =+ SEM of three independent experiments,
where relative expression versus HSC was calculated. Student’s t-test versus HSC was used: *p<0.05,
**p<0.01.

In addition, and corroborating the results at the tissue level where the most positive
cells were hepatocytes surrounding fibrotic areas, much more positive than the fibrotic areas
per se, immortalized hepatocytes showed much higher NOX4 expression when compared to
HSC or MFB (Figure 2).
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1.2. Effect of silencing NOX4 in the activation of HSC to
MFB in response to TGF-§

Since NOX4 seemed to increase during the transdifferentiation process of HSC to MFB
and its role in this process is completely unknown, we decided to focus our study on the
potential role of NOX4 in the in vitro activation of HSC by TGF-f. For this purpose, HSC isolated

ARF mice were used. As expected, TGF-p treatment induced HSC activation, featured

from p19
by increase in the mRNA levels of a-SMA (Acta2) and vimentin, and the extracellular matrix
genes collagen | and fibronectin, which was accompanied by NOX4 up-regulation. The same
panel shows that all these changes in gene expression induced by TGF-f3 were inhibited when
NOX4 was knocked-down by means of a siRNA, in cultured HSC cells (Figure 3A). In order to
confirm the role of NOX4 and to determine whether NOX4 ROS production is responsible for
mediating the transdifferentiation of HSC to MBF, cells were pre-treated with a permeable form
of glutathione (GEE) to counteract ROS effects, and DPI, a well-known inhibitor of NADPH
oxidases and other flavoproteins. Results showed attenuation on the changes in gene
expression addressed by TGF-f in HSC, highlighting a relevant role played by ROS, and more

specifically, NOX-derived ROS, in the activation of HSC (Figure 3B).
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Figure 3. Attenuation of Nox4 function and antioxidant treatment, inhibit TGF-§ dependent
activation of HSC. Semi-quantitative PCR of the genes indicated from p19ARF'/' HSC cells transfected
with either an unsilencing siRNA (Ctrl) or a specific siRNA for Nox4 (Nox4 siRNA) and then treated or not
with 2ng/mL TGF-p during 48 hours (A) and from p19ARF” HSC cells pre-incubated during 30 minutes
with 2mM GEE or 1uM DPI, as indicated in the figure, before adding 2ng/mL TGF-f for 48 hours (B). 18S
was used as loading control. A representative experiment out of 3 is shown. Since HSC are very sensitive
to serum deprivation, all experiments were carried out in the presence of 10% FBS.
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1.3. Effect of silencing NOX4 in the response of
hepatocytes to TGF-g in terms of cell death

Finally, and considering the high expression of NOX4 in hepatocytes, we decided to
study the putative role of NOX4 in TGF-B-induced effects in these cells. As shown in Figure 4A,
NOX4 expression was significantly up-regulated upon TGF-p treatment, reaching the maximum
protein level at 24-48 hours after treatment. It has been previously reported in several
experimental models that induction of apoptosis by TGF-f is impaired when NOX4 is knocked-
down. Thus, we decided to study whether it also occurs in our model. By determining the
caspase-3 activity by means of a fluorimetric assay, we confirmed that also in hepatocytes,
NOX4 silencing completely blocked the TGF-g-induced apoptosis (Figure 4B). Interestingly,
supplementation of cell culture medium with either antioxidants (GEE and BHA) or a general
inhibitor of NADPH oxidases (DPI) blocked TGF-g-induced ROS production (Figure 4C) and
caspase-3 activation in hepatocytes (Figure 4D), highlighting the relevance of NOX derived

ROS in the apoptosis induced by TGF-f in hepatocytes.
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Figure 4. NOX4-derived ROS mediate TGF-f induced apoptosis in hepatocytes. A) Nox4 protein
levels, analysed by western blot, in hepatocytes after treatment with 2ng/mL TGF-p for the times indicated
in the figure. A representative experiment is shown (N=2). B) Analysis of caspase-3 activity in hepatocytes
transfected with either an unsilencing siRNA (Ctrl) or a specific siRNA for Nox4 (Nox4 siRNA) and treated
or not with 2ng/mL TGF-f for 16 hours. C) Analysis of the intracellular content of ROS through a
fluorimetric assay as detailed in material and methods section, after 3 hours treatment with TGF-3. D)
Analysis of caspase-3 activity after 16 hours treatment with TGF-f. In (C) and (D), hepatocytes were pre-
incubated during 30 minutes with 2mM GEE, 1uM DPI or 200uM BHA, as indicated in the figure, before
adding 2ng/mL TGF-B. Data in (B), (C) and (D) represent the mean =+ SEM of three independent
experiments. Student’'s t-test comparing TGF-p-treated versus non-treated cells in all pre-treatment
conditions was used in (C) and (D): *p<0.05.
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V. RESULTS Phenotypic characterization of human HCC
cell lines: Relevance of TGF-§ pathway

2. ROLE OF NOX4 IN LIVER CARCINOGENESIS

2.1. Phenotypic characterization of human HCC cell

lines: Relevance of TGF- pathway

Considering the relevance of TGF-p pathway in cancer, including liver cancer, and the
high heterogeneity both clinical and molecular, described in HCC patients, we wanted to
characterize different human HCC cell lines in terms of morphology, actin cytoskeleton and
EMT markers, and try to elucidate whether TGF-$ would play a role in determining this

heterogeneity.

Huh7 Hep3B PLC/PRF/5 SNU449

E-cadherin / DAPI

Vimentin / DAPI
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Figure 5. Expression of epithelial and mesenchymal proteins differs within human HCC cell lines.
A) Immunofluorescence of E-cadherin (green) and vimentin (green). DAPI (blue) was used for nuclei
staining. Representative 40x images are shown. B) Analysis of E-cadherin and vimentin protein levels by
western blot. GAPDH was used as a loading control. A representative experiment is shown (N=3). HCC
cell lines are detailed in each panel.

In order to have a representative sample of the wide range of phenotypes existing in

HCC, we selected five different human HCC cell lines whose characteristics are detailed in
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material and methods. To begin with, we performed an immunofluorescence of E-cadherin, a
well-known protein characteristic of epithelial cells, and of vimentin, a mesenchymal
intermediate filament (Figure 5A). We observed a correlation between the decrease of
epithelial markers and the appearance of cells expressing mesenchymal markers. Furthermore,
we can apparently divide the cell lines in two different groups: on the one hand, Huh7,
PLC/PRF/5 and Hep3B cells displayed a mixed phenotype, showing both epithelial and
mesenchymal characteristics at the same time; while on the other hand, immunofluorescence in
SNU449 and HLF cells revealed a full mesenchymal phenotype, since they expressed huge
amounts of vimentin without any detection of E-cadherin in cell-to-cell contacts. In addition,
western blot analysis of the same EMT markers confirmed the results obtained by

immunofluorescence (Figure 5B).

To further characterise the HCC cell lines, we did an actin cytoskeleton staining of cells
cultured under basal conditions (Figure 6). Not surprisingly considering the differences
observed in adherent junctions and intermediate filaments, actin structures differ between HCC
cell lines. Thus, PLC/PRF/5 cells actin cytoskeleton was structured mainly as cortical F-actin,
although some of the cells also showed filopodia. Something similar in terms of filopodia was
observed in Huh7 cells. Stress fibres were present in all cell lines. However, its appearance
differed between them; on the one hand, both PLC/PRF/5 and Huh7 cells showed few and thin
stress fibres, while on the other hand, HLF and SNU449 showed bigger amount of robust, long
and thick stress fibres. In contrast, Hep3B cells showed long and thin stress fibres, in addition to

membrane ruffles. Moreover, lamellipodia could be observed in some SNU449 cells.

Huh7 Hep3B PLC/PRF/5 HLF SNU449

40x

100x

100x

Figure 6. Analysis of actin cytoskeleton structures in different human HCC cell lines. Symbols
indicate different actin structures: * stress fibres, + lamellipodia, # filopodia and $ membrane ruffles.
Representative 40x images are shown (N=3). From 40x images, 100x zoom of specific zones is shown.
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HCC cell lines used in this work had already been described to respond with different

gene expression profiles to TGF-p treatment (Coulouarn et al., 2008). Interestingly, the three
cell lines holding a mixed phenotype belonged to a group called “early”, suppressive responders
to TGF-B, while the two other cell lines belonged to a group where the cytokine provoke a “late”,

pro-tumorigenic response, inducing a more migratory and invasive phenotype.

Upon TGF-p treatment, cells showing epithelial characteristics responded to the
cytokine as a cytostatic factor, whereas cells with a mesenchymal-like phenotype did not arrest
proliferation in the presence of TGF-f (Figure 7A). This behaviour further confirms the previous
classification of these cell lines according to the TGF-f signature (early for Huh7, PLC/PRF/5
and Hep3B and late for SNU449 and HLF). In an attempt to understand what would happen in
vivo, we wondered whether HCC cells were expressing autocrine TGF-# and whether this
production could play a role in determining the cell phenotype. Quantitative analysis of mMRNA
expression revealed a correlation between TGF-§ levels, the acquisition of a mesenchymal
phenotype and the lack of response to the cytokine as a tumour suppressor (Figure 7B). Of
note, cells with higher expression of TGF-§ were the same ones showing a robust actin

cytoskeleton with many thick and long stress fibres.
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Figure 7. Mesenchymal-like phenotype in HCC cell lines correlates with resistance to TGF-8-
induced suppressor effects and increased expression of TGF-g. A) Cell viability analysed by crystal
violet, after 48 hours treatment with TGF-$ 2ng/mL. Data were calculated relative to zero time and
represent the mean = SEM of at least 6 independent experiments. Student’s t-test versus zero time for
each cell type was used: ***p<0.001. B) TGFB1 expression levels analysed by quantitative PCR. Data are

mean + SEM of 5 independent experiments. One way ANOVA versus PLC/PRF/5 cells was used:
***p<0.001.

At this point we analysed whether the autocrine stimulation of the TGF-f pathway is
determinant for cell phenotype by stable silencing the expression of TGF- receptor 1

(TGFBR1), transfecting Hep3B cells with specific shRNA. Briefly, a pool of four different
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plasmids containing a shRNA sequence against TGFBR1 were transfected, in addition to an
unsilencing shRNA, using MATra-A reagent. After 24 hours the media was changed to complete
media and the following day we started the selection of stable transfected cells by adding
puromycin into the cell culture, as explained in material and methods. As shown in Figure 8A
and B, both mRNA and protein TGFBR1 levels were significantly decreased in silenced cells
compared to control cells. Furthermore, cells also presented lower levels of phospho-SMAD2, a
downstream target of the canonical TGF-f pathway. Interestingly, TGFBR1-silenced Hep3B
cells showed increased mRNA and protein levels of E-cadherin, which presented a pericellular
distribution, forming cell-to-cell contacts (Figure 8C-D).
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Figure 8. Stable silencing of TGFBR1 recovers the epithelial phenotype. Hep3B cells were stable
transfected with an unspecific shRNA (shCtrl) or a pool of four different shRNA against TGFBR1
(shTGFBR1). A) Analysis of TGFBR1 expression by quantitative PCR. B) Western blot analysis of
TGFBR1 and pSMAD2. B-actin was used as a loading control. A representative experiment is shown
(N=3). C) Analysis of E-cadherin (CDH1) expression by quantitative PCR. D) Immunofluorescence of E-
cadherin (green), vimentin (green) and F-actin (red). DAPI (blue) staining was used to visualize the
nuclei. Representative 40x images are shown (N=3). Data in (A) and (C) represent the mean + SEM of 3

independent experiments. Student’s t-test versus control (unspecific-shRNA-transfected cells) was used:
**p<0.01, ***p<0.001.

shTGFBR1

In addition, we found an apparent decrease in the expression of vimentin and a

reorganization of the actin cytoskeleton, showing knock-down cells fewer stress fibers as well
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as pericellular redistribution of F-actin, compared to control transfected Hep3B cells (Figure
8D).

In order to assess whether these changes on cell morphology had functional relevance,
we performed a migration assay through the xCELLigence system. Importantly, silencing of

TGFBR1 significantly decreased the migratory capacity of Hep3B cells (Figure 9).
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Figure 9. Stable silencing of TGFBR1 inhibits cell migratory capacity of Hep3B cells. Analysis of
cell migration through a real-time migration assay (xCELLigence System). Data represent the mean =
SEM of 3 independent experiments. Student’s t-test versus control (unspecific-shRNA-transfected cells)
was used: **p<0.01.

In summary, mesenchymal-like phenotype in HCC cell lines correlates with increased
autocrine stimulation of TGF-p pathway and resistance to TGF-f suppressor effects.
Furthermore, targeting knock-down TGFBRI recovers epithelial features at the same time that

decreases the migratory capacity of the cells.
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2.2. Crosstalk between the TGF-f pathway and NOX4 in

human HCC cell lines

It starts to be well established that in many systems TGF-$ induces the expression of
the NADPH oxidase NOX4. Indeed, previous works from our group described that TGF-p
induces the expression of NOX4 in hepatocytes and HCC cells. Furthermore, we also
demonstrated that the induction of NOX4 is necessary for the apoptosis induced by the cytokine
(Carmona-Cuenca et al., 2008; Caja et al., 2009). Intriguingly, when we analysed the
expression levels of NOX4 in the different human HCC cell lines, and tried to correlate them
with the autocrine activation of TGF-f pathway, instead of a direct correlation we found an
inverse correlation between NOX4 and TGF-f expression levels. Cells displaying epithelial-like
features, that showed lower levels of TGF-B, presented high levels of NOX4 expression,
whereas on the contrary, mesenchymal-like cells presenting higher levels of TGF-§ showed
lower mRNA levels of NOX4 (Figure 10).
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Figure 10. Inverse correlation between TGF-f and NOX4 expression in human HCC cell lines.
Analysis of TGF-f (A) and NOX4 (B) expression levels by quantitative PCR. Data represent the mean =
SEM of at least 3 independent experiments. One way ANOVA versus Huh7 cells was used: **p<0.01,
***p<0.001.

Importantly, immunofluorescence analysis in normal hepatocytes (CHL) and different
HCC cell lines (PLC/PRF/5, Hep3B and HLF) revealed that NOX4 is down-regulated in
transformed cell lines when compared to normal cells (Figure 11).
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Figure 11. NOX4 is down-regulated in HCC cell lines. A) NOX4 (green) and DAPI (blue) staining in
human hepatocytes (CHL) and human HCC cell lines (PLC/PRF/5, Hep3B and HLF). B) Quantification of

NOX4 fluorescence per cell represented as percentage versus CHL. Data are mean + SEM (N=3, 3
images/experiment) and Student’s t-test versus normal hepatocytes (CHL) was used: *p<0.05, **p<0.01.

In an attempt to find an explanation for this unexpected result we wondered whether
NOX4 expression levels on basal culture conditions were dependent on the autocrine TGF-f
levels. If so, blocking the TGF-f3 pathway would have an impact on NOX4 expression. Thus, we
decided to examine NOX4 protein levels in cells silenced for TGFBR1. Interestingly, in
PLC/PRF/5 and Hep3B cells, which increased NOX4 expression upon TGF-§ treatment
(Carmona-Cuenca et al., 2008), knocking-down of the TGF-f receptor 1 provoked a decrease in

NOX4 levels when compared to control cells (Figure 12).

PLC/PRF/5 Hep3B
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Figure 12. Stable silencing of TGFBR1 decreases NOX4 levels in early TGF-g signature HCC cells.
Western blot analysis of NOX4 in PLC/PRF/5 and Hep3B cells silenced for TGFBR1. B-actin was used as
a loading control. A representative experiment is shown (N=4).
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However, when the effect of cancelling TGFBR1 on NOX4 levels was analysed in
SNU449 and HLF, results revealed the opposite outcome, NOX4 expression was increased
after blocking TGF-p pathway (Figure 13A). These data brought us to think that in these cell
lines, the response to TGF-p treatment might be different. Indeed, when we treated these cells
with TGF-f, surprisingly again, but in accordance to the results obtained upon blockage of the
pathway, TGF-p decreased the expression levels of NOX4 in SNU449 and HLF cells (Figure
13B).
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Figure 13. Effect of TGF-§ on NOX4 levels in late TGF-f signature HCC cells. A) Western blot
analysis of NOX4 in SNU449 and HLF cells silenced for TGFBR1. B) Western blot analysis of NOX4 in
SNU449 and HLF cells after TGF-p treatment (2ng/mL). B-actin was used as a loading control. A
representative experiment is shown (N=3).

At this point it is important to remember that TGF-§ plays a dual role in some cancers,
including HCC. It is shown in here (Figure 7A), and it was previously suggested by Coulouarn
et al., that PLC/PRF/5 and Hep3B cells respond to TGF-f as a suppressor factor, while SNU449
and HLF display a late TGF-§ signature, where TGF-f behaves as a pro-tumorigenic cytokine.
Therefore, we can speculate that NOX4-TGF-f correlation might be cell context dependent,
being a direct correlation during early stages of hepatocarcinogenesis, when TGF-§ still acts as
a tumour suppressor, but an inverse correlation in advanced stages when TGF-p already
behaves as a tumour promoter. However, further experiments are needed to confirm this

hypothesis.
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2.3. Role of NOX4 as a negative regulator of

proliferation

2.3.1. In vitro analysis of the effect of silencing NOX4 on the

proliferation of liver tumour and untransformed cells

Considering the relevance of NOX4 in liver fibrosis presented in previous sections, one
might think of the convenience of NOX4 targeting drugs to be used as therapeutic tools in this
disease. However, we wondered which would be the consequences of sustained treatment with
NOX4 inhibitors in liver carcinogenesis. We cannot forget that HCC usually develops in a

background of a chronic liver disease such as fibrosis and cirrhosis.

In order to address this question, NOX4 was targeted knock down with specific ShRNA
in different HCC cell lines. We used the human HCC cell lines PLC/PRF/5 and Hep3B, not only
because they express high levels of NOX4 but also because they respond to TGF-f with an
early tumour suppressor signature, thus we could consider them as representative of the first
steps of tumour development. Cells were transfected with four different plasmids of NOX4
shRNA, as well as with a plasmid control, following the procedure explained in material and
methods section. Stable silenced clones were selected for the future experiments. In Figure 14
are shown the best silenced clones for each cell line: clone #1 for PLC/PRF/5 and clones #2
and #3 for Hep3B cells. NOX4 levels were evaluated by western blot (A) and
immunofluorescence (B), using a NOX4 antibody generated by our laboratory. Both assays
showed a high reduction of NOX4 protein levels in the selected clones, when compared to cells

transfected with the control shRNA.
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Figure 14. Molecular analyses of the stable silencing of NOX4 in two human HCC cell lines. Human
HCC cells PLC/PRF/5 and Hep3B were stably transfected either with an unsilencing shRNA (shControl)
or with four different plasmids against NOX4, separately. Best-silenced clones were selected: in
PLC/PRF/5, clone#1: shNOX4(#1); in Hep3B, clones #2 and #3: shNOX4(#2) and shNOX4(#3),
respectively. A) Up: Analysis of NOX4 protein levels by Western blot. $-actin was used as loading control.
Down: Densitometric analysis of at least 3 independent experiments. Data are mean + SEM and
Student’'s t-test versus control (unspecific-shRNA-transfected cells) was used: *p<0.05. B)
Immunofluorescence analysis of NOX4 (green) in control and NOX4 silenced cells. A representative
experiment of 3 is shown.

Considering the NOX4 silencing achieved by the targeting knock-down, it was not
surprising to find a decrease in intracellular ROS levels, when they were determined through
H,DCFDA fluorescence analysis, as well as in extracellular hydrogen peroxide levels, through
Amplex Red assay (Figure 15A). Neither the analysis of mitochondrial superoxide using the
MitoSOX Red reagent nor the analysis of intracellular superoxide through DHE fluorescence

indicator showed differences between NOX4 targeted knock-down cells and control cells,
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meaning that hydrogen peroxide was the main ROS source modified by silencing NOX4 in HCC
cells (Figure 15B).
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Figure 15. Analysis of ROS production in NOX4 silenced cells. A) Intracellular ROS levels
(H.DCFDA) and extracellular hydrogen peroxide levels (Amplex Red) analyzed fluorimetrically. B)
Mitochondrial (MitoSOX) and intracellular superoxide (DHE) levels analyzed fuorimetrically. Left panels
correspond to PLC/PRF/5 cells, right panels to Hep3B cells. Data are represented as percentage versus
shControl and they are mean + SEM of at least 3 independent experiments. Student’s t-test versus
control (unspecific-shRNA-transfected cells) was used: *p<0.05, **p<0.01, ***p<0.001.

Interestingly, it appears that NOX4 silencing does not provoke a massive change in
protein oxidation but on the contrary, only specific changes were detected by using an antibody
against nitrotyrosilated proteins (Figure 16). The nitration of tyrosyl groups in proteins, which is
usually due to its reaction with peroxynitrite (ONOQO") species that are produced as a
consequence of the reaction of nitric oxide (NO-) with ROS, modifies protein activity either in a
loss or gain of function. Thus, nitration can contribute to signal transduction mechanisms

(Kalyanaraman, 2013).
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Figure 16. NOX4 knock-down induces specific changes in protein nitration. Western blot analysis of
protein nitration in tyrosyl groups by using an anti-nitrotyrosine antibody. A representative experiment out
of 3 is shown.
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To further confirm the NOX4 silencing, we decided to analyse the loss of NOX4 function
in Hep3B cells. We evaluated the cell response to TGF-f in terms of apoptosis, a process that
requires NOX4 (Carmona-Cuenca et al., 2008). As expected, TGF-B-induced activation of
caspase-3 was significantly diminished in both clones where NOX4 was knocked-down (Figure
17).
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Figure 17. Functional analysis of the stable silencing of NOX4 in HCC cells. Caspase-3 activity
analysis after 24 hours of TGF-f treatment (2ng/mL) in Hep3B shControl versus shNOX4(#2) and
shNOX4(#3) cells. Data are mean + SEM of 3 independent experiments. Student’s t-test versus TGF-f
treated shControl cells was used: **p<0.01, ***p<0.001.

Once the working model was verified, we first decided to analyse the effect of cancelling
NOX4 on in vitro growth of HCC cells. For this, we performed experiments to compare the
proliferative capacity of NOX4 silenced cells versus their respective control. Growth capacity
was determined by performing several assays. To start with, increase in cell number upon time
was assessed by crystal violet staining. Both cell lines (PLC/PRF/5 and Hep3B) showed a
higher increase in the number of cells after NOX4 knock-down. Afterwards, DNA synthesis was
analysed as [3H]—Thymidine incorporation into TCA-precipitable material and, again, NOX4
silenced cells displayed a significant increase in proliferation compared to control cells. Finally,
proliferating cells were determined by immunofluorescence of Ki67. Ki67 is an excellent marker
for determining the growth fraction of a given cell population since it is a protein that can be
detected during all active phases of the cell cycle (G4, S, G, and mitosis) and is absent in
resting cells (Go) (Scholzen and Gerdes, 2000). Once more, reduction in NOX4 levels was
coincident with increased number of Ki67 positive proliferating cells. Thus, all assays performed

pointed to a significantly increased growth capacity in NOX4 knocked-down cells (Figure 18).
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Figure 18. Stable silencing of NOX4 confers a proliferative advantage to human HCC cells.
Comparison of the proliferative capacity of NOX4 silenced cells (shNOX4) versus cells transfected with
an unspecific shRNA (shControl). The cell line and the shNOX4 used are detailed in each panel. A)
Number of viable cells analyzed by crystal violet at the times indicated in the figure. Results are
expressed as percentage of increase relative to zero time. B) DNA synthesis analyzed as [3H]-Thymidine
incorporation (48h) and expressed as percentage of the control (unspecific-shRNA-transfected) cells. C)
Ki67 immunofluorescence; quantification of the positive nuclei expressed as percentage of total nuclei
number. Data are mean + SEM of 3 independent experiments. Student’s t-test versus control (unspecific-
shRNA-transfected) cells was used in (B) and (C): *p<0.05, **p<0.01, ***p<0.001.

Enhancement in cell proliferation correlated with significant lower percentage of cells in
G1-phase of the cell cycle and significant increase in the percentage of cells in S-phase (Figure
19A). Previous reports had proposed a role for NOX4 in TGF-p-induced senescence through
up-regulation of p21°*' and p15™** (Senturk et al., 2010). For this, we decided to analyse the

expression of these cyclin-dependent kinase inhibitors. We found that attenuation of NOX4
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expression provoked a decrease in the transcript levels of CDKN1A (p21°®") (Figure 19B).
Correlating with this, analysis of Cyclin D1 protein by Western blot revealed higher levels in

NOX4 silenced versus control cells (Figure 19C).

