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Abstract

Hepatocytes that reside in a chronically-injured liver have altered growth responses compared to
hepatocytes in normal liver. Transforming growth factor beta (TGFJ) is upregulated in the
cirrhotic liver, and cirrhotic hepatocytes, unlike normal hepatocytes exposed to this cytokine,
exhibit decreased apoptosis. In fetal hepatocytes, TGF/£ also induces epithelial-mesenchymal
transition (EMT) and signaling changes in cell survival pathways. Here, chronic murine liver
injury was induced by twice-weekly carbon tetrachloride administration for 8 weeks. Normal
liver-derived hepatocytes (NLDH) and cirrhotic liver-derived hepatocytes (CLDH) were examined
for EMT and the small mothers against decapentaplegic homolog (Smad), phosphatidylinositol-3-
kinase (PI3K/Akt), and mitogen activated protein kinase (MAPK) pathways were investigated.
Immunofluorescence imaging of cirrhotic livers demonstrated increased vimentin expression,
which was confirmed by immunoblot analysis. In vitro, CLDH exhibited increased vimentin and
type 1 collagen expression within cellular extensions consistent with EMT. Treatment with TGFf
augmented the EMT response in CLDH. In contrast, untreated NLDH did not display features of
EMT but responded to TGF£ with increased vimentin expression and EMT characteristics. In
response to PI3K/Akt inhibition, CLDH had decreased basal and insulin-stimulated p-Akt
expression and decreased apoptosis compared to NLDH. In both NLDH and CLDH, vimentin
expression was dependent on PI3K/Akt activity. CLDH demonstrated increased basal p-
extracellular signal-regulated kinase expression that was independent of Smad and PI3K/Akt
signaling. Inhibition of the MAPK pathway produced a marked increase in CLDH apoptosis.
Conclusion: CLDH have increased vimentin and type 1 collagen expression and morphologic
features consistent with EMT. In addition, compared to NLDH, the cellular signaling phenotype of
CLDH changes from a MAPK-independent pathway to a MAPK-dependent cell survival pathway.
These findings may have clinical implications for chemoprevention of hepatocellular carcinoma in
the cirrhotic liver.

Chronic liver injury is associated with dysregulated growth of hepatocytes and results in the
formation of regenerative nodules, dysplastic nodules, and hepatocellular carcinoma.
Transforming growth factor beta (TGF/) expression is increased markedly in the cirrhotic
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liver and is a potent inducer of stellate cell proliferation and collagen production.! In
addition, TGFAinduces hepatocyte apoptosis in vitro? and in the normal liver.3 However,
hepatocytes from a chronically-injured liver exhibit decreased sensitivity to TGF-induced
apoptosis.4 The mechanisms by which hepatocytes from a chronically-injured liver resist
TGF/-induced apoptosis and exhibit altered growth control are related, in part, to increased
oxidative stress.* However, it is likely that several mechanisms are operative in this adaptive
change within a chronically inflamed liver. Furthermore, TGF/ expression is also associated
with morphologic alterations like epithelial mesenchymal transition (EMT) in fetal®® and
adult hepatocytes,” and changes in survival signaling pathways,® but these cellular events
have not been studied in the cirrhotic hepatocytes.

EMT is a dynamic process that has been well-studied in embryonic development® and, more
recently, has been implicated in the invasion and metastasis phases of carcinogenesis.? In
addition, substantial investigation of EMT in the chronically-inflamed kidney suggests that
this process is responsible for the generation of up to one-third of all fibrotic cells in an
inflammatory state.10 Previous work has demonstrated in a model of fetal hepatocytes that
TGF/ treatment induces EMT-like morphologic changes in 50%—-60% of the hepatocyte
population, whereas the remaining hepatocytes undergo apoptosis.>® In the cells with EMT-
like morphology, EMT confers resistance to apoptosis via an epidermal growth factor
(EGF)-ligand-dependent mechanism.>:6 Kaimori et al.” recently demonstrated that
prolonged exposure of adult mouse hepatocytes to TGFf increases expression of vimentin
and collagen, specific markers of EMT onset, suggesting that hepatocytes may have
fibrogenic potential in the liver. Moreover, the Ras/mitogen-activated protein kinase
(MAPK) signaling pathway has been implicated in the development of EMT and tumor
migration.1! In a carcinogenic hepatocyte cell line, Raf-1 regulated EMT through activation
of extracellular receptor kinase (ERK) with evidence of changes in tight junctions likely
mediated through transcriptionally-dependent alterations in occludin and claudin-2
expression.12 Moreover, in a mammary cell line, phosphatidylinositol-3-kinase (PI3K/Akt)
signaling was necessary for EMT and cell migration, an activity that was dependent on
RhoA activation.® Collectively, these findings suggest that TGFinduces EMT and that
these changes may be mediated through the PI3K/Akt and MAPK pathways, but this
hypothesis has not been tested in hepatocytes from a cirrhotic liver.