PLC/PRF/5
100% - 100% 1
[ ] .
80% - I *k 80% -
60% - 60% 1
oG2/M oG2/M
*o%k J
40% A os 40% os
aG1 aG1
20% - 20% 1
0% - 0%
\ A) o\ 3)
WO AW WO
o 0
R\ 5““0‘1\ oG 5“‘.\0‘/\
G1 S G2/M G1 S G2/M
shControl |64.8+22 |285+0.8 66+22 ||shControl |735%42 |[165+25 10.0 £4.4

ShNOX4(#1) 52.1+1.6 *(345+07 * | 13.4+1.0 shNOX4(#3) 574+14+|283+1.0* | 143+15

B PLC/PRF/5 Hep3B
1.2 14
S c
2 4 9 12
2 2
S 8 08 S
o *%k%* 2 0.8 1
S5 06 S5 o6 - >
©$ 044 ©2 041
% 0.2 % 0.2 4
X g . \ € g . 3
W S
5\‘00“ 5\\“0* o0 5“\’\0*
C PLC/PRF/5 Hep3B
shControl shNOX4(#1) shControl shNOX4(#3)
- 10 30 - 10 30 FBS (min) - 10 30 - 10 30
—— — — — — cyclinD1| ---|

W — — — | (-actin |-~..-|

Figure 19. Stable silencing of NOX4 increases the proportion of HCC cells in proliferating phases
of the cell cycle. The cell line and the shNOX4 used are detailed in each panel. A) Analysis of the
percentage of cells in the different phases of the cell cycle in control and NOX4 silenced (shNOX4) cells.
B) Analysis of CDKN1A expression by quantitative PCR. C) Analysis of Cyclin D1 by Western blot at 10
and 30 minutes after 10% FBS stimulation. (C) shows a representative experiment (N=3). Data in (A) and
(B) are mean + SEM of at least 3 independent experiments. Student’s t-test versus control (unspecific-
shRNA-transfected) cells was used: *p<0.05, **p<0.01, ***p<0.001.
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Interestingly, by immunofluorescence analyses, HCC cells where NOX4 expression was
knocked-down showed higher nuclear localization of f-catenin, which was coincident with a
decrease in the expression levels and/or membrane localization of E-cadherin (Figure 20). It is
well characterized that under conditions of strong adhesion, cadherins and B-catenin interact in
cell-to-cell adhesion complexes, forming a cluster together with actin filaments. However, when
adhesion is lost, cadherins are de-clustered, connections with the cytoskeleton are dissolved
and p-catenin is translocated to the nucleus where modifies gene expression, being Cyclin D1,
a key inducer of transition from G4 to S phase of the cell cycle, one of its target genes (Fagotto,
2013; Monga, 2014).

PLC/PRF/5 Hep3B
shControl shNOX4(#1) shControl shNOX4(#3)

p-catenin

E-cadherin / DAPI

Figure 20. NOX4 knock-down promotes f-catenin translocation to the nucleus.
Immunofluorescence analysis of B-catenin (green), E-cadherin (green). DAPI (blue) was used to detect
the nuclei. Representative 40x pictures are shown (N=3).

In order to know whether the role of NOX4 in controlling proliferation was a specific
characteristic of tumour cells or it also occurs in untransformed cells, experiments of transient
targeting knock-down of NOX4 were performed in the untransformed human hepatocyte cell line
Chang Liver (CHL) and in an immortalized mouse hepatocyte cell line. As shown in Figure 21,
silencing of NOX4 (A), which correlated with a significant decrease in the intracellular ROS

levels (B), significantly increased the growth of both cell lines (C).
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Figure 21. NOX4-targeted knock-down increases proliferation in both human and mice
hepatocytes. CHL cells and mice hepatocytes were transfected with an unsilencing siRNA (siUns) or a
specific NOX4 siRNA (siNOX4). A) Analysis of NOX4 mRNA expression by quantitative PCR. B) Analysis
of intracellular ROS levels (DCFDA). C) Number of viable cells analyzed by crystal violet at the indicated
times. Results are expressed as percentage of increase relative to zero time. Data are mean + SEM of 3
independent experiments. Student’s t-test versus control (unspecific-siRNA-transfected) cells was used:
**p<0.01, ***p<0.001.

All these results indicated that NOX4 negatively controls the proliferation of liver tumour

and untransformed cells.

2.3.2. Nox4 expression is down-regulated during Iliver

regeneration after partial hepatectomy in mice

Since results described above indicated an inverse correlation between NOX4
expression and liver cell growth in in vitro experiments, we hypothesized that NOX4 expression
may inversely correlate with hepatocyte proliferation under physiological and/or pathological
situations where proliferation of liver cells takes place. To confirm this hypothesis, changes in
the expression of NOX4 were studied after 2/3 partial hepatectomy in mice, situation that
pushes hepatocytes to leave Gy phase of the cell cycle to proliferate and regenerate the liver.
As shown in Figure 22A, partial hepatectomy provoked a down-regulation of Nox4 expression
between 2 and 72 hours, completely recovered after 7 days, without changes in p22phox
expression, correlating with lower NOX4 protein levels in hepatocytes, analysed by

immunohistochemistry (Figure 22B).
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Figure 22. Down-regulation of NOX4 during liver regeneration after partial-hepatectomy in mice. A)
Analysis of Nox4 and p22phox mRNA expression by quantitative PCR at the indicated times after partial-
hepatectomy. B) Immunohistochemistry of Nox4 at the indicated times after partial-hepatectomy. Data in
(A) are mean + SEM of at least 3 mice per group. Student’s t-test versus control was used: *p<0.05,
**p<0.01, ***p<0.001.

This effect on NOX4 expression preceded the peak of maximal DNA synthesis in

hepatocytes (Figure 23). Thus, in vivo liver cell proliferation correlates with a decrease in Nox4

expression.
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Figure 23. NOX4 down-regulation during liver regeneration after partial-hepatectomy precedes the
peak of maximal DNA synthesis in hepatocytes. A) Immunohistochemistry of Ki67 at the indicated
times after partial-hepatectomy. B) Quantification of the percentage of Ki67 labeled nuclei. Data in (B) are
mean + SEM of at least 3 mice per group. Student’s t-test versus control was used: *p<0.05, **p<0.01.
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2.3.3. Inverse correlation between Nox4 expression and liver

tumour progression in experimental animal models

The treatment of mice with a single dose of DEN at day 15 of age provokes a situation
of liver injury that develops in the appearance of liver tumours between 9 and 12 months of age
in mice. As a control, mice of the same age were treated with PBS. The appearance of tumours
was microscopically observed in all mice at 9 months of age, but macroscopic masses were
observed at 12 months. At 6 months of age, already half of the animals treated with DEN

showed microscopic tumours. Importantly, no tumours were found in any of the control animals

(Figure 24).

[ [l 1 [l
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PBS or DEN Injection Harvest Harvest Harvest
B Tumour Incidence
Treatment 6 months 9 months 12 months
PBS 0% 0% 0%
DEN 50% 100% 100%
C PBS  DEN
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Figure 24. Diethylnitrosamine (DEN) was used to induce HCC in mice. A) Scheme of the timing
followed to induce hepatocarcinogenesis in mice. B) Summary of tumour incidence in control (PBS) and
DEN-injected mice at 6, 9 and 12 months. C) Up: Representative images of livers 12 months after
injection. Down: Hematoxylin and Eosin (H/E) staining of 12 months old liver paraffin sections from both

control (PBS) and DEN injected mice.

Neoplastic areas with high proliferative cells were localized both by Hematoxylin and
Eosin and Ki67 staining (Figure 25A). Quantification of the Ki67 positive hepatocytes per field is
shown in Figure 25B, and it clearly confirmed the presence of high proliferative areas in DEN-
treated mice, which were not present in PBS-treated mice, where only few hepatocytes were

positive, as expected considering the low replicative rate of hepatocytes in adult liver.
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Interestingly, when Nox4 mRNA levels were analysed in the livers of DEN-treated mice, a
significant decrease of Nox4 expression was observed in 12 month-old animals, coincident with
the appearance of macroscopic liver tumours (Figure 25C). No significant differences between
control and DEN-treated mice were observed in earlier samples. These results indicated that in
vivo liver tumour cell proliferation also correlates with a decrease in Nox4 expression in an

experimental model of hepatocarcinogenesis in mice.
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Figure 25. Tumorigenesis in mice following DEN treatment is associated with decreased Nox4
expression. A) Serial sections immunohistochemistry of 12 months old mice livers. Up: Hematoxylin and
Eosin (H/E) staining section. Down: Immunohistochemistry of Ki67. B) Quantification of the number of
Ki67 labeled nuclei per field. C) Nox4 transcript levels analysed by quantitative PCR in control liver (PBS
treatment) versus tumoral tissues in animals at 6, 9 and 12 months of age. Data represent mean + SEM
(number of animals: 4 in control animals; 3 in DEN-treated animals; analysis in two different pieces of
tissue/animal). Student’s t-test was used: **p<0.01.

Considering all the results described above, we wondered whether the effect of
silencing NOX4 in terms of proliferation observed in vitro, would have relevance in in vivo
studies. We hypothesized that NOX4 silencing might increase the tumorigenic capacity of HCC

cells. To confirm so, the tumour formation and progression capabilities of control and NOX4
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knocked-down Hep3B cells were studied in xenograft experiments into athymic nude mice.
Briefly, as explained in material and methods, cells were subcutaneously injected in left flank of
the mice and tumour appearance and its progression were followed every two days until they
reached a size of 1000mm°. It is noteworthy that all the animals, both the ones injected with
control Hep3B cells and the ones injected with NOX4 silenced Hep3B cells, developed tumours
within the 20 days following injection. However, animals injected with cells NOX4 knocked-down
developed those tumours significantly earlier than mice injected with shControl transfected cells
(Figure 26A). Moreover, the measurement of tumour size revealed that tumour growth was
much quicker in those from Hep3B shNOX4 cells (Figure 26B). Maintenance of the NOX4
silencing in tumours from NOX4 knock-down HCC cells was corroborated by
immunohistochemical analysis of the paraffin embedded tumour tissues (Figure 27).
Additionally, a study of tumour morphology by Hematoxylin and Eosin staining revealed no
significant changes between tumours from NOX4 silenced cells and control cells, neither at

tissue structure nor at vasculature organization (Figure 27).
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Figure 26. Stable silencing of NOX4 in human HCC cells increases their tumorigenic capacity
when injected subcutaneously into athymic nude mice. A) Number of days after injection when
tumours appeared. B) Tumour volumes over time. Data are mean + SEM of at least 6 mice per group.
Student’s t-test versus control (unspecific-shRNA-transfected cells) was used: ***p<0.001.
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shControl shNOX4(#3)
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Figure 27. Analysis of NOX4 levels in subcutaneous tumours formed after injection of NOX4
silenced Hep3B cells in athymic nude mice. Hep3B cells stably transfected with a plasmid containing
either a shRNA against NOX4 (shNOX4(#3)) or an unsilencing sequence (shControl) were injected
subcutaneously into athymic nude mice. Representative images of subcutaneous tumours from shControl
and shNOX4 Hep3B cells. Up: Representative 40x images of NOX4 immunohistochemistry. Down:
Representative 10x images from Hematoxylin and Eosin (H/E) staining.

To sum up, results indicated that attenuation of NOX4 significantly increased cell
tumorigenic capacity, as tumours appeared earlier and reached a higher volume than those

induced by shControl Hep3B cells.

At this point, taking into account data from in vitro studies we considered likely that
increased proliferation would be responsible of the increased tumorigenic capacity, however, we
couldn’t discard that apoptosis could be playing a role as well. Thus, we performed
immunostainings of both Ki67, to analyse cell growth, and cleaved caspase-3 to address
apoptosis, in paraffin embedded tumours. Additionally, also caspase-3 activity was analysed by
a fluorimetric assay from tumour lysates. Results confirmed that increased rate in tumour
progression was in correlation with significant enhancement in tumour cell proliferation (Figure
28A). Number of apoptotic cells was low in both cohorts of tumours (Figure 28B) and when
caspase-3 activity was analysed in tissues, although a tendency to a decrease was observed in
the tumours originated from NOX4 knock-down cells, the effect was not statistically significant
(Figure 28C). Therefore, increase in proliferation was the main responsible of the increase in

tumorigenesis after NOX4 silencing, further confirming in vitro data.
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Figure 28. Increased tumorigenic capacity of NOX4 knock-down cells is due to increased
proliferation. A) Left: Immunohistochemistry of Ki67. Right: Quantification of the percentage of labeled
nuclei. B) Immunohistochemistry of cleaved caspase-3. C) Analysis of caspase-3 activity. In (A) and (B)
representative 40x images are shown. Data are mean + SEM of at least 6 mice per group. Student’s t-test
versus control (unspecific-shRNA-transfected cells) was used: **p<0.01.

2.3.4. Human liver tumours show decreased levels of NOX4
protein

Due to the observed effect of targeting knock-down NOX4 on liver tumour progression
in animal models, we next decided to evaluate NOX4 protein levels in tissues from human liver
tumours. A human tissue array that contained 65 samples (in duplicate) of liver tumours, from
which 62 were HCC, as well as 2 samples (in duplicate) of healthy tissue (as control) and 3
samples (in duplicate) of non malignant lesions, was used for immunohistochemical analysis of
NOX4 levels. It was evidenced that most of the HCC tissues showed lower NOX4 expression
when compared to the control samples or even when compared to the non-malignant lesions
(Figure 29A). Quantitative analysis corroborated decreased levels of NOX4 in most of the
tumour samples (Figure 29B). In 47% of the cases the ratio of NOX4 expression in tumour

versus healthy tissues was lower than 0.8 and in 13% of the cases lower than 0.5.
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Figure 29. NOX4 is down-regulated in human HCC tissues. A) Up: Macro overview of the NOX4
immunohistochemistry staining of the human liver tumour tissue array. Spots corresponding to healthy
donors, viral hepatitis patients, cholangiocarcinoma or hepatoblastoma are indicated. All the other spots
correspond to hepatocellular carcinoma. Down: Representative 40x images of one healthy liver spot and
two of HCC patients spots. B) Densitometric quantification of each HCC tissue spot versus healthy tissue.

Red line represents healthy tissue values.

Altogether, these results suggest that NOX4 might be a potential biomarker in HCC

patients, since most of the HCC tumours analysed showed decreased levels of the protein. In

addition, both in vitro and in vivo studies revealed that low NOX4 levels correlate with increased

cell proliferation.
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2.4. Role of NOX4 as a negative regulator of invasion

2.4.1. NOX4 is important for maintaining epithelial parenchymal

structures both in 2D and 3D cell culture systems

In addition to changes in the cell growth capacity, NOX4 stable silencing provoked a
change in the morphology of human HCC cells, as it is shown in Figure 30. Phase contrast
analysis of morphology in PLC/PRF/5 cells, which show an epithelial phenotype forming
parenchymal areas, suggested that NOX4 might have an effect on cell-to-cell adhesion, since in
those cells where NOX4 was silenced a more spindle appearance and disruption of
parenchymal structures were observed. In Hep3B cells, which show a mixed epithelial-

mesenchymal phenotype, the effect observed was milder compared to PLC/PRF/5 cells.

Hep3B PLC/PRF/5
shControl ~ shNOX4(#3) , shControl

shNOX4(#1)

Phase contrast

Figure 30. NOX4 silencing provokes changes in cell morphology. 20x representative bright-field
images of cells cultured at basal conditions on top of plastic.

Disruption of parenchymal structures was corroborated at the molecular level through
analysis of the expression and intracellular localization of proteins regulating cell-to-cell
adhesion. Results indicated that NOX4 targeted knock-down cells expressed lower mRNA
levels of E-cadherin, a component of adherent junctions, both in Hep3B and PLC/PRF/5 cells,
while N-cadherin expression was only decreased in PLC/PRF/5 (Figure 31A). In addition,
immunofluorescence staining of E-cadherin, as well as ZO-1 staining, which are components of
adherent junctions and tight junctions respectively, evidenced their lower presence in the cell
membrane of NOX4 silenced cells, indicating lower cell-to-cell contact areas in both cell lines
analysed (Figure 31B).
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Figure 31. NOX4 is important for maintaining cell-to-cell contacts. A) Analysis of CDH1 (E-cadherin)
and CDH2 (N-cadherin) expression by quantitative PCR. Data are mean + SEM of 4 independent
experiments. Student’s t-test versus control (unspecific-shRNA-transfected) cells was used: *p<0.05,
***p<0.001. B) Cell-to-cell contact imaging, by immunofluorescence of E-cadherin (green) and ZO-1
(green); DAPI (blue) used to detect nuclei. Representative 40x images are shown (N=3). The cell line and
the shNOX4 used are detailed in each panel.

In parallel to the study of cell-to-cell adhesion, we analysed the migratory capacity of
cells when NOX4 expression was attenuated, by using two different approximations. On the one
hand, a wound-healing assay pointed out that in both cell lines analysed (Hep3B and
PLC/PRF/5), NOX4 silencing provoked an increase in cell migration (Figure 32A). On the other
hand, real time monitoring of cell migration (xCELLigence System) also demonstrated that
cancelling NOX4 increased migration in both Hep3B and PLC/PRF/5 cell lines, being stronger
the effect on PLC/PRF/5 (Figure 32B), result not fully unexpected considering that the major

morphological differences were observed in this cell line (Figure 30 and 31).
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Figure 32. NOX4 depletion increases the migratory capacity of human HCC cells. A) Wound healing
assay (N=3). B) Real-time migration assay (xCELLigence system). Data are expressed as percentage
versus control (unspecific-shRNA-transfected) cells and they are mean =+ SEM of 3 independent
experiments. Student’s t-test versus control (unspecific-shRNA-transfected) cells was used: *p<0.05,
***p<0.001.

Cell movement is tightly related to cell shape and morphology since it determines the
mode of migration that cells adopt to invade surrounding tissues. Cancer cells disseminate from
the primary tumour to form metastasis, either as individual cells, using amoeboid or
mesenchymal type movement, or as cell sheets, strands and clusters using collective migration
(Friedl and Wolf, 2003). Among other characteristics, these types of movement differ on cell
adhesion requirements. Considering the morphological differences, as well as the changes in
cell-to-cell contacts observed by silencing NOX4, we hypothesized that NOX4 would be
regulating the kind of movement that HCC cells adopt to invade. Taking into account that
mechanisms driving cell movement might differ between 2D and 3D environments, we decided
to do a phenotypic characterisation of five different HCC cell lines (Huh7, Hep3B, PLC/PRF/5,
HLF and SNU449), when were seeded on a matrix of bovine collagen I, one of the main
components of the extracellular matrix that HCC cells have to invade to metastasize. These five

cell lines were the same ones previously characterized in a 2D system (Figure 5, 6 and 10). As
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a reminder, the three former cell lines showed a mixed phenotype, holding both epithelial and
mesenchymal characteristics, and high NOX4 expression, while the two latter showed a
mesenchymal-like phenotype and low NOX4 levels. Surprisingly, we found a wide range of
phenotypes among the human HCC cell lines studied when seeded on top of a thick layer of
collagen |, and the classification in two groups was not as evident as when we studied EMT
markers. Thus, Huh7 cells showed an elongated morphology, with a big number of long
protrusions, likely filopodia, while Hep3B and PLC/PRF/5 cells were mainly rounded. Cell lines
with low levels of NOX4 showed a mixed population; HLF tend to adopt a spindle-like
morphology although around 40% of the cells were rounded, while most of SNU449 cells were

rounded, only 20% of the cells were elongated (Figure 33).

100

80 1

60 -

40 -

% Round cells

20 1

Figure 33. High heterogeneity of phenotypes when HCC cell lines are cultured on collagen I. A) 20x
representative bright-field images of cells cultured on top of a bovine collagen | matrix. B) Quantification of
the percentage of round cells. Data are mean + SEM of at least 3 images from 3 independent experiments.

In addition, while HLF and SNU449 cells were individual, Huh7 and PLC/PRF/5 cells
(and in a less extend, Hep3B cells) tended to form groups of cells, correlating with higher NOX4
expression levels (Figure 34A). When the effect of cancelling NOX4 was analysed, results
revealed that there was a disruption of parenchymal structures formed by the parental cell lines
and most of the cells became individual when NOX4 was silenced (Figure 34B-C). Noteworthy
is that the remaining groups formed by NOX4 silenced cells were smaller (formed by fewer

cells) compared to the ones formed by control cells (Figure 34D).
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Figure 34. NOX4 is important for maintaining parenchymal structures. Cells were cultured on top of
a bovine collagen | matrix. The cell line and the shNOX4 used are detailed in each panel. A)
Quantification of the percentage of individual cells. B) 20x representative bright-field images of cells on
top of a bovine collagen | matrix. C) Quantification of the percentage of individual cells cultured when
NOX4 is knocked-down. D) Quantification of the number of cells per group. Data in (A), (C) and (D) are
mean = SEM of 3 independent experiments (5 pictures/experiment). Student’s t-test versus control
(unspecific-shRNA-transfected) cells was used: **p<0.01, ***p<0.001.
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2.4.2. NOX4 expression inversely correlates with the invasive

growth capacity of HCC cells

In order to analyse the relevance of the phenotypes observed among the different HCC
cell lines on their invasive behaviour in a 3D system, we started by determining the invasive
growth capacity of the cells when cultured as spheroids embedded in a collagen | matrix, one of
the main components of the extracellular matrix in the liver. Results revealed a huge difference
between epithelial-like and mesenchymal-like HCC cell lines. Cells with high levels of NOX4
showed much lower invasive growth capacity when compared to cells with low NOX4
expression. Thus, when considering Huh7, Hep3B and PLC/PRF/5 cells we could mainly see an
increase in the size of the spheroids when day zero and day four were compared. In the case of
HLF and SNU449 cells, we could observe that the rate of increase in the area occupied by the
spheroids was much faster, easily seen already at day two, in comparison to the other cell lines.
In addition, the spheroid structure of HLF and SNU449 cells was partially disrupted along time,
being possible to observe a great number of individual cells invading the collagen matrix,
phenomena difficult to observe in the other cases (Figure 35A). Importantly, NOX4 silencing in
Huh7, Hep3B and PLC/PRF/5 cells increased the invasive growth capacity of all of them
(Figure 35B), suggesting an inverse correlation between the invasive growth capacity and

NOX4 expression levels.

Proliferation, invasion, or both at the same time, can determine invasive growth capacity
of cells, making difficult to speculate which of those phenomena are involved in each of the
situations analysed. However, considering all the results previously exposed in this work, it was
reasonable to think that cell growth was involved in the effects observed, especially when
considering results from NOX4 silencing. Nevertheless, nothing was known about the possible

contribution of invasion to this process in our model.
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Figure 35. NOX4 expression inversely correlates with the invasive growth capacity of human HCC
cells. A) Representative images of the spheroids from Huh7, Hep3B, PLC/PRF/5, HLF and SNU449 cell
lines embedded in a bovine collagen | matrix. B) Up: Representative images of the spheroids from control
(shControl) and NOX4 silenced (shNOX4) cells. The cell line and the shNOX4 used are detailed in each
panel. Down: Quantification of the increase in area between day O and day 4. Student’s t-test versus
control (unspecific-shRNA-transfected) cells was used: **p<0.01, ***p<0.001 (N=2).
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2.4.3. NOX4 knock-down induces high actomyosin contractility
and increases the migratory and invasive capacity of

human HCC cells

Cell movement is not only determined by cell shape but also by actomyosin contractility.
Thus, an elongated “mesenchymal-like” mode of movement is characterized by cell polarization
and low actomyosin contractility, while rounded “amoeboid” mode of cell migration is driven by
high levels of actomyosin contractility. Collective migration requires high contractility but
differing from individual migration, it is necessary to maintain cell-to-cell contacts (Sanz-Moreno,
2012). Considering this, NOX4 would be a regulator of the mode of movement of cells because
of the differences observed in cell shape and cell-to-cell adhesion, and taking into account the
different behaviour of cells during the invasive growth assay, we decided to study the
contractility status of different HCC cell lines, as well as whether NOX4 silencing could modify it.
Actomyosin contractility was determined by analysing the percentage of blebbing cells, as well
as the protein levels of pMLC2 (phospho-MLC 2), a down-stream effector of the canonical
Rho/ROCK signalling, that represents a readout of high actomyosin contractility, in cells seeded
on top of a thick collagen | matrix. Results revealed an inverse correlation between actomyosin
contractility and NOX4 expression levels, being HLF and SNU449 the most contractile cell lines,
since they showed a high percentage of round cells with blebs (Figure 36A) and high levels of
pMLC2, when analysed both by western blot and immunofluorescence (Figure 36B-D).
Considering epithelial-like cells, PLC/PRF/5 were the most contractile ones (Figure 36). Of
note, protein levels of MLC2 were much higher in mesenchymal-like cells when compared to

epithelial-like cells (Figure 36B).

Interestingly, NOX4 stable silenced PLC/PRF/5 cells showed higher actomyosin
contractility, presenting increased percentage of blebbing cells, in addition to increased
phosphorylation of MLC2 (Figure 37). This effect on cell contractility was mild or not observed
in Huh7 and Hep3B cells (Figure 37).
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Figure 36. NOX4 levels inversely correlate with actomyosin contractility in human HCC cells. Cell
lines are detailed in each panel. A) Quantification of both the percentage of round cells and cells with
blebs. B) Analysis of the protein levels of pMLC2 and MLC2. Tubulin was used as a loading control. A
representative experiment is shown (N=4). C) Representative 40x confocal images of immunostaining of
pMLC2 (green), F-actin (red), and DAPI (blue) of HCC cells (N=3). D) Quantification of pMLC2
immunostaining intensity per cell surface. In all experiments cells were cultured on top of a bovine collagen
| matrix. Data in (A) and (D) are mean =+ SEM of 3 independent experiments (at least 5
pictures/experiment). One way ANOVA versus Huh7 cells was used in (A) and (D): **p<0.01, ***p<0.001.
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Figure 37. NOX4 silencing increases actomyosin contractility of PLC/PRF/5 cells. The cell line and
the shNOX4 used are detailed in each panel. A) Quantification of the percentage of cells with blebs. B)
Analysis of the protein levels of pMLC2 and MLC2. Tubulin was used as a loading control. A
representative experiment is shown (N=4). C) Representative 40x confocal images of immunostaining of
pMLC2 (green), F-actin (red), and DAPI (blue) of HCC (N=3). D) Quantification of pMLC2 immunostaining
intensity per cell surface. In all experiments cells were cultured on top of a bovine collagen | matrix. Data in
(A) and (D) are mean =+ SEM of 3 independent experiments (at least 5 pictures/experiment). Student’s t-
test versus control (unspecific-shRNA-transfected) cells was used: *p<0.05, **p<0.01, ***p<0.001.
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Once determined that low expression of NOX4 in HCC cells correlates with increased
contractility and that the fact of cancelling NOX4 expression could also increase actomyosin
contractility, we analysed its relevance in the migratory and invasive capacity of HCC cells. To
start with, we compared the migratory capacity of HCC cell lines by means of a chemotaxis
assay using 10% FBS as a chemoattractant. Eight hours after seeding the cells, only very few
HLF and SNU449 cells migrated to the lower chamber. Cells were let to migrate longer to
assess whether it was a matter of time, but after 24 hours, even though more HLF and SNU449
cells were counted in the lower chamber, no Huh7, Hep3B and PLC/PRF/5 cells were visualized
(Figure 38). In addition, we showed before that cancelling NOX4 expression increased
migration (Figure 32). At the same time, the wound-healing assay corroborated results from the
chemotaxis assay, since neither Hep3B nor PLC/PRF/5 showed high migratory capacity and the
scratch could still be visualized after 48 hours. Therefore, the most contractile cell lines were

also the most migratory ones.

70
60 -
50 1
40 -
30 1
20 1
10 1

Cells / field

R

& 3 <

As Q@Q O\QQ'
Q\'

R )
W
S

Figure 38. Low levels of NOX4 are coincident with high migratory capacity of human HCC cells. 24
hours chemotaxis assay using 10% FBS as a chemoattractant (N=1, in duplicates).

To asses the invasive capacity of cells, we used two different matrixes, collagen | and
collagen | / Matrigel mix (1:1). The protocol used is extensively explained in material and
methods but briefly, cells were seeded on the bottom of the corresponding matrix, and once the
matrix was polymerized, the chemoattractant was added on top and cells were let invade for 24
hours, a time short enough to avoid cell proliferation interference. Invading cells were
considered those found 50um above the bottom layer of cells. In accordance to migration,
results from the invasion assay revealed that invasive capacity was higher in those cells with
low NOX4 levels (HLF and SNU449), in both matrixes studied (Figure 39), correlating with
higher actomyosin contractility. These data suggested that NOX4 might be important for HCC
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cells invasion. Intriguingly, HLF were more prompted to invade collagen | matrix whilst SNU449
invaded preferentially the collagen | / Matrigel mixed matrix. By using 3D imaging we could
determine that SNU449 invading cells were rounded while spindle-like HLF cells were the ones
invading (Figure 40). Regarding epithelial-like cells, PLC/PRF/5 was the cell line with higher
invasive capacity, mainly in the collagen | / Matrigel matrix, accordingly to lower NOX4 levels

and higher contractility in comparison to the others (Huh7 and Hep3B) (Figure 39).
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Figure 39. Low NOX4 levels correlate with high invasive capacity in human HCC cells. Cell lines are
detailed in each panel. A) 3D invasion into a matrix of bovine collagen | / Matrigel mix (1:1) (Up) and
collagen | (Down). B) Quantification of the invasion into both matrixes. Data are expressed as fold increase
versus Huh7 cells and are mean + SEM (N=2 for collagen / Matrigel, N=4 for collagen). One way ANOVA
versus Huh7 cells was used: #p<0.05, ###p<0.001.
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SNU449

HLF

Figure 40. HCC cells adopt different morphologies when invading collagen | / Matrigel matrix. 3D
imaging of invading cells. Representative 10x images are shown (N=1, in quintuplicates).

NOX4 silencing did not increase Hep3B cell invasion but provoked a slight increase in
Huh7 and a huge increase in PLC/PRF/5 cell invasion capacity in both collagen | / Matrigel mix
and collagen | matrixes (Figure 41). Interestingly, 3D imaging determined that NOX4 silenced

cells invaded as rounded cells (Figure 42).

At this point, going back to the results obtained from the invasive growth assay (Figure
35), we would propose that increased invasion may contribute to the higher invasive growth
capacity of those cells with low NOX4 levels (HLF and SNU449), as well as in the increase in

invasive growth capacity of Huh7 and PLC/PRF/5 cells after NOX4 silencing.
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Figure 41. Cancelling NOX4 in human HCC cells increases their invasive capacity. The cell line and
the shNOX4 used are detailed in each panel. A) 3D invasion into a matrix of bovine collagen | / Matrigel
mix (1:1) (Up) and collagen | (Down). B) Quantification of the invasion into both matrixes. Data expressed
as fold increase versus their control (unspecific-shRNA-transfected) cells are mean + SEM (N=2 for
collagen / Matrigel, N=4 for collagen). Student’s t-test versus control (unspecific-shRNA-transfected) cells
was used: * (for collagen / Matrigel matrix) and # (for collagen matrix) p<0.05.
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Figure 42. NOX4 silenced Huh7 and PLC/PRF/5 cells invade the extracellular matrix as rounded
cells. 3D imaging of Huh7 and PLC/PRF/5 control (unspecific-shRNA-transfected) and NOX4 knock-
down cells invading a collagen | / Matrigel mix matrix. Representative 10x images are shown (N=1, in
quintuplicates).
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Rho GTPases family are key regulators of cell migration through their actions on actin
assembly and actomyosin contractility. Thus, rounded, amoeboid form of movement is driven by
high actomyosin contractility through Rho signalling, while Rac signalling is required for actin
assembly in elongated-protrusive movement (Sanz-Moreno and Marshall, 2010). Interestingly,
Cdc42 through different GEFs is capable of regulating both kinds of movement (Sanz-Moreno,
2012). Trying to elucidate the mechanism by which NOX4 is modifying the invasive capacity of
HCC cells, we analysed protein levels of different Rho GTPases and their effectors. Cells with
low NOX4 expression presented high expression of RhoA, RhoC and Cdc42 (Figure 43A), all
of them related to high cell contractility. By contrast, Hep3B cells, as well as HLF, showed high
levels of Rac1. No conclusive pattern was observed when ROCK | and ROCK |l were analysed,
though it appears clear that their expression is lower in Hep3B cells in comparison to all other
HCC cell lines studied. Interestingly, an increase in the expression of all Rho GTPases and their
effectors analysed was observed when NOX4 expression was cancelled in PLC/PRF/5 cells.
This effect was not observed as a consequence of NOX4 silencing neither in Huh7 nor in
Hep3B cells (Figure 43B). These data is in accordance with the differences observed in both
contractility and the invasive assay, where the major effects of silencing NOX4 were observed
in PLC/PRF/5 cells (Figure 37 and 41).
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Figure 43. NOX4 depletion increases the migratory and invasive capacity of human HCC cells by
modifying Rho GTPases expression levels. Representative western blot, out of 5 experiments, of Rho
GTPases, ROCK | and ROCK Il of Huh7, Hep3B, PLC/PRF/5, HLF and SNU449 cells (A) and NOX4
silenced Huh7, Hep3B and PLC/PRF/5 cells (B). GAPDH and tubulin were used as loading control.
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Changes at protein level may be due to either modifications in transcription or
alterations in protein translation or degradation. We analysed Rho GTPases expression at
mRNA level by quantitative PCR. Preliminary data suggested that there is already a
transcriptional regulation since similar patterns were observed at protein and mRNA level.
However, these results are not sufficient to discard also a possible post-transcriptional
regulation and further analysis would be needed (Figure 44).
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Figure 44. Rho GTPases levels are regulated at transcriptional level. Analysis of RhoA, RhoC, Rac1

and Cdc42 expression levels by quantitative PCR. Data represent the mean + SEM of 2 independent
experiments.

In view of these results, we wondered whether the differences in expression were
translated into differences in Rho GTPases activation. Thus, Rho GTPases activity was
analysed by pull-down with Rhotekin beads for RhoA and RhoC, and PAK-CRIB beads for Rac1
and Cdc42. Preliminary results have revealed that in most of the cases, activity is proportional
to the protein level of each Rho GTPase, only Cdc42 showed discrepancies (in Hep3B and
PLC/PRF/5 cells when NOX4 was silenced), since we could observe little differences in
expression levels while clear differences were observed in the activation status. But, in general,
these results would suggest that regulation of Rho GTPases is rather at expression level than at
activation, in our system (Figure 45).

153



V. RESULTS Role of NOX4 as a negative regulator of invasion

Huh7 Hep3B PLC/PRF/5
N N N A
& N & N O N p>
& & & o 2N 2N )
RhOA GTP | wwes s - — —
RhoA | m . ]

P B a—

ROC GTP | s o e e (D e B
RhoC | M M e -

TUDULIR | #7sem Sy SO S sy o G —

Rac1 GTP | [ 7 -

Rac1 | - - — - - -

TUDUIIN | Gy W Owoer Sy g vy ) S

Cdcd2 GTP [ g & - R |

[of [ PAR R el N

Tubulin | S S S S S S— S_— t—

Figure 45. Direct correlation between Rho GTPases expression and their activation in human HCC
cells, both at basal conditions and after NOX4 silencing. Rho GTPases activation levels analysed by
pull-down assays with Rhotekin beads for RhoA and RhoC and with PAK-CRIB beads for Rac1 and
Cdc42. A representative experiment is shown (N=2).

2.4.4. NOX4 down-regulation drives to a decrease in cell-to-

matrix adhesion

Finally, considering that high actomyosin contractility is related to low adhesion to
extracellular matrix, and that NOX4 expression could modify contractility, we also explored
whether NOX4 silencing may have altered cell-to-matrix adhesion. Analysis of cell adhesion
through the xCELLigence system, after seeding cells on regular cell culture plates, revealed
lower cell-to-plastic adhesion in NOX4 silenced cells (Figure 46A). In addition, using different

extracellular matrix proteins for coating the culture plates, such as collagen I, collagen IV or
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fibronectin, we could observe lower adhesive capacity of NOX4 silenced cells on any of the

extracellular matrixes used (Figure 46B).
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Figure 46. NOX4 down-regulation drives to a decrease in cell-to-matrix adhesion. Cell line and
shNOX4 used are detailed in each panel. A) Real-time adhesion assay (xCELLigence system), data are
expressed as percentage versus control (unspecific-shRNA-transfected) cells and are mean + SEM of at
least 3 independent experiments. Student’s t-test versus control (unspecific-shRNA-transfected) cells was
used: *p<0.05, **p<0.01. B) Real-time adhesion assay (xCELLigence system) after pre-coating the

culture plates with either collagen | (4.5 ug/cm?), collagen IV (25.5 ug/cm?) or fibronectin (1.5 ug/cm?).
Mean = SEM of a representative experiment performed in triplicate is shown (N=1).

These results suggested that NOX4 might be regulating focal adhesions, which are
large protein complexes through which the cytoskeleton of the cell connects to the extracellular
matrix. In support of this hypothesis, immunoluorescence analysis of pFAK (phospho-FAK, an
important regulatory protein of focal adhesion formation), vinculin (involved in the anchoring of
actin to the plasma membrane, participating in cell-to-cell and cell-to-matrix adhesion) and
pPaxillin (phospho-Paxillin, an adaptor protein of focal adhesions and actin cytoskeleton),
showed important differences in NOX4 silenced cells when compared to control cells (Figure
47A). These changes were confirmed and quantified by the analysis of pFAK images using
Image J software. Image analysis revealed a decrease in the number of focal adhesion
complexes as well as changes in their distribution within the cell surface after NOX4 silencing.
Indeed, the remaining focal adhesions were the ones on the edge of the cells, while the focal
adhesion complexes distributed within the cell body in control cells were missing when NOX4
was cancelled (Figure 47B). In addition, the quantification of both the area occupied by focal

adhesions and the focal adhesion number per cell showed a significantly decrease in NOX4
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silenced cells (Figure 47C-D). These results suggested a disruption/decrease in focal
adhesions when expression of NOX4 was attenuated.
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Figure 47. Stable silencing of NOX4 disrupts focal adhesions in human HCC cells. The cell line and
the shNOX4 used are detailed in each panel. A) Immunofluorescence analysis of pFAK (green); vinculin
(green) and pPaxillin (green). DAPI (blue) used to detect nuclei. Representative 40x images are shown.
pFAK image processing using Imaged software: analysis of focal adhesions (green) and nuclei (blue)
distribution (B), analysis of the area occupied by focal adhesions per cell (C), and quantification of the
number of focal adhesions per cell (D). Data in (C) and (D) are mean + SEM of at least 3 independent

experiments (5 pictures/experiment). Student’s t-test versus control (unspecific-shRNA-transfected) cells
was used: *p<0.05, **p<0.01, ***p<0.001.
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It is well known that integrins play an essential role mediating cell-to-matrix interactions
thereby linking cues from the extracellular environment to actin cytoskeleton through focal
adhesion complexes. Integrins transmit signals from the outside to the inside of the cell through
the phosphorylation and activation of adhesion-linked protein tyrosine kinases that facilitate the
linkage of the actin cytoskeleton and integrin receptors. This provokes activation of numerous
downstream effectors, including Rho GTPases, together with other signalling pathways, that
have a pivotal function in cellular processes such as cell proliferation, survival, motility and

cytoskeletal remodelling (Ushio-Fukai, 2009).
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Figure 48. NOX4 down-regulation drives to a change in the integrin pattern on the surface of HCC
cells. A) Analysis of cell surface integrins using a o/p Integrin-mediated cell adhesion array (Millipore) in
PLC/PRF/5 and Hep3B NOX4 silenced cells. A representative experiment is shown (N=3 for PLC/PRF/5,
N=1 for Hep3B). B) Selection of those integrins that presented significant changes in PLC/PRF/5
shControl versus shNOX4(#1) cells. Data in (B) are mean + SEM of 3 independent experiments. Student’s
t-test versus control (unspecific-shRNA-transfected) cells was used: *p<0.05, **p<0.01, ***p<0.001.
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Due to the differences observed in cell-to-matrix adhesion and focal adhesion
complexes, we wondered whether NOX4 silencing was affecting integrin signalling. By using a
o/p-integrin-mediated cell adhesion array we observed changes in levels of different integrin
proteins on the cell surface. Consistently in the two cell lines analysed, Hep3B and PLC/PRF/5,
significant lower levels of a2-, a5- and aV-integrins, as well as the complex a5 1-integrin, were

observed (Figure 48).

In summary, results presented here suggest that NOX4 may participate in the control of
cell-to-cell contacts (modifying both adherent- and tight-junctions), cell-to-extracellular matrix
adhesion (modifying the integrin pattern on the cell surface of HCC cells and focal adhesion
complexes), small GTPases expression and activation, and the actomyosin contractility status
of cells. Altogether leads to a role for NOX4 in the regulation of the mode of movement of

human HCC cells.
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VI. DISCUSSION 1. NOX4 plays a role downstream of TGF-§ during liver fibrosis

1. NOX4 plays a role downstream of TGF-f
during liver fibrosis, participating in the
transdifferentiation of HSC to MFB and

inducing hepatocyte cell death.

The discovery of new members of the NADPH oxidase family opened perspectives
about the role of these ROS-producing enzymes in human physiology and pathology. Indeed, it
has been reported that ROS from NOX proteins participate in the development of various liver
diseases such as hepatitis (both alcoholic and viral hepatitis), cholestatic liver injury and hepatic

fibrosis.

Liver fibrosis is the final consequence of many chronic liver injuries that later develop in
cirrhosis and HCC (Brenner, 2009). Different models of hepatic fibrosis have been used to study
the molecular pathogenesis of this disease. From these studies, several key generalizations
have been done (Brenner, 2009): 1) TGF-f is the most potent liver pro-fibrogenic cytokine; 2)
oxidative stress induces liver fibrosis; 3) blocking normal liver regeneration by massive
hepatocyte apoptosis turns out to be pro-fibrogenic. Indeed, although the pathogenesis of liver
fibrosis varies according to the aetiology of the injury, oxidative stress seems to play a crucial
role in most types of hepatic fibrogenesis (Bataller and Brenner, 2005). One of the most studied
mechanisms of fibrogenesis actually influenced by ROS is MFB activation. ROS can stimulate
the production of the type | collagen, and may act as intracellular signalling mediators of the
fibrogenic actions of TGF-p (Paik et al., 2013). Of relevance, NOX4 downstream TGF-$ has
been described as the main mediator for MFB activation in different organs such as heart
(Cucoranu et al., 2005; Chan et al., 2013), lung (Hecker et al., 2009), kidney (Bondi et al., 2010)
and diseased prostatic stroma (Sampson et al., 2011). However, at the beginning of this work,
very few were known about the role of NOX4 in liver fibrosis but it had been demonstrated in
cultured HSC that TGF-B-induced transdifferentiation is accompanied by ROS (Proell et al.,
2007).

Results presented here show that there is an increased expression of NOX4
concomitant with the fibrotic process in two different animal models. In addition, they also
indicate that NOX4 plays a key role in liver fibrosis development, downstream TGF-f, at least at
two different levels. Thus, NOX4 appears to be required not only for the transdifferentiation of
HSC into MFB but also for the TGF-B-induced apoptosis in hepatocytes. Regarding HSC,
results revealed that NOX4-derived ROS are essential for MFB activation since both NOX4

silencing/inhibition and antioxidant treatments impaired TGF-p-induced transdifferentiation of
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HSC into MFB. Corroborating our data, there is a study showing that TGF-g-mediated HSC
activation is dependent on NOX4-generated ROS by using NOX4-deficient HSC. Moreover,
they show that NOX4 is acting downstream of both TGF-$ and the Smad complex (Jiang et al.,
2012).

However, the role of NOX proteins in liver fibrogenesis is not only circumscribed to
NOX4. HSC express both phagocytic NOX2 and non-phagocytic NOX, including NOX1 and
NOX4, in addition to other NOX regulatory components (p22phox, p40phox, p67phox, NOXO1,
NOXA1 and Rac1). It has been shown that both NOX proteins and NOX components are
increased when quiescent HSC activate to MFB. Moreover, studies performed in Nox1™, Nox2™
or p47phox'/' mice have demonstrated the importance of other NOX proteins, concretely NOX1
and NOX2 in fibrogenesis. NOX1 promotes MFB proliferation by PTEN inactivation to positively
regulate an AKT/FOXO4/p27 signalling pathway (Cui et al., 2011). Indeed, NOX1 seems to
mediate the pro-fibrogenic effects exclusively in endogenous liver cells, while NOX2 could be
implicated in both endogenous liver cells and bone marrow-derived cells (Paik et al., 2011),
possibly acting in the process of phagocytosis of dead hepatocytes (Jiang et al., 2010).
Furthermore, NOX1 activity might further contribute to the inflammatory process that
concomitantly occurs during liver fibrosis, promoting COX-2 expression and prostaglandin
synthesis in hepatocytes (Sancho et al., 2011). In addition to TGF-f3, angiotensin Il also
activates HSC, actually in a TGF- dependent manner. Fibrogenic responses to angiotensin ||
in HSC are blunted by antioxidant (NAC) and NOX inhibitor (DPI) treatments (Bataller et al.,
2003). Interestingly, NOX4 up-regulation after angiotensin Il stimuli requires NOX1, since it was
shown to be impaired in NOX1 knock-out HSC, while TGF-f by itself induces NOX4 in a NOX1
independent manner (Aoyama et al., 2012). Importantly, it has been recently reported that
activated HSC have increased ROS-detoxifying capacity compared to quiescent HSC that

protects them from ROS-induced apoptosis and necrosis (Dunning et al., 2013).

Furthermore, results presented here also demonstrate that the highest expression of
NOX4 occurs in hepatocytes when compared to HSC or MFB, and that TGF-p induces NOX4
expression in hepatocytes, which mediates TGF-p-induced cell death. Moreover, hepatocyte
caspase-3 activation is prevented when cells are treated either with a NOX inhibitor (DPI) or
antioxidant compounds (GEE and BHA). These results are in accordance to previous results
from our group where we demonstrated that NOX4 mediates TGF-p-induced apoptosis in rat
and human hepatocytes (Carmona-Cuenca et al., 2008). In addition, NOX4 also mediates
apoptosis induced by other stimuli since NOX4™ hepatocytes are resistant to apoptosis
induction by CD95L and TNF-a/actinomycin D (Jiang et al., 2012). Hepatocyte apoptosis during
fibrosis might be relevant to blunt regeneration and create a pro-fibrogenic microenvironment. In
agreement with these results, it has been proposed a role for NOX4 in epithelial cell death
during development of bleomycin-induced lung fibrosis. Using a model of NOX4 deficient mice,
authors demonstrated that these animals were resistant to fibrosis due to the abrogation of

TGF-p-induced apoptosis in epithelial cells (Carnesecchi et al., 2011). Of note, hepatocytes
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express not only NOX4 but also other NOX proteins, and they play opposite roles in the control
of hepatocyte survival and death. Indeed, as we just said, NOX4 is necessary to mediate
apoptosis induced by TGF-p (Carmona-Cuenca et al., 2008; Caja et al., 2009), however, this
pro-apoptotic effect of the cytokine can be attenuated when NOX1 is active (Sancho et al.,
2009; Sancho and Fabregat, 2011).

Stellate cell Myofibroblast

Phagocytosis
NOX4
—
Apoptosis
Hepatocyte NOX1 Apoptotic bodies Stellate cell

Figure XIX. NOX proteins play different roles during liver fibrosis development.

The development of novel pharmacological NOX inhibitors is being assessed as
potential anti-fibrotic therapeutics for hepatic fibrosis. Interestingly, evidences for the role of dual
NOX4/NOX1 pharmacological inhibitor GKT137831 in decreasing both the apparition of
fibrogenic markers and hepatocyte apoptosis in vivo, upon bile duct ligation and CCl, treatment,
are reported (Aoyama et al., 2012; Jiang et al., 2012). However, further experimental work is
required for a better knowledge of the physiological functions of NOX proteins in the liver to
predict the consequences of using NOX inhibitors.
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2. Relevance of the TGF-f pathway in liver
cancer. Crosstalk with NOX4.

TGF-p is a central regulator in chronic liver disease contributing to all stages of disease
progression from initial liver injury through inflammation and fibrosis to cirrhosis and HCC.
Nevertheless, it has been described a double-edged role of TGF-p in various liver disease
stages. The ability of TGF-p to contribute to tumour progression depends on the capacity of the
cells to overcome its growth inhibitory and pro-apoptotic effects. Different mechanisms could
account for this resistance, among others, alteration of oncogenic pathways, such as Ras/ERKs
or p53 (Caja et al., 2009; Morris et al., 2012); alterations in the TGF-p suppressor arm, such as
dysregulation of embryonic liver fodrin (ELF), a crucial Smad3/4 adaptor (Baek et al., 2008) or
up-regulation of Smad7 (Matsuzaki et al., 2000; Dooley et al., 2009); or interaction with hepatitis
B virus X (HBx) protein (Murata et al., 2009). Tumour cells that overcome TGF-f§ suppressor
effects become susceptible to respond to this cytokine inducing other effects, such as EMT
processes that contribute to either fibrosis and/or tumour dissemination (Moustakas and Heldin,
2012).

In the liver, TGF-p signalling has been shown to play a tumour suppressor role,
however, different studies have identified overexpression of TGF-g in HCC, which correlates
with tumour progression and bad prognosis (Coulouarn et al., 2008; Fransvea et al., 2008).
TGF-B may stimulate tumour proliferation and survival through the production of mitogenic
growth factors, and cells that survive to TGF-f later induce EMT that favours cell migration and

invasion, which clearly contributes to tumour metastasis (Fabregat et al., 2014).

Results presented here show that the mesenchymal-like phenotype observed in some
human HCC cell lines are coincident with autocrine overactivation of the TGF- pathway in
these cells. In addition, a correlation between the expression of mesenchymal features and the
lack of response to TGF-$ as a tumour suppressor is observed. Interestingly, the human HCC
cell lines that responded to TGF-f3 as a suppressor cytokine (Huh7, PLC/PRF/5 and Hep3B) are
included within the group of early TGF-f3 signature, while the non-responder cell lines (SNU449
and HLF) belong to the late TGF-f3 signature, in the classification designed by Coulouarn and
colleagues (Coulouarn et al., 2008). Moreover, late TGF-p signature is associated with
increased invasiveness, and in accordance, our cells displayed a higher migratory capacity in a
TGF-B/CXCR4 dependent manner, being CXCR4 a chemokine receptor previously associated
with higher invasive potential of HCC (Schimanski et al., 2006; Liu et al., 2008; Bertran et al.,
2013). Furthermore, it has been described in liver cancer cells that EMT process through Snail1

up-regulation overcome TGF-p-induced tumour-suppressor effects, switching its response to
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tumour progression, making cells resistant to cell death and prone to acquire invasive properties
(Franco et al., 2010).

Interestingly, mesenchymal-like characteristics are attenuated in cells where TGFBR1
expression is silenced with a specific shRNA. Furthermore, decreased expression of
mesenchymal markers correlates with the impairment of migratory capacity of the cells.
Importantly, it was demonstrated that inhibition of migration in TGFBR1 silenced cells concurs
with decreased CXCR4 expression and impaired asymmetric distribution of the protein in cells
(Bertran et al., 2013). Inhibition of the TGF-p pathway is emerging as a new therapeutic tool in
cancer (Giannelli et al., 2011). Since it regulates several steps in tumour progression, blocking
this mediator should have multiple beneficial effects. So far, blocking antibodies and ligand
traps, antisense oligos, TBRIl and/or TERI (ALKS) inhibitors and immune response-based
strategies are being developed to block TGF-f pathway in cancer (Fabregat et al., 2014).
Interference of TGF-B signalling in various short-term animal models has provided promising
results. However, liver disease progression in humans is a process of decades with different
phases where targeting of TGF-3 might have both beneficial and adverse effects (Dooley and
ten Dijke, 2012). Nevertheless, preliminary results from a phase Il clinical trial with the TRRI
inhibitor LY2157299 have shown improved clinical outcome and changes consistent with a
reduction of EMT in HCC patients (Giannelli et al., 2014). Importantly, the results presented
here, where overactivation of the TGF-g pathway differs among the different cell lines tested
and the heterogeneity of the tumours, suggest that these might condition the response to the
inhibitors. For this reason, dissecting the downstream signals that govern the suppressor and
the pro-tumorigenic effects of TGF-g pathway in liver tumour cells may help in the design of
more specific targeted therapies for downstream TGF-§ receptors and/or to select patients in

whom a potential positive response to TGF-f inhibitors is predicted.