In addition to morphologic changes, hepatocytes from a cirrhotic liver have altered cell
signaling that renders them less susceptible to apoptosis than normal hepatocytes.*
Decreased sensitivity to apoptosis in cirrhotic hepatocytes appears to be mediated, in part,
through a reactive oxygen species (ROS)-dependent mechanism.# Chronic liver injury is
associated with increased ROS and diseases like hepatitis C result in particularly robust ROS
generation.1* In addition, previous work has demonstrated that TGF /3 induces nicotinamide
adenine dinucleotide phosphate, reduced form (NADPH) oxidase-like activity, and to a
lesser extent, mitochondrial-generated ROS and that oxidative stress is a requirement for
TGFinduced apoptosis.1>16 Additional work suggests that the TGFinduced ROS activity
was inhibited by EGF stimulation that acted through Rac1-dependent and nuclear factor
kappa B-dependent mechanisms.1” Furthermore, the EGF protective mechanism against
TGF/-induced apoptosis may occur through a PI3K/Akt-dependent pathway that preserves
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survival in fetal, but not adult hepatocytes.1® While previous work has demonstrated that
Akt interacts directly with mothers against decapentaplegic homolog 3 (Smad3) to induce
TGFmediated hepatocyte apoptosis, 1920 the role of ERK expression in cirrhotic liver-
derived hepatocytes (CLDH) apoptosis has not been studied. Taken together, these findings
suggest that the PI3K/Akt and MAPK pathways cooperatively regulate hepatocyte
proliferation and survival.

Our aim was to determine if CLDH acquire a phenotype consistent with EMT, and if
changes in the PI3K/Akt and MAPK pathways correlate with EMT and cell survival. We
found that CLDH, in contrast to normal liver-derived hepatocytes (NLDH), exhibited
phenotypic and functional changes of EMT and that cell survival was dependent primarily
on MAPK.

Materials and Methods

Reagents

Animals

All reagents were obtained from Sigma (St. Louis, MO), Fisher Scientific (Fairlawn, NJ),
BD (Franklin Lakes, NJ), Calbiochem (La Jolla, CA), Abcam (Cambridge, MA), EMD
Biosciences (La Jolla, CA), Chemicon (Temecula, CA), Invitrogen (Carlsbad, CA), Santa
Cruz (Santa Cruz, CA), MBL (Woburn, MA), Roche Molecular Biochemicals (Indianapolis,
IN), Cell Signaling Technology (CST; Danvers, MA), R&D Systems (Minneapolis, MN),
Promega (Madison, WI), or Wako Pure Chemicals (Osaka, Japan).

Eight-week-old male BALB/c mice (Harlan, Indianapolis, IN) weighing 22 to 25 g were
acclimated to a 12-hour light-dark cycle, fed standard chow, and provided water ad libitum.
All animal procedures and protocols were approved by and in accordance with the
University of Florida’s Institutional Animal Care and Use Committee. Cirrhosis was
induced by administering twice-weekly intraperitoneal injections in a 1:1 mixture of carbon
tetrachloride (CCly; 1,600 mg/kg; Sigma Aldrich) and sterile mineral oil (Sigma Aldrich) of
2 mL/kg for a total of 8 weeks as described.* Control animals received an identical volume
of mineral oil. All experiments were performed one week after the final dose of CCly.