Due to the observed relevant role played by NOX4 in mediating some of TGF-f effects
in both normal and transformed hepatocytes (Carmona-Cuenca et al., 2008; Caja et al., 2009),
we wondered whether autocrine expression of TGF-p would be regulating NOX4 levels in HCC
cells. Surprisingly, results show that there is not a direct correlation between NOX4 expression
and autocrine levels of TGF-p but on the contrary, cells with higher levels of NOX4 are those
with lower levels of TGF-B, and on the other way round. Importantly, high NOX4 expression
occurs in early TGF-p signature cell lines, whereas late TGF-p signature is coincident with low
NOX4 levels. Furthermore, TGF-f treatment and/or disruption of TGF-f signalling by means of
silencing TPRI resulted in different outcomes depending on the TGF-B signature. Thus,
cancelling TBRI in early TGF-p signature cell lines decreases NOX4 levels while TGF-f
treatment induces NOX4 expression (Carmona-Cuenca et al., 2008), and the opposite result is
shown when the late TGF-f signature cell lines are treated with TGF-$ or knocked-down for the
TPRI. These results showing that TGF-f only induces NOX4 in those cells that are able to

respond to TGF-f as a tumour suppressor but not in those that are refractory to these effects
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are in accordance to previously reported roles for NOX4 mediating TGF-f suppressor effects in
different models, including in the liver, such as induction of apoptosis (Carmona-Cuenca et al.,
2008; Caja et al., 2009; Das et al., 2014; Yan et al.,, 2014) and senescence (Senturk et al.,
2010; Hubackova et al., 2012). Furthermore, previous results from our group demonstrated that
NOX4 is dispensable for TGF-p-induced EMT in hepatocytes, being EMT a pro-tumorigenic
effect of the cytokine (Sancho et al., 2012), suggesting that at least in the liver, NOX4 may be
only mediating TGF-p suppressor effects. We show here that mesenchymal characteristics of
HCC cells are dependent on TGF-p. Considering that cells displaying a mesenchymal-like
phenotype are the ones with lower NOX4 levels, and that accordingly to the fact that TGF-f
induced EMT might be NOX4 independent, we can speculate that the capacity of TGF-f for
inducing NOX4 expression is circumvented to its suppressor activity, and it might be lost when
the switch to pro-tumorigenic actions occurs. Nevertheless, in other models such as breast
epithelial cells, it has been reported that NOX4 is mediating TGF-f§ pro-tumorigenic actions,
including EMT and invasion (Boudreau et al.,, 2012). A possible explanation for these
contradictory results is that NOX4 role might be dependent on the cell system and the
intracellular compartment where it acts. For example, as we said before, NOX4 has a pro-
apoptotic effect in liver cells, but on the contrary, in pancreatic cells it has been shown that
NOX4 induces anti-apoptotic actions (Vaquero et al., 2004). Nevertheless, further studies will be
necessary to confirm the differential role of NOX4 mediating TGF- effects, depending on the
TGF-p signature in HCC cells and whether genetic or epigenetic alterations in the NOX4

promoter may be responsible for these differences.
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3. NOX4 plays a growth inhibitory role in
hepatocytes and HCC cells, regulating liver

cancer progression.

So far, results presented here show that NOX4 mediates TGF-p effects both as a
fibrogenic cytokine and a tumour suppressor in the liver. Therefore, we can already speculate
that it is necessary to be cautious on the usage of NOX4 inhibitors as a treatment for liver
fibrosis because the consequences on transformed hepatocytes may be deleterious due to the
inhibition of at least some of the TGF-p suppressor actions. Nevertheless, results presented in
this work also indicate that NOX4 may also play a tumour suppressor function in the liver by
itself by controlling hepatocyte proliferation. Different evidences support this hypothesis: 1)
Targeting NOX4 confers selective advantage to liver cells to proliferate in vitro; 2) during liver
regeneration after 2/3 partial hepatectomy in mice, a process that requires hepatocytes to leave
quiescence and enter in cell cycle, Nox4 expression is transiently down-regulated; 3) liver
tumorigenesis in an experimental model in mice correlates with down-regulation of Nox4; 4)
targeting NOX4 in HCC cells confers advantage for tumour progression in a xenograft model of
in vivo tumorigenesis; and 5) lower levels of NOX4 are found in human HCC cell lines and in a

great percentage of human liver tumour tissues.

Stable NOX4 silencing in human HCC cell lines decreased intracellular ROS
production, modifying mainly hydrogen peroxide levels, since no changes were detected when
intracellular superoxide levels were measured while a significant reduction was observed
through both DCFDA and Amplex Red assays, which detect intracellular unspecific ROS and
H,O., respectively. These results are consistent with data from other groups suggesting that
H,O, is the only reactive oxygen specie that can be detected from NOX4 activity. The
explanation might lay on the protein structure since it is reported that the third extracytosolic
loop (E-loop) of NOX4 differs from NOX1 and NOX2, being longer and containing a highly
conserved histidine that could serve as a source for protons to accelerate spontaneous

dismutation of superoxide to form H,O, (Serrander et al., 2007; Takac et al., 2011).

Correct progression through the cell cycle and its precise regulation is essential to an
organism for proliferation and survival. Here we show that when cancelling NOX4 expression in
human HCC cells there is a substantial increase in the growth capacity of cells, concurring with
higher percentage of cells actively proliferating together with down-regulation of the cell cycle
inhibitor CDKN1A (p21oip1) and up-regulation of Cyclin D1, a central mediator in the transition
from G, to S phase of the cell cycle. Cyclin D1 is considered to play a relevant role in the
increased progression of HCC cells and it has been found to be overexpressed in HCC tissues
(Che et al.,, 2012; Ao et al., 2014).
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ROS have been proposed to play a role on cell proliferation. Indeed, low concentrations

of H,O; are generally growth stimulatory, but higher concentrations of H,O, and superoxide can
have deleterious effects leading to mammalian cell death. Already in 1999 an effect of ROS on
cell growth was shown on PDGF stimulation where down-regulation of NOX1 before PDGF
stimulation resulted in decreased levels of ROS and decreased serum dependent growth after
PDGF stimulation (Suh et al., 1999). Moreover, our group has described that NOX1 promotes
autocrine growth through the up-regulation of the EGFR pathway in liver cells (Sancho and
Fabregat, 2010). The production of ROS in early growth factor-induced signalling pathways has
led to the proposal that ROS regulate cell cycle progression through the regulation of Cyclin D1
expression (Burch and Heintz, 2005). Furthermore, recent results indicate that NOX4 in normal
human fibroblasts is required to suppress p53-dependent check-point of proliferation (Salmeen
et al., 2010). However, different pieces of evidence locate ROS in a completely opposite role.
For example, H,O, mediates oxidation and inactivation of the cell cycle phosphatase cdc25,
which is required for cell cycle progression from G, to M phase (Glasauer and Chandel, 2014).
In addition, oxidative stress induced by NOX4 has been also associated to decreased cell
growth by inducing cell cycle arrest and cell death through either senescence or apoptosis. A
possible explanation for these pleiotropic and sometimes contradictory actions of ROS may be
related to the duration and intensity of the activating signal, the developmental stage of the cell,
and also to the intracellular compartment where ROS are produced, because different redox
targets might be affected (Lambeth and Neish, 2014). In this sense, NOX4 is associated with
intracellular compartments, including ER, mitochondria and nucleus. In addition, cells
harbouring mutations in tumour suppressor genes such as p53 or in oncogenes such as Ras,
may be able to bypass senescence-mediated ROS-dependent growth arrest (Holmstrém and
Finkel, 2014). Nuclear NOX4 has been proposed to mediate ROS-induced DNA damage that
leads to a loss of replicative potential and subsequent senescence (Weyemi and Dupuy, 2012;
Weyemi et al.,, 2012). In this same line of evidence, NOX4 mediates TGF-p-induced
senescence in HCC cells through up-regulation of p21°"" and p15™“® (Senturk et al., 2010).
Moreover, NOX4 has been implicated in cell differentiation, and in maintenance of the
differentiated state, which usually is associated with a quiescent state of the cells (Schroder et
al., 2009; Schroéder et al.,, 2012). Intracellular NOX4-derived ROS may mediate signal
transduction in normal cells by regulating redox-sensitive cysteine residues in specific effector
proteins including tyrosine phosphatases (Finkel, 2011). Several works have reported that ROS-
induced p38 MAPK may trigger blockage of proliferation in different cell lines including
hepatocytes. However, in some cell lines and under specific circumstances, p38 MAPK
activation induced by ROS can also promote cell proliferation, rarely occurring in hepatocytes. It
has been described that in liver injury and hepatocarcinogenesis, activated p38 MAPK induces
growth arrest and senescence through a mechanism involving cell cycle regulators such as
p21Cip1 (Tormos et al., 2013). NOX4 has been reported to mediate TGF-f-stimulated p38 MAPK
phosphorylation (Martin-Garrido et al., 2011). Moreover, low concentrations of H,O, induce cell
proliferation by ERK and PI3K/AKT pathways through stimulation of growth-factor receptors,
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mimicking the action of natural ligands and determining survival (Yoon et al., 2002; Tormos et
al., 2013).

Liver is a quiescent tissue that rarely divides under normal conditions. However, under
certain conditions such as toxic injury, viral infection and partial hepatectomy, hepatocytes
divide in order to compensate the loss of liver mass. It has been reported that NOX2-derived
ROS are not essential for liver regeneration after partial hepatectomy (Ueno et al., 2006). Here
we show that both physiological proliferative situations in the liver, such as liver regeneration
after partial hepatectomy in mice, and neoplastic liver pathologies, such as that found in the
mouse model of DEN-induced hepatocarcinogenesis, concur with significant decrease in NOX4
expression. These results, together with the higher tumorigenic capacity of NOX4-silenced HCC
cells in xenograft experiments in mice, where it is demonstrated that the higher tumorigenic
capacity is due to increased proliferation rather than altered apoptosis, point to the in vivo
relevance of the in vitro results, where the attenuation in NOX4 expression is coincident with
cell growth capacity. Interestingly, NOX4 knock-down cells show nuclear translocation of f-
catenin and it has been reported that HCC with B-catenin activation display significantly higher
proliferation rate and larger tumour size when compared with p-catenin negative tumours
(Calvisi et al., 2005). Indeed, one of the main target genes of activated p-catenin is Cyclin D1,
thus promoting cell proliferation. It has been shown that activation of B-catenin after partial
hepatectomy always precedes Cyclin D1 expression and appearance of cells in the S phase of
cell cycle (Monga, 2014). All these results together indicate that NOX4 in liver tumour cells acts
as a growth inhibitor, compatible with its potential role counteracting growth factor signals
and/or inducing senescence. In support of this, it is worthy to note that NOX4 levels appear to

be decreased in a cohort of tissues from human liver tumours, most of them HCC.

To sum up, our results suggest a role for NOX4 as a redox enzyme involved in
controlling proliferation of liver cells. Considering that fibrotic processes frequently develop in

cirrhosis, it is necessary to be cautious when using NOX4 inhibitors.
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Figure XX. NOX4 inhibits proliferation and favours tumorigenesis in liver.
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4. NOX4 regulates contractility in human HCC
cells, influencing its capacity of adhesion and

invasion.

HCC is characterized for being a highly heterogenic cancer and for harbouring a high
rate of tumour recurrences, in addition to be usually presented as a multifocal cancer, being
difficult to elucidate whether these multiple focus are different primary tumours or intrahepatic
metastasis from a single primary tumour. In advanced stages, it is possible to find extrahepatic
dissemination, being lungs, lymph nodes and bones the most frequent metastatic sides. More
than 90% of HCC-related deaths are the result of secondary local or distant disease. Therefore,
it is important to investigate the molecular mechanisms involved in the recurrence and

metastasis of HCC. Accordingly, they will provide potential therapeutic targets for HCC.

Metastasis involves a complex cascade of signal events between tumour cells and
stromal microenvironment, and accumulating evidences support the idea that alterations in cell-
to-cell or cell-to-matrix interactions contribute to the occurrence of cancer metastasis, since
cancer cells need to remodel their adhesion to gain migratory capabilities and thus, to invade
adjacent tissues (Spano et al., 2012). It is shown in this work that liver tumour cells are able to
migrate and invade the surrounding ECM. Results demonstrate that some human HCC cells
display a mesenchymal-like phenotype and migratory capacity under basal conditions. When
we analysed whether NOX4 was playing a role in the migratory and invasive capacity of HCC
cells, results revealed that NOX4 down-regulation in some human HCC cells increases
actomyosin contractility with an altered pattern of expression and activation of Rho GTPases,
which concurs together with diminished cell-to-cell and cell-to-matrix adhesion, leading to

increased migration and invasion capabilities, mainly as rounded cells.

Advanced cancers can display plasticity with respect to morphological characteristics
and the modes of migration and invasion they use (mesenchymal, amoeboid, collective
migration). These can be altered and adapted according to interactions with and signals they
receive from the local tumour environment (Canel et al., 2013). Rho GTPases family are key
regulators of cell migration through their actions on actin assembly and actomyosin contractility.
Until now, only few focused studies have linked human liver cancer and alteration in Rho
GTPase expression. Nevertheless, it has been described overexpression of RhoA (Li et al.,
2006) and RhoC (Wang et al.,, 2004) in HCC, as well as of Rac1, participating in tumour
progression and metastasis (Grise et al., 2009). Cdc42 has been associated to both
suppression and promotion of liver cancer (Grise et al., 2009). Recently, it has been described
that ROCK 1l, a Rho effector, promotes invasion and metastasis of HCC by preventing

ubiquitination and degradation of MMP2 (Huang et al., 2014).

175



VI. DISCUSSION 4. NOX4 regulates contractility in human HCC cells,
influencing its capacity of adhesion and invasion

Of relevance for the results presented here, previous works support functional and
physical links among the actin cytoskeleton and Rho GTPases, and the NADPH oxidase
systems, although many points are still unknown. NOX-derived ROS can target proteins that in
turn will interact with actin, thus providing an indirect ROS-mediated (and Rho GTPase) control

of actin function, and eventually, of cell migration (Stanley et al., 2013).

Most of the studies relating NOX-derived ROS with cell migration and adhesion do not
characterize the type of movement analysed. However, considering the assumptions done in
most of the reports, where increased migration and invasion is associated to increased
adhesion and usually to increased protease activity, we can speculate that what is basically
described in the literature is the association between ROS and single cell mesenchymal mode
of migration, most of them reporting a link between NOX-derived ROS, Rac signalling and
increased migration. For example, it has been described that upon several endogenous
physiological stimuli, such as growth factors and integrin engagement with the epithelial
basement membrane, local ROS production is induced via activation of NOX1, which results in
a rapid oxidative inactivation of PTPases, consequent FAK phosphorylation and initiation of
cellular motility (Chiarugi et al., 2003). ROS production and inactivation of PTPases facilitate
cell spreading through the down-regulation of RhoA activity activating p190RhoGAP (Hurd et
al., 2012). Intriguingly, almost nothing is known about the role of NOX-derived ROS regarding

single cell amoeboid migration or collective migration.

Results presented here show that low expression of NOX4 is related to increased
expression of RhoA, RhoC and Cdc42, both at RNA and protein level. Moreover, NOX4
silencing in PLC/PRF/5 cells, which present intermediate levels of NOX4 expression when
compared to the other cell lines, provokes an increase in the expression of the same Rho
GTPases, further confirming the link between NOX4 and these proteins, suggesting a
transcriptional regulation. Furthermore, RhoA activation is also increased after NOX4 silencing
in PLC/PRF/5 cells. Regarding Hep3B, these cells present high expression and activation of
Rac1 compared to the other cell lines. Rac and RhoA signalling have opposing effects and
reciprocally dampen each other activity. Indeed, regulatory proteins that favour the amoeboid
mode of movement either activate RhoA/ROCK signalling or inhibit Rac activation, and on the
other way round for mesenchymal migration (Ld&mmermann and Sixt, 2009), suggesting tight
mechanistic links between alternative modes of movement. Of note, a redox regulation between
Rho GTPases has been reported. Thus, Rac-derived ROS inhibit the low-molecular-weight PTP
(LMW-PTP), which provokes activation of p190RhoGAP that in turn down-regulates Rho
signalling (Nimnual et al., 2003; Parri et al., 2007). Indeed, NOX1-dependent ROS production is
necessary for the down-regulation of RhoA during directed cell migration in colon epithelial cells
(Sadok et al., 2009). Moreover, Rac1 and RhoA/ROCK signalling pathways are inversely
regulated in hypoxia/reoxygenation-induced actin cytoskeleton remodelling. During hypoxia,
reduced production of ROS results in a reduction in the activity of Rac1, with subsequent

activation of RhoA, while during reoxygenation occurs the other way round, there is an increase
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in NOX-dependent ROS production, resulting in an increase in Rac1 activity with subsequent
decrease in RhoA activity (Wojciak-Stothard et al., 2005).

Thus, considering that Rho and Rac play opposite roles, that they regulate each other,
and that Rac activity appears to be a key determinant of the inter-conversion or plasticity
between modes of movement, it is feasible that RhoA expression and activity are barely
detectable in Hep3B as a consequence of the overexpression of Rac1. Interestingly, NOX4
silencing in Hep3B reduces Rac1 activation, although the effect is not sufficient to increase

neither RhoA expression nor activity.

Some reports suggest that RhoA and RhoC have different roles during cell migration by
acting through different downstream targets. However, other studies suggest that RhoA, B and
C act redundantly to generate actomyosin contractility (Sadok and Marshall, 2014). Results
presented here show that increases in expression and/or activity of both RhoA and C are
coincident with low levels of NOX4 and correlate with increased actomyosin contractility.
Indeed, we show that highest levels of pMLC2, a readout of high actomyosin contractility, are
found in HLF and SNU449 cells, and importantly, NOX4 silencing in PLC/PRF/5 cells also
increases pMLC2 levels, confirming the relevance of NOX4 expression in the process. Of note,

high levels of pMLC2 correlate with membrane blebbing, which requires high contractility.

High actomyosin contractility is related to a decrease in cell-to-matrix adhesion. Indeed,
results presented here show that adhesion to different matrixes is partially impaired when NOX4
silencing increases cell contractility, showing a decrease in the number and the area occupied
by focal adhesion complexes, as well as a decrease in the functional integrins on the plasma
membrane. In accordance, Ribeiro-Pereira et al. described that NOX4 silencing in melanoma
cells resulted in a decrease in FAK phosphorylation and cytoskeleton rearrangement (Ribeiro-
Pereira et al., 2014). Importantly, it has been described that FAK-mediated phosphorylation and
activation of p190RhoGAP may decrease Rho and ROCK-mediated Myosin Il activity (Gardel et
al., 2010).

Furthermore, results in this work also show an individualization of HCC cells, together
with a disruption of cell-to-cell adhesion in highly contractile cells, when NOX4 expression is low
or silenced. These effects are likely to be due to the increased actomyosin contractility. It has
been shown that ROCK-mediated actomyosin contractility downstream of Rho disrupts
adherent junctions (Sahai and Marshall, 2002). Also Cdc42 has been reported to be crucial for
the disassembly of E-cadherin junctions (Shen et al., 2008). In fact, a key factor that determines
the net outcome in terms of invasive migration and its underlying mechanism is the balance
between E-cadherin-mediated adherent junctions and integrin-mediated cell-to-matrix contacts
(Canel et al., 2013).

Altogether our results suggest that NOX4 controls actomyosin contractility of human
HCC cells through the regulation of expression and activation of Rho GTPases, which in turn
modifies cell-to-cell and cell-to-matrix adhesion capabilities. All these phenomena may

determine the mode of cell migration and invasion of HCC cells. Indeed, it has recently been
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described that targeting of RhoA signalling by the microRNA-122 enhances cell adhesion and
suppresses HCC cell motility and invasion (Wang et al., 2014). Cancer cells can follow two
distinct strategies to migrate as single cells. On the one hand, there is the elongated
“‘mesenchymal-like” mode that is a directed migration driven by Rac-induced cell protrusions
requiring high adhesion and low actomyosin contractility. On the other hand, there is the
rounded “amoeboid” mode of cell migration, which does not involve significant cell-to-matrix
adhesion and proteolytic activity, and do not require cell-to-cell adhesion at all. This movement
is mainly driven by Rho/ROCK mediated bleb-like protrusions with active myosin-actin
contractions (Sanz-Moreno and Marshall, 2010; Sanz-Moreno, 2012). Importantly,
mesenchymal migration is relatively low (0.1-1um/min) while intravital imaging showed that cells
move at very high speed with an amoeboid morphology (up to 4um/min) (Parri and Chiarugi,
2010). In addition, cell can migrate collectively maintaining cell-to-cell adhesion and forming a
cortical actin filament assembly along cell junctions. This allows the formation of a larger-sized,
multicellular contractile body. Collective movements are sensitive to integrin antagonists and
protease inhibitors (Friedl and Wolf, 2003). Importantly, cancer cell migration mechanisms can
be reprogrammed, including the epithelial-to-mesenchymal transition (EMT), the mesenchymal-
to-amoeboid transition (MAT) and the collective-to-amoeboid transition (CAT) (Friedl and Wolf,
2003).

Considering the different types of migration described, it appears that amoeboid
movement is favoured when NOX4 is down-regulated in HCC cells since they show higher Rho
signalling and contractility, leading to higher migratory and invasive capabilities. Accordingly,
both PLC/PRF/5 silenced for NOX4 and SNU449 invading cells displayed round morphology.
Considering that cells expressing high levels of NOX4 form parenchymal structures that are
disrupted by NOX4 silencing or not observed in cell lines expressing low levels of NOX4, it is
likely that by decreasing NOX4 levels a CAT is induced.

In conclusion, NOX4 is controlling actomyosin contractility of liver tumour cells that in
turn regulates cell-to-cell and cell-to-matrix adhesion. Therefore, NOX4 might be a key regulator
of the mode of movement that liver cancer cells adopt to metastasize, favouring amoeboid

migration when it is down-regulated.

178



VI. DISCUSSION

Final discussion

Due to the causal role of ROS in promoting cancer, and that various antioxidant
promoters, such as Nrf2, are considered tumour suppressors, research has been focused on
antioxidant treatments to dampen ROS levels as therapeutic strategies against tumorigenesis.
However, most of clinical trials have failed to show beneficial effects of antioxidants on a variety
of pathologies, including cancer (Glasauer and Chandel, 2014). Cancer therapeutics designed
to target adhesion receptors or proteases have not yet been shown to be effective in clinical
trials and this might be due to the fact that cancer cell migration mechanisms are inter-
convertible (Friedl and Wolf, 2003). Results presented here suggest that neither antioxidants
nor drugs targeting adhesion related molecules might be effective strategies for cancer
treatment. In here it is shown that NOX4, a ROS producing enzyme, may be a key player during
the inter-conversion of different modes of migration. Indeed, NOX4 may play an essential
tumour suppressor role in the liver through the control of both cell proliferation and cell
contractility, therefore modifying at the same time the tumorigenic capacity and metastatic
potential of HCC cells. Finally, as mentioned before, new pharmacological inhibitors of NOX
proteins are being assessed for fibrotic processes. Considering that fibrosis frequently develops
in cirrhosis, which is a pre-neoplastic situation, it will be necessary to be cautious in the use of
NOX4 inhibitors in this pathology.
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1. Nox4 expression is up-regulated during liver fibrosis in mice and it is required for TGF-f-

induced transdifferentiation of HSC to MFB and hepatocyte apoptosis.

2. High levels of autocrine TGF-f provoke loss of epithelial characteristics, gain of
mesenchymal features and resistance to TGF-p suppressor effects in HCC cells. There is

an inverse correlation between autocrine TGF-p and NOX4 expression in HCC cell lines.

3. NOX4 is a negative regulator of hepatocyte proliferation in both untransformed and liver
tumour cells. Its expression is down-regulated during liver regeneration after partial

hepatectomy in mice.

4. Nox4 expression is down-regulated during DEN-induced liver tumorigenesis in mice and
targeting knock-down of NOX4 in HCC cells confers them advantage for tumour
progression in xenograft models in mice. Low levels of NOX4 are found in human HCC cell

lines and in a relevant percentage of human liver tumour tissues.

5. Down-regulation of NOX4 increases the invasive growth capacity of HCC cells when
embedded in a pliable matrix, increasing both proliferation and invasion. Low levels of
NOX4 correlate with high actomyosin contractility, which provokes loss of epithelial
parenchymal characteristics, decreasing both cell-to-cell contacts and cell-to-matrix

adhesion, and increasing invasive capacity.