Primary Hepatocyte Isolation and Culture

NLDH and CLDH were isolated by a two-step collagenase perfusion method.# Briefly, mice
were anesthetized with mixture of ketamine (Phoenix Scientific, St. Joseph, MO; 105
mg/kg) and xylazine (Phoenix Scientific; 10.5 mg/kg) by intraperitoneal injection. After the
animals were anesthetized, through a midline laparotomy, the inferior vena cava was
cannulated with an 18G angiocatheter. The portal vein was immediately transected for
outflow and the suprahepatic vena cava was clamped. The liver was perfused in situ with
oxygenated Krebs ringer (4-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid) (HEPES)
(KRH) buffer containing 0.5 mM ethylene glycol tetraacetic acid, 115 mM NaCl, 5 mM
KCI, 1 mM MgSQy, and 25 mM HEPES (pH 7.4) at 37°C for 5 minutes at 4 mL/minute.
Following this liver flush, a nonrecirculating in vivo collagenase perfusion with oxygenated
KRH buffer (115 mM NaCl, 5 mM KCI, 1 mM CaCl,, and 25 mM HEPES) containing
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0.01% collagenase D (Sigma Aldrich) was performed at 37°C for 15 minutes at 4 mL/
minute. The harvested liver was minced gently in KRH buffer containing 10 mg/mL bovine
serum albumin fraction V (Sigma Aldrich) and filtered with polyamide mesh (1 003 Y
NYTEX 3-60/45; TETKO Inc, New York, NY). Hepatocytes were washed twice and
centrifuged at 30g for 1 minute followed by centrifugation at 30g for 2 minutes at 4°C. Cell
viability was consistently greater than 88% as determined by trypan blue staining and
microscopic counting. Cells were plated on collagen-1 coated glass cover slips, six-well
plates, or 60-mm culture dishes in Waymouth’s medium containing 10% fetal bovine serum,
100 nM insulin, 0.1 uM dexamethasone, and penicillin/streptomycin. For
immunofluorescence staining or immunoblots of type 1 collagen, some hepatocytes were
plated on laminin-coated coverslips or culture dishes, and incubated in Waymouth’s
medium. After 2 hours, the cells were washed with phosphate-buffered saline (PBS; 2.7 mM
KCI, 137 mM NaCl 10.1 mM NayHPQy, and 1.8 mM KHyPOy4, pH 7.4), and the medium
was changed to hormonally defined medium (HDM) containing 100 nM insulin, 1 pg/mL
apo-transferrin, 0.3 nM sodium selenite, 1.5 uM free fatty acid, and penicillin/streptomycin
in Roswell Park Memorial Institute 1640 basal medium.

Primary Hepatocyte Treatment

Primary hepatocytes were cultured in serum-free HDM for 12 hours and pretreated for 1
hour with the PI3K inhibitor, LY294002 (2-(4-Morpholinyl)-8-phenyl-4H-1-benzopyran-4-
one) (0-50 uM; CST) or the MEKZ1/2 inhibitor, U0126 (1,4-diamino-2,3-dicyano-1,4-bis(2-
aminophenylthio)butadiene) (0-50 uM; Promega) prior to the administration of TGF/S (5
ng/mL; R&D). A TGF/ concentration of 5 ng/mL was used in all experiments. In
experiments with adenoviral infection, hepatocytes were exposed to adenoviruses expressing
Smad7 (Ad.Smad7) or a control virus, luciferase (Ad.Luc), at a multiplicity of infection of
10 for 24 hours prior to TGFg treatment.