Final conclusion:

In the liver, NOX4 plays pro-fibrotic roles, mediating TGF-g-induced HSC activation and
hepatocyte death, but plays a tumour suppressor role during carcinogenesis, being a negative

regulator of liver tumour growth and invasion.
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Abstract

A role for the NADPH oxidases NOX1 and NOX2 in liver fibrosis has been proposed, but the implication of NOX4 is poorly
understood yet. The aim of this work was to study the functional role of NOX4 in different cell populations implicated in
liver fibrosis: hepatic stellate cells (HSC), myofibroblats (MFBs) and hepatocytes. Two different mice models that develop
spontaneous fibrosis (Mdr2 ™/~ /p19%% /=, stat3*"/Mdr2 /") and a model of experimental induced fibrosis (CCl,) were
used. In addition, gene expression in biopsies from chronic hepatitis C virus (HCV) patients or non-fibrotic liver samples was
analyzed. Results have indicated that NOX4 expression was increased in the livers of all animal models, concomitantly with
fibrosis development and TGF-3 pathway activation. In vitro TGF-B-treated HSC increased NOX4 expression correlating with
transdifferentiation to MFBs. Knockdown experiments revealed that NOX4 downstream TGF-f is necessary for HSC
activation as well as for the maintenance of the MFB phenotype. NOX4 was not necessary for TGF-B-induced epithelial-
mesenchymal transition (EMT), but was required for TGF-B-induced apoptosis in hepatocytes. Finally, NOX4 expression was
elevated in patients with hepatitis C virus (HCV)-derived fibrosis, increasing along the fibrosis degree. In summary, fibrosis
progression both in vitro and in vivo (animal models and patients) is accompanied by increased NOX4 expression, which
mediates acquisition and maintenance of the MFB phenotype, as well as TGF-B-induced death of hepatocytes.
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Introduction previously reported that NOX4 mediates TGF-B-induced apop-
. . L ) X oo tosis in hepatocytes in primary culture [9] and causes ROS
Liver fibrosis is the final consequence of many chronic liver production upon the in vitro transdifferentiation of activated HSCs

injuries  [1]. HCp'«fltiC ste‘llate cells ) (HSCs) are activated to to MFBs [3]. In other fibrotic models, NOX4 accounts for ROS-
myoﬁl.)fob]asts-(M FBs), \:Vhlch are mfam]y respobmble for collagen induced fibroblast and mesangial cell activation, playing an
deposition durmg hepatic ﬁbrogcn}csm. Once injured, hepatocytes essential role in TGF-Bl-mediated fibroblast differentiation into
undergo apoptosis. The trz{nsfnrmmg growth factor—b;ta (TGF- B>’ a profibrotic myofibroblast phenotype and matrix production [10].
whose levels increase during the development of liver fibrosis, Indeed, TGF-B induces NOX4 e%pression in lung mesenchymal
could be mx'folved in both Processes [2]. Thus, TGF-B 111'h1b1ts cells, which mediates MFB activation and fibrogenic responses to
growth an'd 11'1duce§ apoptosis of hepatocytes and also contributes lung injury [11]. In this same line of evidence, ROS signaling by
to the activation of H5Cs [3,4]. NOX4 is required for TGF-B-induced differentiation of fibroblasts

The generation of reactive oxygen species (ROS) plays relevant . . . . .
. . i . to MFB in heart [12], kidney [13] and d d tatic stre
roles in hepatic fibrosis and recent works point to NADPH 1[r11:] in heart [12], kidney [13] and discased prostatic stroma

oxidases (NOX) as a key source of ROS in the fibrotic liver [5].
Two NOX isoforms, NOX1 and NOX2, mediate pro-fibrogenic
effects in endogenous liver cells [6,7,8]. However, less is known
about the possible role in liver fibrosis of another isoform, NOX4,
which is highly expressed in hepatocytes and HSCs [8]. We

The aim of this work was to analyze whether NOX4 expression
is modulated in experimental animal models of liver fibrosis and
during the development of human liver fibrogenesis. We
demonstrate that NOX4 expression increases in parallel to liver
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fibrotic processes and may be required for TGF-B-induced
activation of HSC and for the maintenance of the MFB
phenotype. In hepatocytes, NOX4 causes cell death but does
not mediate epithelial-mesenchymal transition (EMT). These
results open new perspectives for the involvement of NOXes in
liver fibrosis and for the potential development of new therapeutic
targeted tools.

Materials and Methods

Ethics statement

Mice were housed in accordance with European laws and with
the general regulations specified by the Good Scientific Practices
Guidelines of the Medical University of Vienna. From Spain, the
approval for all the experiments related to the study of liver fibrosis
in experimental animal models was applied to the General
Direction of Environment and Biodiversity, Government of
Catalonia, and approved with the number #4589, 2011
(document enclosed). Human tissues were collected with the
required approvals from the Institutional Review Board (Comité
FEtico de Investigacion Clinica del Hospital Universitario Funda-
cion Alcorcon) and patient’s written consent conformed to the
cthical guidelines of the 1975 Declaration of Helsinki (both
documents are enclosed).

Reagents and antibodies

TGF-B was from Merck (Darmstadt, Germany). Fetal bovine
serum was from Sera Laboratories International (Cinder Hill,
UK). Glutathione-ethyl-ester (GEE), Diphenyleneiodonium chlo-
ride (DPI) and Butylated hydroxyanisole (BHA) were from Sigma
(St Louis, USA). The caspase-3 substrate Ac-DEVD-AMC was
from Pharmingen (San Diego, CA, USA). Antibodies: mouse anti-
B-actin (clone AC-15, Sigma), rabbit anti-cleaved caspase-3 (Asp-
175) from Cell Signaling Technology (Danvers, MA, USA), anti-
F4/80 (Abcam, Cambridge, UK), mouse anti-E-cadherin (BD
Pharmingen, NJ, USA), rabbit anti-ki67 (Abcam), mouse anti-
NOX2 (Santa Cruz Biotechnology, CA, USA), anti-NOX4 raised
by Sigma-Genosys against a peptide corresponding to the C-
terminal loop region (aminoacids 499-511), mouse anti-o-SMA
(Sigma, St Louis, USA), rabbit anti-phospho-Smad2 (Ser465/467)
and rabbit anti-phospho-Smad3 (Ser423/425) from Cell Signaling
Technology, goat anti-Smad2/3, anti-Smad7 and anti-TGF-B
from Santa Cruz Biotechnology and mouse anti-vimentin (Sigma,
St Louis, USA).

Mice

Three animal experimental models of liver fibrosis were used for
this study: two genetically modified mice and one drug-induced
model. K’Idr?f/f/plﬁ)‘\“‘*/* double null mice [15] displayed a
fibrotic phenotype comparable to Mdr2 ™"~ mice, widely used as a
model for experimental liver fibrosis [16,17], characterized by
severe hepatic injury and large periductal accumulation of MFBs,
but showed the additional advantage of allowing the isolation of
immortal cells for in vitro experiments [15]. Stat3*"/Mdr2~"~
mice show Stat3 conditional inactivation specifically in hepato-
cytes and cholangiocytes in a Mdr2 ™~ background [18], which
strongly aggravates liver injury and fibrosis. Animals were
sacrificed to evaluate liver histology at 2 and 7 weeks of age.
C.B-17/IcrHsd-Prked™™ (SCID) mice have been used as control.
For CCly experiments, CCl, (Sigma, St Louis, USA) was diluted
1:4 in ultrapure Olive Oil (Sigma, St Louis, USA) and injected
intraperitoneally at a concentration of 1.5 mg per gram of body
weight into 3-month old C57BL/6] mice. The treatment was
performed two times a week for 6 weeks to induce hepatic fibrosis.

PLOS ONE | www.plosone.org
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Mice were sacrificed 3 days after the last injection and liver
samples were collected and processed for immunohistochemical
analysis.

Cell models and cell culture conditions

No commercial cell lines have been used in this study. Mice
stellate cells, myofibroblasts and hepatocytes were obtained in our
or colleagues’ laboratories and used in previous published works
[14,18,19]: 1) By employing p19**" deficiency, we established a
non-transformed murine HSC model to investigate their plasticity
and the dynamics of HSC activation [19]. The immortal cell line,
referred to as MI1-4HSC, showed stellate cell characteristics
including the expression of desmin, glial fibrillary acidic protein,
alpha-smooth muscle actin and pro-collagen I [19]. Treatment of
these non-tumorigenic M1-4HSC with pro-fibrogenic TGF-B1
provoked a morphological transition to a myofibroblastoid cell
type which was accompanied by enhanced cellular turnover and
impaired migration [19]. These cells have been used in this study
to analyze the role of NOX4 in the in vitro activation of HSC to
MFB; 2) In vivo-activated MFBs derived from physiologically
inflamed livers of Mdr2/ plg’\‘RF double-null mice were obtained
as previously described [15] and used in this study in i vitro
experiments to analyze the role of NOX4 in maintaining the
myofibroblast phenotype; 3) Finally, hepatocytes from wild-type
mice were isolated and immortalized with a puromycin-resistance
retroviral vector pBabe encoding Simian virus 40 large T antigen
(LTAg), as described [20] and were generously provided by Dr.
AM Valverde (Madrid, Spain). These cells were used in this study
to analyze the potential role of NOX4 in the TGF-B-induced
effects related to fibrosis development, i.e., epithelial-mesenchymal
transitions and apoptosis. For cell culture, cells were grown in
DMEM (Lonza, Basel, Switzerland) supplemented with 10% FBS
and maintained in a humidified atmosphere of 37°C, 5% CO2.

Human samples

Biopsies from 28 chronic hepatitis C virus (HCV) patients
showing different degrees of fibrosis or control liver samples
extracted in surgeries from colorectal cancer patients with hepatic
metastasis were collected in the Hospital Universitario de Alcorcon
(Madrid, Spain). The control group was formed by 10 patients in
whom liver biopsy was performed by altered function test. Liver
biopsy examination revealed normal histology or minimal change.

Immunohistochemistry and immunocytochemistry
studies

For immunohistochemistry, sections of 4 pum-thick paraffin-
embedded livers were stained with hematoxylin and eosine (H&E)
or Trichrome (Sigma) for collagen staining using standard
procedures. The immunostaining was performed by incubating
primary antibodies (diluted from 1:50 to 1:100) overnight at 4°C.
and by visualization with the Vectastain ABC kit (Vector
Laboratories, Burlingame, CA). Immunocytochemistry studies
were performed as described previously [21]. Representative
images were taken with a Spot 4.3 digital camera and edited in
Adobe Photoshop. Cells were visualized in an Olympus BX-60
with the appropriate filters.

Analysis of cell number
Cell number was analyzed after crystal violet staining [4].

Total ROS production
Intracellular ROS content was measured by staining with the
fluorescent probe HyDCF-DA as described previously [22].
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Analysis of caspase-3 activity

Caspase-3 activity was analyzed fluorimetrically upon incuba-
tion of 20 pg of cell lysates with 6.6 pg/mL Ac-DEVD-AMC for
2 hours at 37°C [22]. Results are calculated as units of caspase-3
activity per microgram of protein per hour.

Analysis of gene expression

RNeasy Mini Kit (Qiagen, Valencia, CA, USA) was used for
total RNA isolation. Reverse transcription (RT) was carried out
using the High Capacity Reverse Transcriptase kit (Applied
Biosystems, Foster City, CA, USA), and 500 ng of total RNA from
each sample for complementary DNA synthesis. PCR products in
semiquantitative reactions were obtained after 30-35 cycles of
amplification at annealing temperatures of 57-62°C, and analyzed
by 1.5% agarose gel electrophoresis. Expression of 78S was
analyzed as a loading control, as indicated. The —RT channel
contained RNA that had not been treated with the RT mixture.

For Real-Time quantitative PCR, expression levels were
determined in duplicate in an ABIPrism7700 System, using the
Sybr® Green PCR Master Mix (Applied Biosystems).

All the primers used for both semiquantitative PCR or Real-
Time quantitative PCR reactions are listed in Suppl. Table 1 and
2, respectively.

Western blot analysis

Total protein extracts and Western Blot procedure were carried
out as previously described [22,23]. Antibodies were used at
1:1000, except B-actin (1:3000). Protein concentration was
measured with the BCA™ Protein Assay kit (Pierce, Rockford,
USA).

Knock-down assays

Cells at 70% confluence were transiently transfected with
50 nM siRNA during 8 hours using TransIT-siQuest following
manufacturer’s instructions (Mirus, Madison, USA). Oligos were
obtained from Sigma-Genosys (Suffolk, UK). The oligo sequences
were as follows: unsilencing: GUAAGACACGACUUAUCGC;
mouse NOX4: CAAGAAGAUUGUUGGAUAA. The unsilen-
cing siRNA used was selected from previous works [22]. Specific
oligos with maximal knock-down efficiency were selected among
three different sequences for each gene.

Statistics

All data represented at least three experiments and expressed as
the mean * SEM. Differences between groups were compared
using either Student’s t test or one-way ANOVA associated with
the Dunnett’s test. Statistical significance was assumed when

p<<0.05.

Results

Activation of the TGF-B/NOX4 pathway in fibrosis
development

Mdr2 ™" mice represent a widely used model for experimental
liver fibrosis [16,17] and are characterized by chronic liver injury
and large periductal accumulation of MFBs. Similarly, Mdr2 ™"~/
p19*™ double null mice [15] displayed a fibrotic phenotype
comparable to Mdr2™’" mice which allows, on one hand,
investigation of in vive fibrosis development and, on the other hand,
isolation of MFBs for i vitro experiments that become immortal-
ized upon loss of plQARF, a gene involved in the negative control
of cell cycle [15]. As observed in Mdr2 ™/~ mice, Mdr2~’"~/
plQARF*/f mice developed spontaneous fibrosis characterized by
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periductal accumulation of collagen and MFBs, as well as an
increased number of Kupffer cells (F4/80 positive) (Suppl. Fig. 1).
Importantly, these periductal changes were accompanied by
damage of the hepatic parenchyma and compensatory hepatocyte
proliferation, since we could not only detect increased apoptosis by
cleaved caspase-3, but also increased numbers of Ki67 positive
cells, (Fig. 1A). Fibrotic cells, easily recognized by their elongated
form, condensed nuclei and positive expression for alpha-Smooth
Muscle Actin (a-SMA) (Suppl. Fig. 1), stained for Ki67, but not for
apoptosis. Of note, dying hepatocytes were mostly detected in the
surrounding tissue of these fibrotic areas. Stat32"/Mdr2 ™/~ mice
represent a mouse model with conditional inactivation of Stat3 in
hepatocytes and cholangiocytes of Mdr2™""~ mice [18]. Loss of the
hepatoprotective transcription factor Stat3 strongly aggravated
liver injury and fibrosis of the Mdr2 ™/~ fibrotic phenotype (Suppl.
Fig. 2) leading to premature lethality. The compensatory
hepatocyte proliferation due to parenchymal liver damage was
severely reduced in this model (Suppl. Fig. 2, Fig. 1B).

Previous reports have indicated that several profibrotic genes
are up-regulated at early stages of fibrosis development in Mdr2™/
~ mice, highlighting the major pro-fibrotic cytokine, TGF- [24].
In agreement with these previous results, we found that both TGF-
B and its downstream signal molecule, phospho-Smad2, were
increased during fibrosis development in both animal models as
analyzed by immunohistochemistry (Fig. 2 and Suppl. Fig. 3).
Phospho-Smad2 staining intensity was higher at 2 weeks and
decreased over time, inversely correlating with Smad7 level, a
TGF-B pathway inhibitor. Importantly, NOX4 level was also
found elevated in these fibrosis models in both hepatocytes and
fibroblastoid cells. In the case of hepatocytes, NOX4 expression
was more intense in those cells surrounding the MFBs area
(Fig. 3A), which was coincident with the regions showing positive
cells for cleaved caspase-3 (Suppl. Fig. 4). Interestingly, these
observations were corroborated in a model of chemically-induced
fibrosis by CCly injection (Suppl. Fig. 5). CCl4 model has been
widely used as an experimental model of chronic damage to the
liver that produces fibrogenesis and may mimic the situation of
human chronic liver diseases. These data together suggest that
changes in the expression of NOX4 occur in different experimen-
tal animal models of hepatic fibrosis.

Since lack of pl9ARF allows the culture of spontaneously
immortalized cells, we isolated and cultured both HSC in an
inactive state from p19ARF7/7 non fibrotic livers and activated
MFB from Mdr2 ™/~ /p19**"~/~ fibrotic livers, as described in
the Materials and Methods section. These MFB, which have
suffered the activation process i vivo during spontaneous fibrosis
development in Mdr2™ "~ /p19**™“mice, showed increased
expression of NOX1, NOX2 and NOX4 at the mRNA level when
compared to pl9™!"™/~ inactive HSC (Fig. 3B-D, left graphs).
Thus, these results suggest that these NOX isoforms may be
induced during the HSC activation process. In addition, and
corroborating the results at the tissue level, immortalized
hepatocytes showed very high NOX4 expression when compared
to HSC or MFB, which was further up-regulated when they were
treated with TGF-B (Fig. 3B, right graph). NOX1 expression was
also predominantly expressed in hepatocytes, but was down-
regulated by TGF-B in in vitro experiments (Fig. 3C, right graph).
NOX2 was predominantly expressed in MFBs and was not
affected by TGF-f in hepatocytes (Fig. 3D).

Role of NOX4 in HSC activation and MFBs phenotype
maintenance

Since NOX4 seemed to increase during the transdifferentiation
process of HSC to MFBs and its role in this process is completely
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Figure 1. Fibrosis development in Mdr2~/ /p19°"%F~/~ and Stat3"“/Mdr2 ' mice is accompanied by hepatocellular proliferation
and apoptosis. Representative 60x histological sections of livers from control or 2 or 7 weeks-old Mdr2™'~/p19*%~/~ (4) and Stat3*"/Mdr2~/~
mice (B): Ki67 (upper row) and cleaved caspase-3 (lower row). Inset: quantification of positive cells for each marker. Data represent the mean = SEM
of the number of positive cells in at least ten different fields. Student's t test calculated versus control sections (*p<<0.05; **p<<0.01;***p<<0.001).

doi:10.1371/journal.pone.0045285.g001

unknown, we decided to focus our study on the potential role of
NOX# in the in vitro activation of HSC with TGF-B. As expected,
TGF-B treatment induced HSC: activation, featured by increase in
a-SMA levels and E-cadherin down-regulation, which was
accompanied by NOXI, NOX2 and NOX4 up-regulation
(Fig. 4A). In the absence of TGF-B, this activation was not
observed (Suppl. Fig. 6). Regulation of a-SMA at the protein level
correlated with parallel changes at the mRNA level, along with up-
regulation of vimentin and the extracellular matrix genes collagen
I and fibronectin (Fig. 4B). The same panel shows that all these
changes in gene expression induced by TGF-B were inhibited
when NOX4 was knocked-down in cultured HSC cells. Impor-
tantly, phenotypical changes induced by TGF-B during the
transdifferentiation process, such as morphological alterations
and increased expression and reorganization of o-SMA and

PLOS ONE | www.plosone.org

vimentin, were impaired when NOX4 was targeted knock-down
(Fig. 4C). No apparent changes in the viability of these cells were
observed in NOX4 deficient cells (results not shown).

Since TGF-B and NOX4 appeared to play a crucial role in the
activation of HSC, we next wondered if they could play a role in
the maintenance of the activated MFB phenotype. For this
purpose, firstly we treated isolated Mdr2 ™/~ /p19°*™/~ MFBs
during 72 hours with LY364947, an inhibitor of the TGF-B
receptor I (TBRI), in in vitro experiments. As shown in Figure 5A,
inhibition of the TPRI reversed the MFB phenotype, measured as
expression of pro-fibrotic genes, which correlated with a decrease
in NOX4 mRNA levels. Importantly, this fact implicates plasticity
of the MFB phenotype suggesting that it is possible to reverse the
MEFB activated state towards a more inactive HSC-like phenotype.
It is worthy to note that blocking the TGF-B pathway down-
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regulated TGF-B expression, indicating the existence of an
autocrine positive feed-back loop implicated in the maintenance
of the MFB properties. In addition, as shown in Fig. 5B, NOX4
knock-down produced a similar change as the one found with the
TPBRI inhibitor. Indeed, the expression of pro-fibrotic genes, as
well as a-SMA and vimentin expression and organization, were
significantly diminished when NOX4 was knocked-down, cells
acquiring an HSC-like morphology (Fig. 5C). Furthermore,
desmin expression, as a marker of activated stellate cells, decreased
when NOX4 was knocked-down, correlating with the reversion of
MFB phenotype. However, NOX4 silencing was unable to inhibit
the expression of either TGF-P or its receptor (Fig. 5B, 5D), and it
did not alter Smad2/3 phosphorylation status (Fig. 5D).

These results together suggest that NOX4 acts downstream
TGF-P and controls the expression of different pro-fibrotic genes;
however, autocrine expression of the cytokine in MFB, and
activation of its downstream immediate signals, i.e., Smads, seems
to be independent of NOX4.

It is interesting to point out that NOX4 expression at the
mRNA level in both HSC and MFB was much higher than the
expression of the other isoforms NOXI1 and NOX2 (50-fold
higher than NOX2 and 25-fold higher than NOXI in hepato-
cytes; 80-fold higher than NOX2 and 60-fold higher than NOX1
in HSC: Suppl. Fig. 7), which may explain why neither NOX1 nor
NOX2 replaces NOX4 function.
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Role of NOX4 in hepatocytes

Finally, we decided to study the putative role of NOX4 in TGF-
B-induced effects in hepatocytes. As shown in Fig. 6A, NOX4
expression was significantly up-regulated reaching the maximum
mRNA levels at 12 h and the maximum protein level at 24—
48 hours upon TGF-B treatment. As we and others have
previously reported in several experimental models, induction of
apoptosis by TGF-B was impaired when NOX4 was knocked-
down (Fig. 6B). These in vitro data support the immunohistochem-
istry studies, where elevated NOX4 expression seemed to correlate
with the areas of higher apoptosis of hepatocytes (Suppl. Fig 4).
Interestingly, supplementation of cell culture medium with either
antioxidants or a general inhibitor of NADPH oxidases (DPI)
blocked TGF-B-induced ROS production and caspase-3 activa-
tion in hepatocytes (Suppl. Fig. 8A, B). In a similar way, a
permeable form of GSH and DPI also attenuated changes in gene
expression addressed by TGF-B in HSC (Suppl. Fig. 8C),
highlighting the relevant role played by ROS in these processes.

We have previously reported that some liver cells are able to
impair the pro-apoptotic effects of TGF-p and undergo EMT,
characterized by cytoskeleton rearrangement and changes in gene
expression leading to a mesenchymal phenotype with up-
regulation of Snail, vimentin and o-SMA and loss of E-cadherin
expression [21,25]. In view of the results regarding apoptosis, we
next wondered whether NOX4 could be mediating TGF--
induced EMT in vitro. NOX4 knock-down did not influence TGF-
B-induced cytoskeletal changes, neither affected the expression of
several EMT-related genes (Fig. 6C, D). In summary, NOX4 is
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Figure 7. TGF-p1 and 2, NOX2 and NOX4 are up-regulated in human ples from patients with HCV-derived fibrosis. Samples from

patients showing control livers (control; n=10), low or mildly fibrotic livers (FO-F2; n=16) or severely fibrotic and cirrhotic livers (F3/F4; n=12). Real
time determination of TGF-B,(TGFB1), TGF-B, (TGFB2), TGF-B; (TGFB3) (A), TGFBRI and TGFpRIl (TGFBR1, TGFBR2) (B), and NOX1, NOX2 and NOX4 (C).
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doi:10.1371/journal.pone.0045285.g007

implicated in apoptosis but not in the EMT process that TGF-8
induces in hepatocytes.

Up-regulation of TGF-pf and NOX4 in human samples
from HCV infected patients

Since our in vivo and in vitro results in animal models pointed to a
crucial role for NOX4 in fibrosis development, we next studied the
situation in human samples. For this reason, we chose patients
suffering from different degrees of liver fibrosis associated to HCV
infection, who were classified as having mildly fibrotic livers (FO
F2) or severely fibrotic and cirrhotic livers (F3/F4) (Table 1).
Comparing with samples from control livers, we performed real
time PCR determinations of the three isoforms of TGF-p and the
corresponding receptors, and also NOX1, NOX2 and NOX4. As
shown in Fig. 7, TGF-B1 shows a clear tendency to increase from
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FO/F2 stages, showing significant enhanced levels in F3/F4
patients. TGF-B2 was also significantly increased in the F3/F4
stage (Fig. 7A). No relevant changes in the expression of their
receptors were observed. Interestingly, NOX1 expression did not
show any significant change (Fig. 7C, left graph), but NOX2 and
NOX4 were significantly up-regulated in fibrotic livers, being the
relative increase in NOX4 higher than that observed for NOX2
(Fig. 7C).

Discussion

Chronic liver disease often progresses to fibrosis and finally to
cirrhosis, which is a preneoplastic condition [1]. Thus far, there
are no direct therapies aimed at liver fibrosis reversal, therefore
innovative antifibrogenic approaches are needed [26]. Different
models of hepatic fibrosis have been used to study the molecular
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Table 1. Demographic, virological and histopathological
characteristics of patients with chronic hepatitis C.
Age (yr) (Median and range) 46 (31-67)
Gender (M/F) 17/1
Baseline Viral load (x10° IU/ml) (Mean =+ SD) 1.36+2.05
Genotype distribution (%) la 7.14

b 75.00

I 3.57

LI} 14.28
Activity distribution (n, %) (METAVIR) 0 0 (0)

1 11 (39.28)

2 14 (50.00)

3 3(10.71)

4 0 (0)
Fibrosis distribution (n, %) (METAVIR) 0 1 (3.57)

1 11 (39.28)

2 4 (14.28)

3 7 (25.00)

4 5(17.85)
Tissue of liver biopsies from 28 patients with chronic hepatitis C in different
stages of liver fibrosis was examined for the gene expression analysis shown in
(F:Ilogl 170l.1 371/journal.pone.0045285.t001

pathogenesis of this disease. From these studies, several key
generalizations have been done [1]: i) TGF-B is the most potent
liver pro-fibrogenic cytokine; ii) oxidative stress induces liver
fibrosis; 1iii) blocking normal liver regeneration by massive
hepatocyte apoptosis turns out to be pro-fibrogenic. One of the
most studied mechanisms of fibrogenesis actually influenced by
ROS is myofibroblast activation. Previous reports and results
presented in this manuscript have revealed that stellate cell
transdifferentiation into myofibroblast is inhibited by antioxidants
[27,28]. NOX4 downstream TGF-B has been described as the
main mediator for myofibroblast activation in different organs
such as heart [12], lung [11], kidney [13] and diseased prostatic
stroma [14]. However, very few were known about the role of
NOX4 in liver fibrosis. Results presented here indicate that
induction of NOX4 occurs in three different animal models of
liver fibrosis and in chronic HCV infection in humans, associated
with activation of the TGF-B pathway, appearance of fibrotic
areas and hepatocyte proliferation and apoptosis. NOX4 may play
a key role in liver fibrosis development, downstream TGF-, at
two different levels: i) in wvitro experiments reveal that NOX4 is
required for both HSC activation and maintenance of the
activated phenotype in MFBs and ii) hepatocytes respond to
TGF-B by inducing NOX4 that is required for its pro-apoptotic
response, which might be relevant to blunt regeneration and
create a pro-fibrogenic microenvironment.