Western Blot Analysis

Whole-cell extracts were prepared using lysis buffer (150 mM NaCl, 50 mM Tris-HCI, 1
mM ethylenediaminetetraacetic acid, 1% Triton X-100, 1% sodium deoxycholic acid, 0.1%
sodium dodecylsulfate, pH 7.4) with proteinase inhibitor cocktail and phosphatase inhibitor
cocktail (Sigma-Al-drich). Protein concentrations were determined by the bicinchoninic acid
protein quantification kit (Pierce Biotechnology, Rockford, IL) and reduced with a sample
buffer containing 50 mM Tris-HCI, 12.5% glycerol, 1% sodium dodecylsulfate, 0.01%
bromophenol blue, and 5% Smercaptoethanol, with a pH of 6.8 at 95°C for 5 minutes.
Protein samples of 25 pg were electrophoresed in a 10% polyacrylamide gel with XCell
Surelock System (Invitrogen) and transferred electrophoretically to a 0.2-pum nitrocellulose
membrane (Watman GmbH, Dassel, Germany) following the manufacturer’s instructions.
The membrane was blocked with 5% nonfat milk in Tris-buffered saline Tween-20 (TBS-T:
25 mM Tris HCI, 144 mM NacCl, 0.1% Tween-20, pH 7.4) at room temperature for 1 hour
and subsequently incubated with primary antibody at 4°C overnight. The primary antibodies
for factin (1:2000; Sigma Aldrich) and phospho-Smad2 (CST; Ser465/467, 1:1000) were
diluted with 5% nonfat dry milk in TBS-T. All other primary antibodies were diluted in 5%
bovine serum albumin in TTBS. This includes anti-vimentin (MBL), anti-collagen
(Calbiochem), anti-occludin (ZYMED), anti-E-cadherin (Takara), anti-phospho-Erk1/2 (Thr
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202/Tyr 204), anti-phospho-Akt (Ser 473), and anti-phospho-Smad3 (Ser423/425)/Smad1
(Ser463/465). These primary antibody concentrations were 1:1000. The membrane was
washed three times with TBS-T at room temperature for 5 minutes each. The membrane was
then incubated with horseradish peroxidase conjugated secondary antibody (Santa Cruz
Biotechnology; 1:25,000 dilution in TBS-T) at room temperature for 45 minutes and washed
three times with TBS-T for 10 minutes each. Signals were detected using the Advanced
Chemiluminescence Detection Kit (Amersham Life Sciences, Arlington Heights, IL).

Fluorescence Labeling of Live Hepatocytes

Primary hepatocytes were cultured in six-well plates and treated, as described above. After
48 hours of treatment, HEPES (pH 7.5; 20 mM) was added to stabilize the pH during
microscopic imaging under ambient room air conditions. Hepatocellular nuclei were stained
with 10 uM Hoechst 33342 (Sigma Aldrich) for 20 minutes. Subsequently, hepatocytes were
incubated with 7.5 pg/mL propidium iodide (Sigma Aldrich) to monitor nuclear
morphology. Morphologic nuclear changes including condensation and fragmentation were
monitored to evaluate the onset of apoptosis using an Axiovert 200 inverted fluorescence
microscope (Carl Zeiss Microlmaging GmbH, Géttingen, Germany).2! Blue (Hoechst
33342) and red (propidium iodide) fluorescent images were collected and overlay images
with phase contrast were generated with PhotoShop (Adobe, San Jose, CA). A minimum of
five different fields were examined for nuclear condensation, and the percentage of
apoptosis was expressed as the number of apoptotic cells divided by the total number of
cells.

Immunofluorescence Staining

Sections for immunofluorescence labeling were obtained by perfusing the liver with ice-cold
PBS and embedding tissue sections in paraffin/resin compound (Tissue-Tek, Tokyo, Japan).
Cryostat sections (4 um) were fixed with 4% paraformaldehyde dissolved in PBS for 15
minutes at 4°C and permeabilized with 0.1% Triton X-100 in PBS for 5 minutes at room
temperature. For hepatocyte staining, cells were cultured on glass coverslips and fixed with
3.7% paraformaldehyde for 10 minutes at room temperature. Samples were blocked with 5%
goat serum diluted with PBS including 0.1% Tween-20 for 1 hour and were incubated
overnight with anti-vimentin rabbit-antibody (MBL; 1:100 dilution), anti-collagen rabbit
antibody (Calbiochem; 1:50 dilution) or anti-albumin rabbit antibody (Abcam; 1:50 dilution)
at 4°C. After washing three times with PBS, samples were incubated with a secondary
antibody conjugated with a green fluorescing Alexa Fluor 488 (Invitrogen) for 30 minutes at
room temperature to visualize vimentin or albumin. Some hepatocytes were costained with
Hoechst 33342 in PBS (10 pM) and Alexa Fluor 546-conjugated phalloidin in methanol
(330 nM; Invitrogen) at room temperature for 30 minutes to visualize nuclei and F-actin,
respectively. Fluorescence of liver sections was imaged with 1X-71 fluorescence microscope
(Olympus, Center Valley, PA). Hepatocellular images of vimentin (green), collagen (green),
and F-actin (red) were collected by using an inverted Zeiss 510 NLO laser scanning
confocal microscope equipped with a 63x N.A. 1.4 oil-immersion planapochromat lens.
Green and red flu-orophores were excited with 488-nm and 543-nm light, respectively.
Emission was divided by a 545-nm dichroic mirror directed through 500 to 530 band-pass
and 560-nm long-pass red barrier filters. Pinholes were set to Airy units of 1.0 in both
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channels. Nuclei labeled with Hoechst 33342 (blue) were imaged in a multiphoton mode
(Chameleon XR; Coherent, Santa Clara, CA) with excitation at 780 nm and emission at 460
nm.

Data Analysis

Results

All experiments were representative of at least three different cell isolations and liver
preparations from different mice. Data are expressed as the mean + standard error of the
mean. Statistical significance was assessed with analysis of variance with Bonferroni
analysis where appropriate. A P value of 0.05 was considered significant.

Previous work®:6 suggested that fetal hepatocytes exposed to TGF underwent EMT that
conferred resistance to apoptosis. To investigate whether the TGF/rich cirrhotic, adult liver
develops EMT, tissue sections of both control and cirrhotic livers were examined by
immunofluorescence microscopy for the expression of vimentin, a marker of EMT.® The
cirrhotic liver demonstrated substantial expression of vimentin predominantly in
hepatocytes, whereas, in control liver, expression of vimentin was minimal and limited to
the perisinusoidal area (Fig. 1A). Furthermore, liver lysates from cirrhotic mice showed an
increased expression of vimentin as compared to lysates from control mice (Fig. 1B). To
investigate if hepatocytes develop EMT-like morphology after TGF/treatment, NLDH and
CLDH were treated with or without TGF£ and time-lapse images were collected at 0, 6, 12,
and 24 hours using a transmitted light microscope (Fig. 2A). In the absence of TGFf,
morphology of NLDH remained unchanged for 24 hours. However, prolonged exposure to
TGF£in NLDH changed the hepatocyte shape from polygonal to a fibroblast-like
phenotype, although many cells lost viability after 24 hours. In contrast to NLDH, many
CLDH had an elongated shape even before TGF/ treatment. A fibroblast-like morphology
was evident after 6 hours of incubation in the presence or absence of TGF/Streatment. To
further examine EMT, the expression of vimentin was determined. Immunoblot analysis
demonstrated that basal expression of vimentin (0 hour) in CLDH was substantially higher
than in NLDH (Fig. 2B, top panels). Expression of vimentin in the absence of TGFf
remained unchanged in both cells during 24 hours of incubation. When hepatocytes were
exposed to TGF, vimentin expression was increased both in NLDH and in CLDH. In
NLDH, increased expression of vimentin was observed after 6 hour of TGFf treatment,
whereas in CLDH, increased expression of vimentin was evident after 12 hours (Fig. 2B,
middle panels). To visualize enhanced expression of vimentin in CLDH, hepatocytes were
coimmunostained with F-actin (red) and vimentin (green) after 24 hours of incubation. In
NLDH, F-actin localized in the cell to cell junction and in periplasma membrane, a result
similar to a previous study’ (Fig. 2C). Polarization of F-actin was observed when NLDH
were treated with TGFg. Interestingly, compared to NLDH, untreated CLDH had spindle-
shaped cellular extensions with prominent vimentin expression at the origin of the extension
and at its tip. In CLDH, TGFg augmented further expression of vimentin throughout the cell.
Collectively, these findings suggest that hepatocytes chronically exposed to increased TGFf
in a cirrhotic liver undergo morphologic changes consistent with an EMT phenotype.
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Because cirrhotic hepatocytes have decreased sensitivity to apoptotic stimuli and previous
evidence suggests that the PI3K/Akt pathway mediates EMT,13 the anti-apoptotic PI3K/Akt
pathway was examined.1? Insulin is a hepatocellular mitogen that activates the PI3K/Akt
pathway, and, therefore, the response of these cells to various concentrations of insulin was
determined after 16—-18 hour incubation (Fig. 3A). NLDH demonstrated robust
phosphorylation of Akt with insulin treatment, but CLDH had little p-Akt expression in the
unstimulated state and increased concentrations of insulin resulted in modest Akt
phosphorylation as compared to NLDH. Cell viability in both cells was not affected by 100
nM insulin (data not shown) and p-Akt expression declined at higher concentrations of
insulin in CLDH (Fig. 3A). Next, we investigated the time-course effect of 100 nM insulin
on Akt phosphorylation. In CLDH, rapid Akt phosphorylation occurred within 5 minutes
after insulin treatment, but the response was diminished and not sustained when compared to
NLDH (Fig. 3B), suggesting that cellular response of Akt to insulin is different between
NLDH and CLDH.