However, the role of NOX proteins in liver fibrogenesis is not
only circumscribed to NOX4. Thus, studies performed in
NoxI /7, Nox2™/~ or p47phox7/7 mice have pointed out the
importance of NOXI1 and NOX2 in fibrosis development
[5,29,30]. Our results indicate that expression of NOX4 at the
mRNA levels is much higher than those found for NOX1 and
NOX2 in HSCs and hepatocytes, and functions are not
redundant, since knock-down of NOX4 in these cells cause effects
that cannot be prevented by the other NOXes. It is possible that
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cach isoform plays differential roles in liver fibrosis. Indeed, it has
been suggested that NOX1 promotes myofibroblast proliferation
by PTEN inactivation to positively regulate an Akt/FOXO4/p27
signaling pathway [29]. NOX2, highly expressed in macrophages
and bone marrow-derived cells [8] may be acting in the process of
phagocytosis of dead hepatocytes [30]. NOX1 activity might also
contribute to the inflammatory process promoting COX-2
expression and prostaglandin synthesis in hepatocytes [31].
Interestingly, whereas the revised version of this manuscript was
being prepared, evidences for the role of dual NOX4/NOX1
pharmacological inhibitors in decreasing both the apparition of
fibrogenic markers and hepatocyte apoptosis i zivo, upon bile duct
ligation, were reported [32], highlighting the relevant role of
NOXI1 and NOX4 in liver fibrosis and opening new perspectives
for its treatment.

Hepatic fibrosis has been considered as an irreversible process
but recent experimental and clinical data indicate that removal of
the pro-fibrotic agent or condition may reverse liver fibrosis [33].
Results presented in this manuscript suggest that either TPRI
inhibition or NOX4 silencing reverses the MFB phenotype,
decreasing the expression of extracellular matrix genes, such as
collagen I or fibronectin, down-regulating o-SMA and vimentin
expression and changing cell morphology, which loses myofibro-
blastic appearance. Since it has been recently proposed that
NOX4 modulates a-SMA and procollagen I (alphal) expression in
pulmonary fibrosis by controlling activation of Smad2/3 [34], we
checked the effect of silencing NOX4 on TGF-B levels and
Smad2/3 phosphorylation. Our results have indicated that NOX4
clearly acts downstream TGF-B-independently from Smads
activation. It also has been described that NOX4 is critical for
maintenance of smooth muscle gene expression in vascular smooth
muscle cells [35], where ROS production impairs the TGF--
induced phosphorylation of Serl03 on serum response factor
(SRF) and reduces its transcriptional activity. Thus, NOX4 may
play an important role associated with the a-SMA phenotype,
being not only important in fibrotic processes, but also in
cardiovascular physiology.

We have previously described that liver cells respond to TGF-f
wn vitro undergoing EMT [25,36]. The role of EMT is perhaps the
most intriguing and controversial of recent hypothesis on the
origin mechanisms of liver fibrosis [37]. Strong evidences indicate
that hepatocytes from transgenic animals that overexpress Snail (a
master gene involved in EMT through its capacity to repress E-
cadherin gene, among others) fully undergo EMT [38] and may
propagate liver fibrosis progression [39]. However, under normal
genetic background, data from different experimental approaches
in animals and humans show controversy [40]. Our results show
that EMT occurs in hepatocytes in vitro, but NOX# is not required
for this process. However, NOX4 mediates TGF-B-induced cell
death that is prevented in the presence of antioxidants. In
agreement with these results, it has been recently proposed a role
for NOX4 in epithelial cell death during development of
bleomycin-induced lung fibrosis [41]. Using a model of NOX4-
deficient mice, authors demonstrated that these animals were
resistant to fibrosis due to the abrogation of TGF-B-induced
apoptosis in epithelial cells. Prevention of apoptosis impaired
fibrosis development, although inflammation was comparable to
wild-type. A similar situation may occur in liver fibrosis, where
engulfment of apoptotic bodies by HSC contributes to induce their
activation [7]. Indeed, hepatocyte apoptosis not only would
facilitate fibrosis through blocking liver regeneration, but it could
play an active role. In this line of evidence, inhibiting apoptosis
decreased the liver profibrogenic response [7,42]. Additionally to
the crucial role of NOX4 in TGF-B-induced cell death, recent
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results indicate that it may be also required for apoptosis induced
by other stimuli in liver cells, such as FasL and TNF-o/
actinomycin D [32].

Finally, the finding that NOX4 is induced during the
progression of a HCV disease reinforces the hypothesis of a role
for NOX4 in human liver fibrosis. The magnitude of NOX4 up-
regulation is higher than that observed for its co-partner NOX2
and, interestingly, we could not find any significant change in the
expression of NOX1. NOX4 induction is observed at early stages
of the disease when increases of TGF-B1 and 2 are not significant
yet. This could be mediated by release of inflammatory signals
that, indeed, up-regulate NOX4 in hepatocytes [31]. Further-
more, different reports support that HCV induces a persistent
elevation and increased nuclear localization of NOX4 in i vitro
assays in hepatocytes, a process that was TGF-B-dependent
[43,44]. Collectively, all these data provide evidences to propose
that HCV-induced NOX4 may contribute to ROS production
and may be related to HCV-induced liver disease. Results
presented in this manuscript support that NOX4 could play an
essential role inducing activation of stellate cells and apoptosis of
hepatocytes under these conditions of human disease, contributing
to the development of liver fibrosis.

Development of first-in-class series of NOX4 inhibitors for the
potential treatment of fibrotic diseases, cardiovascular and
metabolic syndromes is in progress [45]. Liver fibrosis might be
considered for future clinical trials with these drugs. Likewise,
ROS and NOX4 induced by TGF-B have proved to be
therapeutic targets of polyenylphosphatidylcholine in the suppres-
sion of human stellate cell activation [46]. Since NOX4 is mainly
expressed in hepatocytes and HSC [8], according to the results
presented in this manuscript, NOX4 inhibitors would specifically
prevent HSC' activation and hepatocytes cell death, without
altering the role of other NOXes, such as NOX2, which might
play defense function in Kupffer cells. In advanced stages of the
disease, NOX4 inhibitors might be able to reverse the fibrotic
phenotype acting on MFBs. Furthermore, and not less important,
we demonstrate that silencing NOX4 prevents fibrogenesis but has
no effect on TGF-B-mediated Smads phosphorylation. Indeed, the
use of pharmacological drugs targeting NOX4 expression/
activation would inhibit fibrogenesis without blocking other
beneficial effects of TGF-B, such as growth inhibition in the
epithelial cells, which prevents initiation of a pre-neoplastic stage.

In summary, here we show that NOX4 expression is elevated in
the livers of experimental in vivo models of liver fibrosis and in
patients with chronic HCV-derived infection, increasing along the
fibrosis degree. NOX4, downstream TGF-} pathway, would play
a role in the acquisition and maintenance of the MFB phenotype,
as well as in mediating death of hepatocytes, which provokes
inflammation and facilitates extracellular matrix deposit.

Supporting Information

Figure S1 Fibrosis development in Mdr2 /™ /p19*%F 7/~
mice. Representative histological sections of livers from control or
2 or 7 wecks-old Mdr2 ™"~ /p19**™/~ mice. H&E, trichrome C
staining and immunohistochemistru of F4/80, a-SMA, E-cadherin
(E-cad) or vimentin (Vim) are shown.

(TTE)

Figure S2 Fibrosis development in Stat3*"*/Mdr2 /~
mice. Representative histological sections of livers from control or
2 or 7 weeks-old Stat3*"/Mdr2 /" mice. H&E, trichrome C
staining and immunohistochemistru of ¥4/80, a-SMA, E-cadherin
(E-cad) or vimentin (Vim) are shown.

(TTF)
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Figure S3 TGF-f pathway is activated in Mdr2 /" /
pl9*®F /" and Stat3*"*/Mdr2 /" mice. Immunohisto-
chemistry analysis of TGF-B, phospho-Smad2 or Smad7 in
Mdr2 ™/~ /p19*¥F~/~ (A) and Stat3%"/Mdr2 ™/~ mice (B).
(TTF)

Figure S$4 NOX4 expression in hepatocytes correlates
with activation of caspase-3 in fibrotic tissues from
Mdr2 /" /p19*™* /" mice. Immunohistochemistry analysis of
NOX4 and the active form (cleaved) of caspase-3 in: hepatocytes
around the vascular (up) or fibrotic (bottom) areas (A); two serial
sections showing coincidence in the expression of both proteins in
the same cells (B).

(TTF)

Figure 85 NOX4 expression is increased concomitant
with fibrosis development in CCl, injection. Liver samples
were collected and processed for immunohistochemical analysis.
Representative results for NOX4, cleaved caspase-3 and Ki67 are
shown.

(TTF)

Figure S6 Additional information to Figure 4. Expression
of the different proteins analyzed in the Western blot of Figure 4A
in HSC cells cultures for 24, 48 and 72 h in the absence of
treatments (A). Quantitation of the intensity of the bands through
densitometric analysis, relative to loading (B-actin) is shown above
each band. A similar quantification approach for Western blot in
Figure 4A is shown in B.

(TIF)

Figure S7 Role of NOX4 knock-down with specific
siRNA on the expression of NOX4, NOX2 and NOX1 in
HSC (A) and MFB (B). pl9"*""/" HSC cells (A) and
Mdr?f/f/pIEJARFf/f MFB (B) were transfected with either an
unsilencing siRNA (uns. siRNA) or a specific siRNA for NOX4
(NOX4 siRNA) as described in Figs. 4 and 5, respectively. In the
case of HSC (A), cells were either not treated or treated with TGF-
B (2 ng/ml), as indicated in the figure. Data shown correspond to
the real-time PCR analysis of the mRINA levels of NOX4, NOX2
and NOXI, which were calculated relative to 18S expression. In
order to compare the expression level among the different
isoforms, we gave an arbitrary value of 1 to NOX4 expression
under basal conditions in both HSC (A) and MFB (B), and all the
data are referred to this value. Mean = S.E.M. is shown and the
specific value of the mean detailed above each bar.

(TTF)

Figure S8 Role of antioxidants (GEE and BHA) or a
NADPH oxidase inhibitor (DPI) on the effects of TGF-f
on ROS production and apoptosis in hepatocytes (A and
B, respectively) and activation of HSC (C). Cells were pre-
incubated during 30 min with 1 uM DPI, 2 mM GEE or
200 pM BHA, as indicated in each figure, before adding 2 ng/ml
of TGF-B. The same concentrations of the agents were
maintained during all the TGF-B treatment. A. After 3 h of
treatment in hepatocytes, intracellular content of ROS was
analyzed through fluorimetric assay as detailed in the Materials
and Methods section. Data represent the mean * S.E.M. of 3
independent experiments in triplicate and are referred to the
value in untreated cells (100%). B. After 16 h of treatment in
hepatocytes, proteins were collected for caspase-3 analysis. Data
represent the mean = S.E.M. of 3 independent experiments in
duplicate and are expressed as arbitrary units per hour and per
microgram of protein. C. After 48 h of treatment in HSC, RNA
was collected for analysis of expression by RT-PCR of the genes
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detailed in the figure. A representative experiment out of 3 is
shown.

(TTF)

Table S1 Mouse primer sequences used for semiquan-
titative PCR.

(DOC)

Table S2 Mouse and human primer sequences used for
quantitative real-time PCR.

DOC)
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Overactivation of the TGF-f Pathway Confers a
Mesenchymal-Like Phenotype and CXCR4-Dependent
Migratory Properties to Liver Tumor Cells

Esther Bertran,' Eva Crosas-Molist," Patricia Sancho,' Laia Caja,l Judit Lopez—Luque,1 Estanislao Navarro,'
Gustavo Egea,® Raquel Lastra,® Teresa Serrano,® Emilio Ramos,> and Isabel Fabregat'”

Transforming growth factor-beta (TGF-f) is an important regulatory suppressor factor
in hepatocytes. However, liver tumor cells develop mechanisms to overcome its suppres-
sor effects and respond to this cytokine by inducing other processes, such as the
epithelial-mesenchymal transition (EMT), which contributes to tumor progression and
dissemination. Recent studies have placed chemokines and their receptors at the center
not only of physiological cell migration but also of pathological processes, such as
metastasis in cancer. In particular, CXCR4 and its ligand, stromal cell-derived factor 1a
(SDF-1a) / chemokine (C-X-C motif) ligand 12 (CXCL12) have been revealed as regula-
tory molecules involved in the spreading and progression of a variety of tumors. Here
we show that autocrine stimulation of TGF-f in human liver tumor cells correlates with
a mesenchymal-like phenotype, resistance to TGF-f-induced suppressor effects, and
high expression of CXCR4, which is required for TGF-f-induced cell migration. Silenc-
ing of the TGF-p receptorl (TGFBR1), or its specific inhibition, recovered the epithelial
phenotype and attenuated CXCR4 expression, inhibiting cell migratory capacity. In an
experimental mouse model of hepatocarcinogenesis (diethylnitrosamine-induced), tumors
showed increased activation of the TGF-f pathway and enhanced CXCR4 levels. In
human hepatocellular carcinoma tumors, high levels of CXCR4 always correlated with
activation of the TGF-f pathway, a less differentiated phenotype, and a cirrhotic back-
ground. CXCR4 concentrated at the tumor border and perivascular areas, suggesting its
potential involvement in tumor cell dissemination. Conclusion: A crosstalk exists among
the TGF-ff and CXCR4 pathways in liver tumors, reflecting a novel molecular mechanism
that explains the protumorigenic effects of TGF-f and opens new perspectives for tumor
therapy. (HEpATOLOGY 2013;58:2032-2044)

ransforming growth factor-beta (TGF-f}) is an
important regulatory suppressor factor; how-
ever, paradoxically, it also modulates other
processes that contribute to tumorigenesis, such as
fibrosis, immune regulation, microenvironment modi-
fication, and cell invasion.' Indeed, in addition to its
suppressor effects, TGE-f induces antiapoptotic signals
in fetal hepatocytes and hepatoma cells,”® through

activation of the epidermal growth factor receptor
(EGFR) pathway.® Cells that survive to TGE-f-
induced  apoptotic  signals  undergo  epithelial-
mesenchymal transition (EMT).>>® Upon progression
of liver cancer, EMT is considered a key process that
may drive intrahepatic metastasis.” TGE-f levels are
increased in hepatocellular carcinoma (HCC) tissue,
plasma, and urine and decreased in patients who
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carcinoma; TGF-, transforming growth factor-beta; TGFBRI, transforming

growth factor-beta receptor-1
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underwent effective therapy for HCC.® Liver tumors
expressing late TGF-f-responsive genes (antiapoptotic
and EMT-related genes) display a higher invasive phe-
notype and increased tumor recurrence when com-
pared to those that show an early TGF-f§ signature
(suppressor genes).” Interestingly, blocking TGF- up-
regulates E-cadherin and reduces migration and inva-
sion of HCC cells."”

Recent studies place chemokines and their receptors
at the center not only of physiological cell migration,
but also of pathological processes, such as metastasis in
cancer.!! In particular, CXCR4 and its ligand, stromal
cell-derived factor 1o (SDF-10) / chemokine (C-X-C
motif) ligand 12 (CXCL12), have been revealed as
important molecules involved in the spreading and
progression of a variety of tumors.'> Different data
suggest that molecular strategies to inhibit the
CXCR4/CXCL12 pathway could be of therapeutic use
for the treatment of HCC."> CXCR4 is up-regulated
in human HCC,' correlating with progression of the
disease.” Tts ligand CXCL12 stimulates human hepa-
toma cell growth, migration, and invasion.'* We have
recently described that TGF-f up-regulates CXCR4 in
rat hepatoma cells'® and sensitizes cells to respond to
CXCL12, which mediates cell scattering and survival.
These results suggest a crosstalk between the increased
protumorigenic response to TGF-f and the establish-
ment of a functional CXCR4/CXCL12 axis. Nothing
is known about whether a similar situation occurs in
human liver tumorigenesis.

The aim of this work was to analyze whether auto-
crine stimulation of TGF-f in human liver tumors
may induce up-regulation, and/or intracellular reorgan-
ization, of CXCR4, which, concomitant with the
EMT process induced by this factor, would contribute
to the enhancement of cell migration and invasion.

Materials and Methods

Ethics Statement. Approval for experiments related
to the study of liver carcinogenesis in experimental ani-
mal models was obtained from the General Direction of
Environment and Biodiversity, Government of Catalo-
nia, #4589, 2011. All animals received humane care and

BERTRAN ET AL. 2033

study protocols comply with the institution’s guidelines.
Human tissues were collected with the required appro-
vals from the Institutional Review Board (Comité Etico
de Investigacion Clinica del Hospital Universitario de
Bellvitge) and patient’s written consent conformed to the
ethical guidelines of the 1975 Declaration of Helsinki.

Cell Culture. Cell lines used in this study were
from commercial sources. Hep3B, HepG2, and PLC/
PRF/5 were obtained from the European Collection of
Cell Cultures (ECACC). SNU449 were obtained from
the American Tissue Culture Collection (ATCC). Huh7
and HLF cells were from the Japanese Collection of
Research Bioresources (JCRB Cell Bank) and were
kindly provided by Dr. Perales (University of Barcelona,
Spain) and Dr. Giannelli (University of Bari, Italy),
respectively. Cell lines were never used in the laboratory
for longer than 4 months after receipt or resuscitation.

HepG2 and Hep3B were maintained in modified
Eagle’s medium (MEM) medium, PLC/PRF/5 and
Huh7 in Dulbecco’s modified Eagle’s medium
(DMEM) medium, SNU449 and HLF in RPMI
medium. Neonatal mice hepatocytes were immortal-
ized as described'” and cultured in DMEM. All media
(Lonza, Basel, Switzerland) were supplemented with
10% fetal bovine serum (FBS; Sera Laboratories Inter-
national, Cinder Hill, UK) and cells maintained in a
humidified atmosphere of 37°C, 5% CO,. Analysis of
cell viability was performed by Crystal violet staining.?

Immunofluorescence Staining. Fluorescence micros-
copy studies were performed as described® (further
details in the Supporting Materials and Methods).
Cells were visualized with a Nikon eclipse 80i micro-
scope with the appropriate filters. Representative
images were taken with a Nikon DS-Ril digital cam-
era. Image] software (National Institutes of Health
[NIH], Bethesda, MD) was used to analyze fluores-
cence from TIFF images captured using the same
exposure conditions.

Immunohistochemistry. Human HCC dssues were
obtained from the Pathological Anatomy Service, Univer-
sity Hospital of Bellvitge, Barcelona. Paraffin-embedded
tissues were cut into 4-pum-thick sections, incubated with
the specific primary antibody overnight at 4°C, and
binding developed with the Vectastain ABC kit (Vector

Address reprint requests to: Isabel Fabregat, Bellvitge Biomedical Research Institute (IDIBELL), Gran Via de L'Hospitalet, 199, 08908 L'Hospitalet de

Llobregat, Barcelona, Spain. E-mail: ifabreqat@idibell.cat; fax: 34 932 607426.
Copyright © 2013 by the American Association for the Study of Liver Diseases.
View this article online at wileyonlinelibrary.com.
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Laboratories, Burlingame, CA). Further information is
supplied in the Supporting Materials and Methods.

Western Blot Analysis. Total protein extracts and
western  blotting procedures were carried out as
described.” Source of antibodies are detailed in the
Supporting Materials and Methods.

Analysis of Gene Expression. RNeasy Mini Kit
(Qiagen, Valencia, CA) was used for total RNA isola-
tion. Reverse transcription (RT) was carried out using
the High Capacity Reverse Transcriptase kit (Applied
Biosystems, Foster City, CA), and 500 ng of total
RNA from each sample for complementary DNA syn-
thesis. For details about semiquantitative and real-time
polymerase chain reaction (PCR) reactions, see the
Supporting Materials and Methods.

RNA Interference Assays. Cells at 70% confluence
were transiently transfected with 50 nM small interfer-
ing RNA (siRNA) for 8 hours using TransIT-siQuest
following the manufacturer’s instructions (Mirus, Mad-
ison, WI). For stable transfection of short hairpin
RNA (shRNA), cells at 50%-60% confluence were
transfected with MATra-A reagent (IBA, Germany)
according to the manufacturer’s recommendation (15
minutes on the magnet plate, 2 ug/mL of shRNA plas-
mid). Four different plasmids of TGFBRI shRNA
were transfected separately or combined, as well as a
control shRNA. Protocols used were as described.®
For siRNA sequences and further experimental details,
see the Supporting Materials and Methods.

Migration Assays. Cell motility was examined by
two different methods: (1) a wound-healing zlssay16 and
(2) real-time migration assay through the xCELLigence
system (Roche Applied Science). For the wound-healing
assay, cells were grown at basal conditions to 95% con-
fluence and monolayers were scratched with a pipette
tip (0 hours). Cell migration was recorded by phase
contrast microscopy (Olympus IX-70) at 48 hours after
wound scratch. For real-time monitoring of cell migra-
tion, the xCELLigence system was used; 4 X 10* cells/
well were seeded onto the top chamber of a CIM plate,
which features microelectronic sensors integrated on the
underside of the microporous membrane of a Boyden-
like chamber. CIM plates were placed onto the Real-
Time Cell Analyzer (RTCA) station (xCELLigence
System, Roche, Mannheim, Germany). Cell migration
was continuously monitored by measuring changes in
the electrical impedance at the electrode/cell interface,
as a population of cells migrated from the top to the
bottom chamber. Continuous values are represented as
cell index (CI), a dimensionless parameter that reflects a
relative change in measured electrical impedance, and
quantified as a slope (h™") of the first 5 hours.

HEPATOLOGY, December 2013

Diethylnitrosamine (DEN)-Induced Hepatocarci-
nogenesis in Mice. Male mice at day 15 of age
received intraperitoneal injections of DEN (5 mg/kg)
diluted in saline buffer, control animals were injected
with saline buffer intraperitoneally. At 6, 9, and 12
months of age, mice were sacrificed and their livers
removed. For histological studies, liver lobes were fixed
in 4% paraformaldehyde overnight and paraffin-
embedded for immunohistochemistry staining. Total
RNA was isolated from frozen tissues to analyze gene
expression by real-time quantitative PCR. Three to
four animals/condition and two different tissue pieces/
animal were processed for RNA extraction.

Statistics. All data represent at least three experi-
ments and are expressed as the mean * SEM. Differen-
ces between groups were compared using either
Student # test or one-way analysis of variance
(ANOVA) associated with Dunnett’s test. Statistical
significance was assumed when 2 < 0.05. The analysis
was performed using GraphPad Prism software
(Graph-Pad for Science, San Diego, CA). For data
from human samples, statistical significance between
means was determined by the nonparametric Mann-
Whitney U test. Correlation between TGF-fi and
CXCR4 mRNA levels was determined by the Pearson

correlation coefficient.

Results

Mesenchymal-Like Phenotype in HCC Cells Corre-
lates With SMADs Activation and Resistance to
TGF-B-Induced Suppressor Effects. In order to
evaluate the relevance of the autocrine stimulation of
TGE-f pathway in the acquisition of mesenchymal-like
features, we analyzed the phenotype of six different
human liver tumor cell lines whose characteristics are
detailed in Supporting Table 1. A correlation between
the decrease in E-cadherin and cytokeratin-18 (CK-18)
expression, characteristics of an epithelial phenotype, and
the appearance of cells expressing vimentin (a mesenchy-
mal intermediate filament) was observed (Fig. 1A). The
acquisition of a mesenchymal-like phenotype occurred
concomitantly with an increase in the expression of
TGFBI (Fig. 1B) and with nuclear localization of both
SMAD2 and SMAD3 (Supporting Fig. 1). Analysis of
TGF-f in the culture medium revealed increased
amounts of this cytokine in mesenchymal-like versus epi-
thelial cell lines. Furthermore, conditioned medium
from mesenchymal-like HCC cells induced higher
Smad2 phosphorylation in immortalized mice hepato-
cytes (Supporting Fig. 1). With the exception of the
HepG2 cells that show mutations in NRAS and are
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Fig. 1. Autocrine stimulation of the TGF-f3 pathway in HCC cells correlate with a mesenchymal-like phenotype and resistance to TGF-f-induced
suppressor effects. HepG2, PLC/PRF/5, Huh7, Hep3B, SNU449, HLF were cultured under standard conditions in 10% FBS. (A) Immunofluores-
cence of E-cadherin (green), CK-18 (green), vimentin (green), and DAPI (blue). (B) TGFB expression levels determined by real-time PCR. Mean
+ SEM (n = 5). (C) Effect of 48 hours of treatment with 2 ng/mL TGF-f on cell viability, analyzed by Crystal violet staining: data were calculated
relative to zero time and represent the mean == SEM of at least six independent experiments. Student t test was calculated versus zero time for
each cell type: ***P < 0.001.
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resistant to TGF-B-induced suppressor effects,'” the epi-
thelial phenotype correlated with response to TGE-f as
a cytostatic factor, whereas cells with a mesenchymal-like
phenotype did not arrest proliferation in the presence of
TGE-f (Fig. 1C). This behavior confirms a previous
classification of these cell lines according to the TGF-f
signature9 (early for PLC/PRF/5 and Huh7; late for
SNU449, HLF). Results in Hep3B indicate that these
cells represent a transition from an epithelial to a
mesenchymal-like  phenotype, they
decreased expression of E-cadherin and simultaneous
expression of epithelial (CK-18) and mesenchymal
(vimentin) intermediate filaments (Fig. 1A). Interestingly,
this mixed phenotype correlated with a high activation
of the TGF-f pathway (Supporting Fig. 1) and lower
suppressor response to this cytokine (Fig. 1C). In sum-
mary, mesenchymal-like phenotype in HCC cell lines
correlates with autocrine stimulation of the TGF-f path-
way and resistance to TGF-f-induced suppressor effects.

Mesenchymal-Like Phenotype in HCC Cells Corre-
lates With CXCR4 Up-regulation and Asymmetric
Distribution, Which Is Required for Cell
Migration. The analysis of the cytoskeleton organiza-
tion reflected that cells with more mesenchymal phe-
notype presented F-actin located in stress fibers,
whereas the more epithelial ones showed more pericel-
lular distribution (Fig. 2A, left panels). Cells with mes-
enchymal characteristics showed CXCR4 in an
asymmetric distribution in a great percentage of them
(Fig. 2A, right panels). HepG2 cells showed homoge-
neous distribution of CXCR4 with no apparent polar-
ization, whereas in the epithelial Huh7 and PLC/PRF/
5 localization of CXCR4 was variable, with some cells
showing polarized areas, but a great percentage con-
taining  homogeneous intracellular localization (Fig.
2A, right panels, quantification of the protrusions in
Fig. 2B). Furthermore, analysis of CXCR4 expression
at the messenger RNA (mRNA) levels revealed that
cells with mesenchymal-like characteristics presented a
higher expression of CXCR4, when compared with the
more epithelial ones (such as HepG2) (Fig. 2C). Levels
of TGFBI mRNA showed correlation not only with
the mesenchymal-like phenotype, but also with
CXCR4 levels (Fig. 2D). In agreement with their mes-
enchymal characteristics and F-actin distribution, the
migratory capacity of Hep3B and SNU449 was much
higher than that observed in HepG2, analyzed through
the xCELLigence technology or in a wound-healing
assay (Fig. 2E,F). Interestingly, in mesenchymal-like
cells, such as Hep3B (Fig. 2G) or SNU449 (results
not shown), the cells in the migration front showed a
strong polarization of CXCR4. The presence of

since showed
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AMD3100, a well-known inhibitor of the CXCR4
receptor, inhibited migration of both Hep3B and
SNU449 (Fig. 2F). Furthermore, only cells that
showed CXCR4 clevated expression and asymmetrical
distribution, such as SNU449, responded to CXCLI12
inducing migration, whereas HepG2 cells did not
(Supporting Fig. 2). All these results together indicate
that autocrine stimulation of the TGF-f pathway in
HCC cell lines correlates with activation of the
CXCR4/CXCL12 axis, which mediates cell migration.

Targeting TGF-f Receptor I Attenuates the Mesen-
chymal Phenotype, Decreases CXCR4 Expression,
and Impairs Cell Migration in HCC Cells. To ana-
lyze whether the autocrine stimulation of the TGF-f
pathway induces CXCR4 expression and/or its asym-
metric distribution, we stably silenced 7GFBRI expres-
sion with specific shRNA in Hep3B (Fig. 3A) and
PLC-PRF5 cells (Supporting Fig. 3). Increase in E-
cadherin, which presented a pericellular distribution,
and decrease in vimentin expression were observed in
TGFBRI-silenced Hep3B cells (Fig. 3B,C, left). Cyto-
skeleton organization changed in the absence of
TGFBRI expression, showing a more pericellular dis-
tribution and fewer stress fibers (Fig. 3C,D). CXCR4
expression was inhibited in these cells (Fig. 3B,C,
right, and D), which correlated with a significantdy
lower capacity to migrate (Fig. 3E). Silencing of
TGFBRI also correlated with reorganization of cyto-
skeleton and attenuation of CXCR4 expression and
asymmetric distribution in PLC/PRE/5 cells (Support-
ing Fig. 3). A pharmacological inhibitor of the kinase
activity of TGFBRI, LY36497, which attenuated
SMAD2 phosphorylation in HCC cells both in the
absence or presence of TGF-f (Supporting Fig. 4),
decreased CXCR4 levels (Fig. 4A), increased E-
cadherin (CDHI) mRNA levels (although changes
were more moderate and less significant than the
TGFBRI silencing: Supporting Fig. 4), reorganized the
cytoskeleton and decreased the percentage of cells with
an asymmetric distribution of CXCR4 (Fig. 4B). Inter-
estingly, treatment with LY36497 inhibited the
capacity of cells to close the wound in migration
experiments (Fig. 4C). In summary, TGF-f signaling
is responsible for up-regulation and asymmetric distri-
bution of CXCR4 in HCC cells.

Mice Tumors From DEN-Induced Liver Carcino-
genesis Show High Expression of Both TGF-f1 and
CXCR4. In order to know whether the TGF-f/
CXCR4 crosstalk shows significance during in wvive
hepatocarcinogenesis, we started with the analysis of
tumors in a model of DEN-induced experimental liver
tumorigenesis in mice. At different times after a single
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Fig. 2. Overactivation of the TGF-f pathway correlates with high expression and asymmetric distribution of CXCR4, which is required for cell
migration. (A) Immunofluorescence of F-ACTIN (red), CXCR4 (green), and DAPI (blue). (B) Percentage of CXCR4 protrusions/cell number. (C)
CXCR4 mRNA levels by real-time PCR relative to HepG2 levels. (B,C) Mean == SEM (n = 3). Student t test versus HepG2 cells: **P < 0.01,
***P < 0.001. (D) Correlation among TGFB and CXCR4 mRNA levels in the individual analyses performed in the different cell lines. (E) Real-
time migration assay (xCELLigence system, Roche). (F) Cells were untreated or treated with 1 ug/mL AMD3100. Wound-healing assay (48 hours
after wound scratch). (G) Immunofluorescence of CXCR4 (green) and DAPI (blue) of Hep3B, 10 minutes after wound scratch. (E-G) Representa-

tive experiments (n = 3).

dose of DEN in 15-day-old animals, liver was col-
lected and analyzed. The appearance of tumors was
observed microscopically in all male mice at 9 months
of age, but clear macroscopic observation of relevant
tumor masses was not observed until 12 months

(Supporting Fig. 5). Real-time PCR analysis revealed a
progressive increase in the expression of 7GFBI,
TGFBRI, and CXCR4 in livers from mice of 9 to 12
months of age (Fig. 5A). Increased expression of
TGFBI correlated with a higher percentage of cells
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Fig. 3. Stable silencing of TGFBR1 recovers the epithelial phenotype and attenuates CXCR4 expression, inhibiting cell migratory capacity.
Hep3B cells were stably transfected with an unspecific ShRNA (Hep3B-shUns) or a pool of four different shRNAs against TGFBRI, as detailed in
the Supporting Materials and Methods, (Hep3B-shTGFBR1) and were comparatively studied: (A) western blot (left) and real-time PCR of TGFBR/
(right). (B) E-cadherin (CDH1) and CXCR4 expression levels by real-time PCR. (C) Immunofluorescence of: left: E-cadherin (green), vimentin
(green), and DAPI (blue); right: F-ACTIN (red), CXCR4 (green), and DAPI (blue). (D) Quantitative analysis of the F-ACTIN stress fibers area (top)
and the number of CXCR4 protrusions relative to the number of cells (bottom). (E) Analysis of cell migration. Top: wound-healing experiment (48
hours after wound scratch). Bottom: real-time migration assay (xCELLigence system). (A, left, C, E, top) Representative experiments (n= 3).
(A, right, B, D, E, bottom) Mean = SEM (n = 3). Student t test *P < 0.05, **P < 0.01, ***P < 0.001.

showing nuclear localization of phospho-SMAD2 and the maximal level of CXCR4 expression (Fig. 5C).
phospho-SMAD3 in immunohistochemical studies Importantly, it was possible to observe some CXCR4-
(Fig. 5B). Cells in the border of the tumor presented positive cells invading the stroma. The expression of
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Fig. 4. Pharmacological inhibition of TGFBR1 kinase activity prevents CXCR4 expression and polarization in the mesenchymal HCC cell lines.
Hep3B, SNU449, and HLF cells were incubated in the presence or absence of 3 uM LY36497 for 48 hours. (A) Western blot analysis of CXCR4.
A representative experiment of three is shown. (B) Immunofluorescence of F-ACTIN (red), CXCR4 (green), and DAPI (blue). Percentage of CXCR4
protrusions/cell number is represented on the right of each picture as the mean = SEM of three independent experiments. Student t test versus
untreated cells: **P < 0.01. (C) Wound-healing experiment in Hep3B cells with or without 3 M LY36497 at 48 hours after wound scratch.

CXCL12/SDE-1oc was concentrated in perivascular or
ductal cells, which could induce the stimulus for cells
to migrate toward these areas. Furthermore, we found
that immortalized mice hepatocytes in culture were
able to respond to TGF-f by inducing CXCR4 expres-
sion, a process that was SMAD2/3-dependent (Fig.
5D). In summary, tumor cells in the DEN-induced
mice model of liver tumorigenesis show increased acti-
vation of the TGF-fi pathway, which correlates with
enhanced CXCR4 levels that concentrates particularly
in the cells of the tumor border line.

Expression of CXCR4 in Human HCC Tissues
Correlates With an Active TGF-$ Pathway and Is
Concentrated in Areas of Cell Spreading. Finally,
we wanted to know whether TGF-f1 signaling and
CXCR4 expression correlated in human HCC tissues.
We analyzed tissues from 17 patients with HCC from

different etiologies (Table 1). Heterogeneity among
HCC tumors, with variable expression of TGFBI and
its receptor TGFBRI, was observed. Nevertheless,
when calculated as the mean among the patients, the
expression was significantly increased in tumor tissues
versus their surrounding nontumoral tissues. Analysis
of CXCR4 was also variable, but again the tendency
was to an increased expression in the tumor tissues
(Fig. 6A). However, the most interesting way to dissect
the results was individually (Fig. 6B), considering each
patient independently. In all the patients showing
increased expression of CXCR4, TGFBI expression was
also enhanced, with the exception of patient 8, who
presented CXCR4 expression mainly in areas of infil-
tration (results not shown). This patient suffered from
an autoimmune disease. This direct correlation was
not necessarily true the other way around, since some
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Fig. 5. Tumorigenesis in mice following DEN treatment is associated with increased TGF-f§ and CXCR4 signaling. (A) Tgfb, Tgfbrl, and Cxcr4
transcript levels analyzed by real-time PCR in control liver (PBS treatment) versus tumoral tissues in animals at 6, 9, and 12 months of age.
Data represent mean = SEM (n =4 in control animals; 3 in DEN-treated animals; analysis in two different pieces of tissue/animal). Student
t test *P < 0.05, **P < 0.01, ***P < 0.001. (B,C) Immunohistochemistry analysis of serial sections of liver from mice after DEN or PBS treat-
ment (12 months). (D) Effect of transient knockdown of SMAD2 or SMAD3 on Cxcr4 mRNA levels analyzed by RT-PCR in immortalized neonatal
hepatocytes treated during 24 hours with or without 2 ng/mL TGF-f5. A representative experiment (n = 3).

patients with increased expression of 7GFBI did not stroma and perivascular areas (Fig. 6B,C). Nuclear
show higher expression of CXCR4 (patients 9, 10, 13, location of phospho-SMAD2 confirmed the activation
17). Of note, the increased expression of 7GFBI at of the TGF-f signaling. In a similar way to that
the mRNA level correlated with higher levels of observed in the mice model, CXCR4-positive cells
TGFBI1 protein in the tissues from these patients, not were mainly located in the border of the tumor or in
only in the tumoral cells but also in the surrounding the perivascular area (Fig. 6B,C) and CXCLI2
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Table 1. Patient and Tumor Characteristics
Tumoral Focus/ Hi i Mi

Case Age/Sex Etiology Background Size (cm) Satellite Nodules Grade Vascular Invasion Vascular Invasion pT / Stage
1 46/M Alc LC 3 1/0 3 No No 1/1
2 50/M Alc, HCV LC 2,5 2/0 2-3 No No 2/1
3 75/M Alc LC 3 1/0 3 No No 1/1
4 49/F U NL 27 1/0 3 No No 1/1
5 78/F U NL 75 1/1 3 Yes No 2/1
6 50/M Alc LC 2 9/0 2 Yes No 2/1
7 69/M HCV LC 3 - 3 No Yes 1/1
8 65/F Aut LC 6 5/0 2 Yes No 3/ llla
9 61/M HCV LC 2,5 - 2 No No 2/1
10 62/M HCV LC 4,5 1/0 3 No No 1/1
11 74/M U NL 6 1/0 2 No No 1/1
12 52/M HCv LC 3.8 1/0 2 No No 1/1
13 82/M U NL 7 1/0 1-2 No No 1/1
14 46/M HCV LC 8,5 1/multi 3 Yes No 2a/ll
15 71/M U NL 20 1/multi 2 Yes No 2/1
16 64/M HCV LC 33 1/0 3 No No 1/1
17 71/M HCV LC 4,5 1/1 2-3 No No 1/1

Gender: F (female); M (male). Histological grade according to the criteria of Edmondson and Steiner: 1, well differentiated; 2, moderately differentiated; 3,
poorly differentiated; 4, undifferentiated. Etiology: HBV (hepatitis B virus); HCV (hepatitis C virus); NBNC (HBV(-), HCV(-)); alcohol (heavy alcohol use); U (unknown

etiology); Aut (autoimmune); background: NL (normal liver); LC (liver cirrhosis).

expression was found in the stroma, infiltration areas,
and in ductal and perivascular cells. It is worth noting
that it was possible to observe CXCR4-positive cells try-
ing to invade the vasculature and infiltrating the peritu-
moral capsule (Fig. 6D). Interestingly, CXCR4-positive
tumor cells surrounding vascular areas showed disorga-
nization of E-cadherin, which reflects a less differenti-
ated, more mesenchymal, and migratory phenotype
(Fig. 6C). In fact, the highest expression of both TGF-
f and CXCR4 significantly correlated with the lowest
stages of differentiation in the HCC patients analyzed
(Supporting Fig. 6A). Furthermore, patients with a cir-
rhotic background showed the highest levels of CXCR4
and, interestingly, the tumor surrounding (cirrhotic) tis-
sue from these patients contained significantly higher
levels of both TGE-ff and CXCR4 when compared
with the surrounding tissue from noncirrhosis patients
(Supporting Fig. 6B). Immunohistochemical analysis of
CXCR4 in tissues from patients with different grades of
fibrosis (no tumors yet) revealed progressive increase in
the expression of this protein, which correlated with
higher activation of the TGF-f pathway, analyzed as
SMAD?2 phosphorylation (Supporting Fig. 6C).

In summary, a great percentage of HCC tumors
express high levels of CXCR4 that is always coincident
with activation of the TGF-fi pathway and correlates
with a dedifferentiation stage and a cirthotic back-
ground. CXCR4 concentrates particularly in the cells
of the tumor border and in the perivascular areas, a
fact that may suggest its potential involvement in
tumor cell migration.

Discussion

In addition to the clear evidence for TGF-f§ signal-
ing as a liver tumor suppressor, different studies have
identified overexpression of TGF-f1 in HCC, which
correlates with tumor progression and a bad progno-
sis.”!® The ability of TGF-$ to contribute to tumor
progression depends on the capacity of the cells to
overcome its growth inhibitory and proapoptotic
effects. Different mechanisms could account for this
resistance, among others: (1) alteration of oncogenic
pathways, such as Ras/Erks or p53'>%; (2) alterations
in the TGF-f suppressor arm, such as dysregulation of
embryonic liver fodrin (ELF, a crucial SMAD3/4 adap-
tor)*! or up-regulation of SMAD7%**%; or (3) interac-
tion with hepatitis B virus X (HBx) protein.24 Tumor
cells that overcome TGF-f suppressor effects become
susceptible to respond to these cytokine-inducing other
effects, such as EMT processes that contribute to
cither fibrosis and/or tumor dissemination.” Further-
more, TGF-f may exert multiple effects on the micro-
environment, as well as on Vasculogenesis,z(’ For all
these reasons, the TGF-f signaling pathway is starting
to be considered as a pharmaceutical target in HCC.®
However, whereas interference with TGF-f§ signaling
in various short-term animal models has provided
promising results, liver disease progression in humans
is a process of decades with different phases where tar-
geting of TGF-f might have both beneficial and/or
adverse effects.”” Indeed, dissecting the downstream
signals that govern the protumorigenic effects of the
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Fig. 6. High expression of CXCR4 correlates with activation of the TGF- pathway and a less differentiated phenotype in HCC tumor tissues.
(A) TGFB, TGFBRI, and CXCR4 transcript levels analyzed by real-time PCR, comparing tumor versus surrounding tissue in 17 HCC patients (up).
Relative expression of TGFB and CXCR4 of each individual tumor versus its respective surrounding tissue, represented in a logarithmic scale for
a better understanding of changes observed (down). (B) Immunohistochemistry analysis of serial sections in two representative HCC patients (1
and 5), compared with healthy tissue. (C) Immunohistochemistry analysis of tumor arteries. (D) Magnification of different CXCR4 localizations
within the tumor.
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TGF-f pathway in liver tumor cells may help in the
design of more specific targeted therapies for down-
stream TGEF-f receptors and/or to select patients in
whom a potential positive response to TGF-f inhibi-
tors is predicted.

In this work, we show that some human HCC cells
display a mesenchymal-like phenotype and migratory
capacity under basal conditions, which is coincident
with overactivation of the TGF-f pathway. An inverse
correlation between the mesenchymal-like phenotype
and the response to TGF-f as a tumor suppressor is
observed. In liver cancer cells EMT, through Snaill
up-regulation, overcomes TGF-f-induced tumor-sup-
pressor effects, switching its response to tumor pro-
gression, making cells resistant to cell death and prone
to acquire invasive properties.”® Furthermore, correlat-
ing with the autocrine stimulation of TGF-f, HCC
cells express high levels of CXCR4, which is asymmet-
rically distributed and concentrated at the presumptive
cell migratory front and mediates cell migration. Inter-
estingly, both mesenchymal-like features and expres-
sion/polarization of CXCR4 are attenuated in cells
where TGFBRI1 expression is decreased with a specific
shRNA, which correlates with the impairment of their
migratory capacity. Although previous reports had
reported the overexpression of TGF-f in HCC™'* and
the correlation of CXCR4 expression with invasive
potential of HCC cells,'>'>**3% this is the first study
demonstrating that the tumor-promoting function of
TGF-f signaling involves CXCR4/CXCL12, which
results in enhanced migration in human liver tumor
cells. Furthermore, activation of CXCR4 would affect
several major signaling pathways related not only to
cell migration, but also to proliferation and survival,'°
which may have relevant consequences in tumor
progression.”!

The results presented here also indicate that in the
animal model of DEN-induced liver carcinogenesis,
expression of TGF-f1 and CXCR4 is progressively
increased, reaching maximum levels at late stages
where tumors are macroscopically observed. We have
also proven that in cultures of immortalized hepato-
cytes, TGF-f induces CXCR4 expression, a process
that requires activation of both SMAD2 and SMAD3.
In fact, an integrative genomic analysis of CXCR4
transcriptional regulation had previously suggested that
TGF-f, Nodal, and Activin signals may induce
CXCR4 upregulation based on SMAD2/3 and FOX
family members.>* The study in humans also indicates
that a relevant percentage of liver tissues from HCC
patients show a higher expression of CXCR4, which is
always coincident with overactivation of the TGF-f
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pathway and correlates with a less differentiated phe-
notype and cirrhotic background. Cells that present a
higher amount and polarized localization of CXCR4
are located in the borders of the tumor, in the migra-
tory fronts, or in the perivascular zone, coincident
with high expression of TGF-f in these areas. Interest-
ingly, expression of CXCLI2 is higher in the peritu-
moral cells, which suggest a paracrine regulation of the
CXCR4 pathway. Indeed, overactivation of the TGF-f
pathway sensitizes tumor cells to respond to CXCL12
produced by tumoral surrounding tissue. All these
results together support the existence of crosstalk
among TGF-f and CXCR4 pathways in HCC human
tumors, which may contribute to tumor progression
and dissemination.

The inhibition of the TGF-f pathway is emerging
as a new therapeutic tool in cancer.®® Since it regulates
several steps in tumor progression, blocking this medi-
ator should have multiple beneficial effects.® However,
based on the results presented here, from both iz vitro
and 77 wvivo experiments, the heterogencity of the
tumors might condition the response to these inhibi-
tors. Indeed, overactivation of the TGF-f pathway dif-
fers among the different cell lines tested, as well as
among the different tissues from patients. Interestingly,
a strong correlation between TGE-f overactivation and
mesenchymal-like and  migratory  phenotypes s
observed, locating CXCR4 as a target of TGF-f both
in cell lines and in HCC patients. From these results,
CXCR4 localization in the migratory fronts of tumor
tissues, coincident with high expression of TGF-f and/
or high nuclear localization of p-SMAD2, may be
used as biomarkers to predict the beneficial response to
therapeutic agents that act on the TGF-fi pathway.
Increasing evidence demonstrates that activation of the
CXCR4/CXCL12 pathway is a potential mechanism
of tumor resistance to both conventional therapies
and biological agents by way of complementary
actions.”* The use of TGEF-f inhibitors, or inhibitors
of the CXCR4/CXCL12 pathway, might increase
the response to other therapeutic drugs when used
in combination.

In conclusion, overactivation of the TGF-f§ pathway
in HCC cells confers on them a mesenchymal-like
phenotype and migratory properties through activation
of the CXCR4/CXCL12 axis, a mechanism that would
contribute to tumor progression in HCC patients.
CXCR4 localization in the migratory fronts of tumor
tissues, coincident with overactivation of the TGF-f
signaling, may be considered in the future as a prog-
nostic factor to predict patient response to drugs that
target the TGF-f8 pathway.
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The NADPH oxidase NOX4 has emerged as an important source of reactive oxygen species in signal
transduction, playing roles in physiological and pathological processes. NOX4 mediates transforming
growth factor-B-induced intracellular signals that provoke liver fibrosis, and preclinical assays have
suggested NOX4 inhibitors as useful tools to ameliorate this process. However, the potential con-
sequences of sustained treatment of liver cells with NOX4 inhibitors are yet unknown. The aim of this
work was to analyze whether NOX4 plays a role in regulating liver cell growth either under physiological
conditions or during tumorigenesis. In vitro assays proved that stable knockdown of NOX4 expression in
human liver tumor cells increased cell proliferation, which correlated with a higher percentage of cells in
S/G2/M phases of the cell cycle, downregulation of p21(CIP1/WAF1), increase in cyclin D1 protein levels,
and nuclear localization of f-catenin. Silencing of NOX4 in untransformed human and mouse
hepatocytes also increased their in vitro proliferative capacity. In vivo analysis in mice revealed that
NOX4 expression was downregulated under physiological proliferative situations of the liver, such as
regeneration after partial hepatectomy, as well as during pathological proliferative conditions, such as
diethylnitrosamine-induced hepatocarcinogenesis. Xenograft experiments in athymic mice indicated
that NOX4 silencing conferred an advantage to human hepatocarcinoma cells, resulting in earlier onset of
tumor formation and increase in tumor size. Interestingly, immunochemical analyses of NOX4 expression
in human liver tumor cell lines and tissues revealed decreased NOX4 protein levels in liver tumorigen-
esis. Overall, results described here strongly suggest that NOX4 would play a growth-inhibitory role in
liver cells.

© 2014 Elsevier Inc. All rights reserved.

Reactive oxygen species (ROS) are intracellular physiological
signals, but also disease triggers. Their relative excess or shortage
is potentially deleterious [1]. The NADPH oxidase (NOX) family has
emerged in the past years as important sources of ROS in signal
transduction [2]. NOX-derived ROS may modulate gene expression,
cytoskeleton remodeling, migration, and differentiation, as well as
cell proliferation and death [1,2]. The first NOX described was the

Abbreviations: DEN, diethylnitrosamine; HCC, hepatocellular carcinoma; NOX,
NADPH oxidase; ROS, reactive oxygen species; TGF-f, transforming growth factor §
* Corresponding author at: Bellvitge Biomedical Research Institute, L'Hospitalet
de Llobregat, 08908 Barcelona, Spain. Fax: +34 932 607426.
E-mail address: ifabregat@idibell.cat (I. Fabregat).
! present address: Spanish National Cancer Research Center, Madrid, Spain.

http://dx.doi.org/10.1016/j.freeradbiomed.2014.01.040
0891-5849 © 2014 Elsevier Inc. All rights reserved.

respiratory burst NADPH oxidase complex, whose catalytic subunit
is now known as NOX2. The other family members have been
cloned and studied in the past 15 years. The NOX family consists of
seven members, NOX1-5 and two dual oxidases (DUOX1 and 2),
which share analogies in structure and catalytic function, because
all of them mediate the reduction of oxygen using NADPH as an
electron donor. However, important differences in regulation
and cellular functions are observed among them. The functional
analysis of the isoenzyme NOX4 revealed unique characteristics
compared to other NADPH oxidases [3]. NOX4 associates with
their regulators (p22phox or Poldip2) in intracellular membranes,
where the superoxide anion is rapidly converted to H,0, [3,4]. It is
believed that H,0, is responsible for the majority of NOX4 down-
stream effects. None of the known cytosolic oxidase proteins nor
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the GTPase Rac is required for its activity, which seems to be
regulated mainly at the transcriptional level [3,5,6]. Strong pieces
of evidence support the role of NOX4 in various pathologies.
In particular, NOX4 has been proposed to be a relevant mediator
of fibrotic processes in lung [7] or liver [8]. For these reasons there is
an increasing interest in the development and test of new NOX
inhibitors that could be clinically useful to ameliorate fibrosis [9-11].
However, what could be the consequences of sustained treatment
with NOX4 inhibitors? This is an unanswered question yet.

In the liver, NOXs play relevant roles mediating transforming
growth factor-p (TGF-) actions. In stellate cells, NOX4 signals for
their activation to myofibroblasts, but in hepatocytes, it mediates
cell death [8]. A similar situation occurs in the lung [12]. ROS
generated by NOX4 are required for the mitochondrial-mediated
apoptosis induced by TGF-f} in hepatocytes [13], through modula-
tion of the expression of the proapoptotic genes BIM and BMF [14].
TGF-p is a well-known tumor suppressor factor in epithelial cells
through its capacity to inhibit growth as well as to induce
apoptosis. Indeed, inhibition of NOX4 in epithelial cells might lead
to a situation in which protumorigenic processes would be favored
because of the lack of a suppressor gene. However, this is a
hypothesis that remains to be proved.

The aim of this work was to analyze whether NOX4 plays a role in
regulating liver cell growth either under physiological conditions or
during liver tumorigenesis. Overall, results described here strongly
suggest that NOX4 would play a growth-inhibitory role in liver cells.

Material and methods
Reagents

Human recombinant TGF-f1 was from Calbiochem (La Jolla, CA,
USA). Fetal bovine serum (FBS) was from Sera Laboratories Inter-
national (Cinder Hill, UK). Anti-NOX4 rabbit polyclonal antiserum
was raised by Sigma-Genosys (Suffolk, UK) against a peptide
corresponding to the C-terminal loop region (amino acids 499-511).
Specificity was tested by ELISA with the purified peptide [14]. This
NOX4 antibody is currently available from Merck Millipore (Bill-
erica, MA, USA; Cat. No. ABC459).

Cell culture

Hep3B and PLC/PRF/5 cell lines were obtained from the
European Collection of Cell Cultures. HLF cells were from the
Japanese Collection of Research Bioresources (JCRB Cell Bank) and
were kindly provided by Dr. Giannelli (University of Bari, Bari,
Italy). The human liver cell line CCL-13 (Chang liver, CHL) was from
the American Type Culture Collection. Neonatal mouse hepato-
cytes were immortalized as described previously [15]. Hep3B cells
were maintained in minimal essential medium, HLF in RPMI
medium, and PLC/PRF/5, CHL, and neonatal mouse hepatocytes
in Dulbecco’s modified Eagle’s medium, supplemented with 10%
fetal bovine serum, in a humidified atmosphere at 37 °C, 5% CO,.

Knockdown assays

For stable transfection of short hairpin (sh) RNA, cells at
50-60% confluence were transfected with MAtra-A reagent
(IBA GmbH, Goettingen, Germany) at a dilution of 1:600 in
complete medium, according to the manufacturer’s recommenda-
tion (15 min on the magnet plate), using 2 pg/ml shRNA plasmid.
Four different plasmids of NOX4 shRNA were transfected, as well
as a control nonspecific shRNA. After 24 h, the medium was
changed to complete medium, and selection of transfected
cells was done with puromycin (for 50 days before experiments).

ShRNA plasmids were selected from Mission SH, Sigma
(Madrid, Spain) and the sequences were the following: No. 1,
CCGGGAGCCTCAGCATCTGTTCTTACTCGAGTAAGAACAGATGCTGAG-
GCTCTTTTTG; No. 2, CCGGCCCTCAACTTCTCAGTGAATTCTCGAGA-
ATTCACTGAGAAGTTGAGGGTTTTTG; No. 3, CCGGCAGAGTTTACCC-
AGCACAAATCTCGAGATTTGTGCTGGGTAAACTCTGTTTTTG; and No. 4,
CCGGGCTGTATATTGATGGTCCTTTCTCGAGAAAGGACCATCAATATACA-
GCTTTTTG. The protocols used were previously described [16,17].

For transient small interfering (si) RNA transfection, cells at 70%
confluence were transfected using TransIT-siQuest (Mirus, Madi-
son, WI, USA) at 1:300 dilution in complete medium, as described
previously [18]. Oligos were obtained from Sigma-Genosys. Oligo
sequences were the following: unsilencing, 5-GUAAGACACGA-
CUUAUCGC-3’; human NOX4, 5-GCCUCUACAUAUGCAAUAA-3',
and mouse Nox4, 5-CAAGAAGAUUGUUGGAUAA-3'. The unsilen-
cing siRNA used was selected from previous works [19].

Partial hepatectomy in mice

Animals used in this study were male C57/BL6 mice, ages 10 to
14 weeks. Partial hepatectomies were performed by removal of
two-thirds of the adult mouse liver, according to the method
described by Higgins and Anderson [20]. Mice were euthanized at
2, 8, 24, 48, and 72 h and 7days after the surgery and tissue
samples were frozen immediately in liquid nitrogen for RNA
extraction or fixed in 4% paraformaldehyde for immunohisto-
chemistry analysis.

Diethylnitrosamine (DEN)-induced hepatocarcinogenesis in mice

Male mice at day 15 of age received intraperitoneal injections
of DEN (5 mg/kg) diluted in saline buffer, control animals were
injected with saline buffer intraperitoneally. After 6, 9, or 12
months, the mice were sacrificed and their livers removed. For
histological studies, liver lobes were fixed in 4% paraformaldehyde
overnight and paraffin-embedded for immunohistochemistry
staining. Total RNA was isolated from these tissues to analyze
gene expression by real-time quantitative PCR.

Xenograft model of subcutaneous tumor growth in vivo

Athymic nude mice were purchased from Harlan Laboratories.
A total of 16 male mice, 7 weeks of age, were used. Hep3B cells
transfected with either a control ShRNA or a NOX4 silencing sShRNA
(shNOX4(No. 3)) were grown in the presence of 10% FBS. Then, the
cells were trypsinized and counted, being diluted at a final
concentration of 5 x 107 cells/ml in HBSS. A total of 16 nude mice
were randomly divided into two groups (shControl and shNOX4
(No. 3), 8 mice per group) and the cell suspension (0.1 ml/mouse)
was subcutaneously injected into the left flank of the mouse.
Tumor growth was measured every 2 days.

Crystal violet staining

Cells were washed twice with phosphate-buffered saline and
the remaining viable adherent cells were stained with crystal
violet (0.2% in 2% ethanol) and analyzed spectrophotometrically, as
described previously [21].

Analysis of caspase-3 activity
Fluorimetric analysis of caspase-3 activity was determined as
described previously [22], with 20 pg protein extract. Fluorescence

was measured in a Fluostar Optima microplate fluorescence
reader. A unit of caspase-3 activity is the amount of active enzyme
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necessary to produce an increase in 1 fluorescence unit and results
are presented as units of caspase-3 activity/h/ug protein.

DNA synthesis assay

After incubation of cells for 48 h, DNA synthesis was evaluated
by [methyl->H]thymidine (GE Healthcare, Barcelona, Spain) incor-
poration into trichloroacetic acid (TCA)-precipitable material dur-
ing the last 40 h, as described previously [23].

Analysis of DNA content by flow cytometry

Cell ploidy was estimated by flow cytometry DNA analysis [24].
Cell cycle analysis was carried out using the software ModFit LTTM
(Verity Software House, USA).

Measurement of redox state

The oxidation-sensitive fluorescent probe 2’,7’-dichlorodihy-
drofluorescein diacetate (H,DCFDA; from Invitrogen, UK) was
used to analyze the intracellular oxidant levels [19]. Extracellular
H,0, was measured in intact cells using horseradish peroxidase-
linked Amplex Ultra Red (Invitrogen). Briefly, Amplex Ultra
Red (50 uM) and horseradish peroxidase (0.1 U/ml) were added
to the cellular samples for 2h. Fluorescence readings were
made in duplicate in a 96-well plate at ex/em 530/590 nm using
100 pl samples of medium. Fluorescence was measured in a
Fluostar Optima microplate fluorescence reader and expressed as
percentage of control after correction for protein content with
H,DCFDA and for cell number (crystal violet assay) with Amplex
Ultra Red.

Analysis of gene expression

RNeasy Mini Kit (Qiagen, Valencia, CA, USA) was used for total
RNA isolation. Reverse transcription was carried out using the
High Capacity reverse transcriptase kit (Applied Biosystems, Foster
City, CA, USA) and 1png of total RNA from each sample for
complementary DNA synthesis. For real-time quantitative PCR,
expression levels were determined in duplicate in an ABI
Prism7700 system, using the Sybr Green PCR master mix (Applied
Biosystems) for mouse primers and in a LightCycler 480 real-time
PCR system, using the LightCycler 480 SYBR Green I Master (Roche
Applied Science) for human primers. Reactions were performed
with the specific primers listed in Table 1.

Western blot analysis

Total protein extracts and Western blotting procedures were
carried out as described previously [19,25]. The antibodies used
were mouse anti-B-actin (clone AC-15) from Sigma-Aldrich
(St. Louis, MO, USA), rabbit anti-NOX4 raised by Sigma-Genosys [14],
and rabbit anti-cyclin D1 (M-20) from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Antibodies were used at 1:1000 dilutions,
except B-actin (1:3000). Protein concentration was measured with
a BCA protein assay kit (Pierce).

Immunofluorescence staining

Fluorescence microscopy studies were performed as described
previously [25]. For rabbit anti-NOX4 (Sigma-Genosys) staining,
cells were fixed with 4% paraformaldehyde in phosphate-buffered
saline. For rabbit anti-Ki67 (Abcam, Cambridge, UK) and mouse
anti-p-catenin (BD Transduction Laboratories, Erembodegem, Bel-
gium) staining, cells were fixed with 4% paraformaldehyde in
phosphate-buffered saline and permeabilized with 0.2% Triton

Table 1
Specific primers used in this study.

Primer Sequence

Human CDKN1A forward
Human CDKN1A reverse
Human NOX4 forward
Human NOX4 reverse
Human L32 forward
Human L32 reverse
Mouse Nox4 forward
Mouse Nox4 reverse
Mouse p22phox forward
Mouse p22phox reverse
Mouse 18S forward
Mouse 18S reverse

5'-TGTCACTGTCTTGTACCCTTG-3'
5'-GGCGTTTGGAGTGGTAGAA-3’
5'-GCAGGAGAACCAGGAGATTG-3’
5'-CACTGAGAAGTTGAGGGCATT-3'
5-AACGTCAAGGAGCTGGAAG-3'
5'-GGGTTGGTGACTCTGATGG-3'
5'-TCCAAGCTCATTTCCCACAG-3'
5'-CGGAGTTCCATTACATCAGAGG-3’
5-ACACAGTGGTATTTCGGCG-3'
5'-CAGGTACTTCTGTCCACATCG-3'
5'-CGAGACTCTGGCATGCTAA-3'
5-CGCCACTTGTCCCTCTAAG-3’

X-100. The secondary antibodies Alexa Fluor 488-conjugated
anti-rabbit and anti-mouse immunoglobulin were from Molecular
Probes (Eugene, OR, USA). Blue signal represents the nuclear
DNA staining with DAPI from Sigma-Aldrich. Cells were visualized
in a Nikon Eclipse 80i microscope with the appropriate filters.
Representative images were taken with a Nikon DS-Ril digital
camera. NOX4 staining was visualized on a Leica TCS SP5 spectral
confocal microscope with a HCX PL APO A blue 63 x 1.4 oil
objective lens and excited with the 488-nm laser line of an argon
laser. Acquisition software was Leica Application Suite Advanced
Fluorescence (LAS AF). The projections of Z stacks are shown.
Fluorescence intensity was quantified using Fiji open source
software.

Immunohistochemistry

Paraffin-embedded samples, both from xenografts and from
partial hepatectomy experiments, were cut into 4-um-thick sec-
tions and stained with hematoxylin and eosin (H&E) or the
following primary antibodies (diluted from 1:50 to 1:100): rabbit
anti-Ki67 (Abcam), rabbit anti-cleaved caspase-3 (Asp-175) (Cell
Signaling Technology, Danvers, MA, USA), and rabbit anti-NOX4
(Sigma-Genosys). The primary antibodies were incubated over-
night at 4 °C and binding developed with the Vectastain ABC kit
(Vector Laboratories, Burlingame, CA, USA). Tissues were visua-
lized in a Nikon Eclipse 80i microscope with the appropriate
filters. Representative images were taken with a Nikon DS-Ril
digital camera.

Tissue array

A human liver tissue array (Cat. No. Z7020056; BioChain Institute,
San Francisco, CA, USA) containing duplicates of 70 cases covering
(1) HCC and a few samples of other types of liver cancer, (2) 3
cases of other nonmalignant liver tissues, and (3) 2 normal liver
tissues was used. Rabbit anti-NOX4 (Sigma-Genosys) was used as
a primary antibody. The same procedure as for immunohisto-
chemistry was used. Staining was quantified by densitometry
using the software Quantity One (Bio-Rad Laboratories, Hercules,
CA, USA) and the ratio between each case and the mean of normal
tissues was represented.

Statistical analyses

All data represent at least three experiments and are express as
the mean + SEM. Differences between groups were compared
using Student’s t test. Statistical significance was assumed when
p < 0.05.
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Fig. 1. Stable silencing of NOX4 confers a proliferative advantage to human HCC cells. Comparison of the proliferative capacity of NOX4-silenced cells (shNOX4) versus cells
transfected with a nonspecific shRNA (shControl). The cell line and the shNOX4 used are indicated. (A) Number of viable cells analyzed by crystal violet at the times indicated.
Results are expressed as a percentage of increase relative to time 0. (B) DNA synthesis, analyzed as [*H]thymidine incorporation (48 h) and expressed as a percentage of the
control (nonspecific-shRNA-transfected) cells. (C) Detection of proliferative cells through immunocytochemistry with an anti-Ki67 antibody; quantification of the positive
nuclei expressed as a percentage of total nuclei number. Data are means + SEM of three independent experiments. Student’s t test versus control (nonspecific-shRNA-

transfected) cells was used in (B) and (C): *p < 0.05, **p < 0.01, **p < 0.001.
Results

In vitro analysis of the effect of silencing NOX4 on the proliferation of
liver tumor and untransformed cells

To know the role of NOX4 on liver tumor cell growth, we
targeted NOX4 for knockdown with specific shRNA in the HCC
cell lines PLC/PRF/5 and Hep3B and selected stable clones
(Supplementary Fig. 1). Western blot revealed specific reduction
of a 60-kDa band, the expected size for NOX4, as well as of two
additional bands of slightly smaller size (Supplementary Fig. 1A).
NOX4-targeting knockdown correlated with a decrease in intra-
cellular oxidant levels, through H,DCFDA fluorescence analysis, as
well as in extracellular hydrogen peroxide levels, through Amplex
red assay (Supplementary Fig. 1B). To analyze the loss of NOX4
function we evaluated the cell response to TGF-f in terms of
apoptosis, a process that requires NOX4 [13]. As expected, TGF-f3-
induced activation of caspase-3 was significantly diminished when
NOX4 was knocked down (Supplementary Fig. 1C).

We first decided to analyze the effect of canceling NOX4 on
in vitro growth of HCC cells. For this, we performed experiments to
compare the proliferative capacity of NOX4-silenced cells versus

their respective controls. Two different cell lines were analyzed
(PLC/PRF/5 and Hep3B), with similar results. Cell number, as well
as DNA synthesis analyzed as [>H]thymidine incorporation into
TCA-precipitable material or Ki67-positive cells, was significantly
increased in NOX4-knockdown cells (Fig. 1). Enhancement of cell
proliferation correlated with significant lower percentage of cells
in G1 phase of the cell cycle and significant increase in the
percentage of cells in S phase (Fig. 2A). Previous reports had
proposed a role for NOX4 in TGF-f-induced senescence through
upregulation of p21(CIP1/WAF1) and p15INK4b [26]. For this, we
decided to analyze the expression of these cyclin-dependent
kinase inhibitors. We found that attenuation of NOX4 expression
provoked a decrease in the transcript levels of CDKN1A (p21)
(Fig. 2B). No significant changes in pI15INK4b were observed
(results not shown). Correlating with this, analysis of cyclin D1
protein by Western blot revealed higher levels in NOX4-silenced
versus control cells (Fig. 2C). Interestingly, HCC cells in which
NOX4 expression was knocked down showed higher nuclear
localization of B-catenin (Fig. 2D). To know whether the role of
NOX4 in controlling proliferation was a specific characteristic of
tumor cells or whether it also occurs in untransformed cells, we
performed experiments of transient targeting knockdown of NOX4
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representative experiment.

in the untransformed human hepatocyte cell line CHL and in an
immortalized mouse hepatocyte cell line. As shown in Fig. 3,
silencing of NOX4 (Fig. 3A), which correlated with a significant
decrease in the intracellular oxidant levels (Fig. 3B), significantly
increased the growth of both cell lines (Fig. 3C). All these results
indicated that NOX4 negatively controls the proliferation of liver
tumor and untransformed cells.

NOX4 expression is downregulated during liver regeneration after
partial hepatectomy in mice

Because results described above indicated an inverse correla-
tion between NOX4 expression and liver cell growth in in vitro
experiments, we hypothesized that NOX4 expression may inver-
sely correlate with hepatocyte proliferation under physiological
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and/or pathological situations where proliferation of liver cells
takes place. To confirm this hypothesis, we studied changes in the
expression of NOX4 after two-thirds partial hepatectomy in mice, a
situation that pushes hepatocytes to leave the GO phase of the cell
cycle to proliferate and regenerate the liver. As shown in Fig. 4A,
partial hepatectomy provoked a downregulation of NOX4 expres-
sion between 2 and 72 h, which completely recovered after 7 days,
without changes in p22phox expression, correlating with lower
NOX4 protein levels in hepatocytes analyzed by immunohisto-
chemistry (Fig. 4B). This effect preceded the peak of maximal DNA
synthesis in hepatocytes (Fig. 4C and D). Thus, in vivo liver cell
proliferation correlates with a decrease in NOX4 expression.

Inverse correlation between NOX4 expression and liver tumor
progression in experimental animal models

The treatment of mice with DEN at day 15 of age provokes a
situation of liver injury that develops in the appearance of liver
tumors between 9 and 12 months of age in mice. We had
previously reported the use of this model for analyzing molecular
mechanisms of liver tumorigenesis [27]. At 12 months of age all
the male mice presented multifocal liver tumors, well recognized
as neoplastic areas where proliferating cells were localized (Fig. 5A
and B). We decided to analyze NOX4 mRNA levels in the livers of

DEN-treated mice at 6, 9, and 12 months of age. Interestingly,
a significant decrease in NOX4 expression was observed in
12-month-old animals, coincident with the appearance of liver
tumors. These results indicated that in vivo liver tumor cell
proliferation also correlates with a decrease in NOX4 expression
in an experimental model in mice.

Considering all the results described above we hypothesized
that silencing of NOX4 expression may increase the tumorigenic
capacity of HCC cells. To confirm this hypothesis, we studied the
tumor formation and progression capacities of control and NOX4-
knockdown Hep3B cells in xenograft experiments into athymic
nude mice (Fig. 6A and B). Results indicated that attenuation of
NOX4 significantly increased the cell tumorigenic capacity, as
tumors appeared earlier and reached a much higher volume than
those induced by shControl Hep3B cells. Maintenance of the
decrease in NOX4 expression in tumors from NOX4-knockdown
HCC cells was corroborated by immunohistochemical analysis of
the tumor tissues (Supplementary Fig. 2). Interestingly, increased
rate in tumor progression correlated with significant enhancement
in tumor cell proliferation (Fig. 6C). Number of apoptotic cells was
low in both cohorts of tumors (Fig. 6D) and when caspase-3
activity was analyzed in tissues, although a tendency to decrease
was observed in the tumors originating from NOX4-knockdown
cells, the effect was not statistically significant (Fig. 6E).
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Human liver tumors show decreased levels of NOX4 protein

Owing to the observed effect of targeting NOX4 knockdown on
liver tumor progression in animal models, we decided to evaluate
NOX4 protein levels in human HCC cell lines as well as in tissues
from human liver tumors (Fig. 7). Inmunofluorescence analysis in
normal hepatocytes (CHL) and different HCC cell lines (PLC/PRF/5,
Hep3B, and HLF) revealed that NOX4 is downregulated in trans-
formed cell lines compared to normal cells (Fig. 7A). A tissue array
that contained 65 samples (in duplicate) of liver tumors, of which
62 were HCC, as well as 2 samples (in duplicate) of healthy tissue
(as control) and 3 samples (in duplicate) of nonmalignant lesions,
was used for immunohistochemical analysis of NOX4. It was
evidenced that most of the HCC tissues showed lower NOX4
expression compared to the control samples or even compared
to the nonmalignant lesions (Fig. 7B). Interestingly, although few
samples were included to get significant results, spots from
cholangiocarcinoma and hepatoblastoma also showed lower
NOX4 levels. Quantitative analysis corroborated decreased levels
of NOX4 in most of the tumor samples (Fig. 7B, right). In 47% of the
cases the ratio of NOX4 expression in tumor versus healthy

tissues was lower than 0.8, and in 13% of the cases it was lower
than 0.5.

Discussion

The recent discovery of new members of the NADPH oxidase
family opened up perspectives about the roles of these ROS-
producing enzymes in human physiology and pathology. However,
we are only at the beginning of understanding the players and
their interactions. The recent implication of these enzymes in
pathological processes, such as cardiovascular diseases or fibrosis,
prompted the discovery of drugs that target their function and
ameliorate the diseases. However, it is necessary to dissect all the
functions of these enzymes to predict what would be the con-
sequences of their targeting. NOX4 has been proved to mediate
fibrosis in the liver [8] and NOX inhibitors are being tested in
preclinical assays as a new therapy in liver fibrosis [9,10]. However,
results presented in this article indicate that NOX4 may also play a
tumor suppressor function in the liver. A variety of evidence
supports this hypothesis: (1) targeting NOX4 confers selective
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advantage to liver cells to proliferate in vitro; (2) during liver
regeneration after two-thirds partial hepatectomy in mice, a
process that requires hepatocytes to leave quiescence and enter
the cell cycle, NOX4 expression is transiently downregulated; 3)
liver tumorigenesis in an experimental model in mice correlates
with downregulation of NOX4; (4) targeting NOX4 in HCC cells
confers an advantage for tumor progression in a xenograft model
of in vivo tumorigenesis; and (5) lower levels of NOX4 are found in
human HCC cell lines and in a great percentage of human liver
tumor tissues.

Correct progression through the cell cycle and its precise
regulation is essential to an organism for proliferation and
survival. The production of ROS in early growth factor-induced
signaling pathways has led to the proposal that ROS regulate the
GO to G1 transition of the cell cycle through the regulation of
cyclin D1 expression [28]. Furthermore, recent results indicate that
NOX4 in human normal fibroblasts is required to suppress the
p53-dependent checkpoint of proliferation [29]. However, various
pieces of evidence locate ROS and, in particular, oxidative stress
induced by NOX4 in a completely opposite role, i.e., inducing cell
cycle arrest and cell death through either senescence or apoptosis.
A possible explanation for these pleiotropic and sometimes con-
tradictory actions of ROS may be related to the intracellular
compartment where ROS are produced. NOX4 is associated with
intracellular compartments, including the endoplasmic reticulum

(ER), mitochondria, and nucleus. Nuclear NOX4 has been proposed
to mediate ROS-induced DNA damage that leads to a loss of
replicative potential and subsequent senescence [30,31]. In this
same line of evidence, NOX4 mediates TGF-B-induced senescence
in HCC cells through upregulation of p21(CIP1/WAF1) and
p15INK4b [26].

Intracellular NOX4-derived ROS may also mediate signal trans-
duction in normal cells by regulating redox-sensitive cysteine
residues in specific effector proteins including tyrosine phospha-
tases [32]. Indeed, ER localization of NOX4 is critical for the
regulation of protein tyrosine phosphatase (PTP1B), also an ER
resident, through redox-mediated signaling. NOX4-mediated oxi-
dation and inactivation of PTP1B in the ER serves as a regulatory
switch for epidermal growth factor (EGF) receptor trafficking and
specifically acts to terminate EGF (and maybe other growth
factors) signaling [33].

Here we show that physiological proliferative situations in the
liver, such as liver regeneration after partial hepatectomy in mice,
or neoplastic liver pathologies, such as that found in the mouse
model of DEN-induced hepatocarcinogenesis, concur with signifi-
cant decreases in NOX4 expression. These results, together with
the higher tumorigenic capacity of NOX4-silenced HCC cells in
xenograft experiments in mice, point to the in vivo relevance of
the in vitro results, in that the attenuation of NOX4 expression is
coincident with a higher proportion of cells in the S phase of the
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cell cycle, downregulation of CDKN1A (p21), and upregulation of
cyclin D1. Interestingly, NOX4-knockdown cells show nuclear
translocation of f-catenin and it has been reported that HCCs
with B-catenin activation display significantly higher proliferation
rate and larger tumor size compared with B-catenin-negative
tumors [34]. All these results together indicate that NOX4 in liver
tumor cells acts as a growth inhibitor, compatible with its
potential role in counteracting growth factor signals and/or indu-
cing senescence. In support of this, it is worth noting that NOX4
levels appear to be decreased in a cohort of tissues from human
liver tumors, most of them HCC.

In conclusion, our results suggest a role for NOX4 as a redox
enzyme involved in controlling proliferation of liver cells. Overall,
NOX4 would play an essential tumor suppressor role in the liver.
Considering that fibrotic processes frequently develop in cirrhosis,
which is a preneoplastic situation, it is necessary to be cautious in
the use of NOX4 inhibitors in these pathologies.
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