To examine the role of PI3K/Akt pathway in TGF/#mediated apoptosis, NLDH and CLDH
were incubated with LY294002, a PI3K inhibitor. Although higher concentrations of
LY294002 (>50 uM) completely blocked the expression of p-Akt in both cell types (Fig. 4),
the dose-response experiments showed hepatotoxicity at the concentrations higher than 25
UM (data not shown). Thus, we used 25 pM LY 294002 throughout the experiments.
Densitometric analysis revealed that 25 pM LY 294002 blocked p-Akt expression in CLDH,
while in NLDH, this concentration decreased p-Akt expression by 30%, compared to its
basal state (Fig. 4A) (Image J; National Institutes of Health, Bethesda, MD). Moreover,
expression of other proteins including p-ERK1/2, p-BAD, p-P38, and glycogen synthase
kinase was not affected by 25 pM LY 294002 (data not shown); thus, LY 294002 appeared
specific for Akt at this concentration. In NLDH, either TGF£ treatment alone or inhibition of
P13K/Akt alone significantly increased apoptosis (P = 0.0003) (Fig. 3C,D). However, in the
presence of LY294002, TGF/4 did not further increase apoptosis (P = 0.215). Similar to
NLDH, PI3K/Akt inhibition alone, significantly increased apoptosis in CLDH (P = 0.0002).
In contrast to NLDH, administration of TGF/5to LY294002-treated CLDH further increased
apoptosis (P = 0.027). These results suggest that factors other than PI3K/Akt may be
contributing to CLDH survival.

To further study survival signaling pathways in these cells, we examined the MAPK
pathway and the interaction between this pathway and the Smad and PI3K/Akt pathways.
CLDH demonstrated increased p-ERK expression compared to NLDH under basal
conditions (Fig. 4A). Phosphorylation of ERK was diminished significantly with increasing
concentrations of U0126, a MAPK inhibitor, but PI3K/AKkt inhibition did not alter p-ERK
expression. Since TGF/signal transduction is mediated through the Smad pathway?2° that is
modulated by PI3K/Akt signaling,2223 Smad signaling was examined in NLDH and CLDH
with or without PI3K/Akt inhibition. CLDH consistently exhibited nonsustained p-Smad?2
expression 6 hours following treatment with TGF/ (Fig. 4B). This expression pattern was
not evident for p-Smad3, but both p-Smad2 and p-Smad3 had decreased expression in
response to PI3K/AKkt inhibition (Fig. 4B). Because p-Smad2 expression decreased 6 hours
following treatment and MAPK signaling may also alter Smad protein expression,:24-26
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Smad signaling was examined in the context of PI3K/Akt and ERK expression. At the 6-
hour time point after TGF/ treatment, both p-Smad2 and p-Smad3 expression were altered
by PI13K/Akt, but not by MAPK inhibition (Fig. 4C). In addition, the PI3K/Akt pathway
signaling is not altered by MAPK inhibition. To further assess these cell signaling pathways,
NLDH and CLDH were infected with an adenovirus expressing Smad7 (Ad.Smad7) or a
control adenovirus and treated with TGF£. As expected, overexpression of Smad?7 inhibited
Smad?2 and Smad3 expression in both cell types. In addition, overexpression of Smad7
decreased p-Akt expression with or without TGFftreatment in NLDH and CLDH, with
more robust inhibition in NLDH. ERK expression was not altered by Smad7. These findings
are consistent with the findings in Fig. 4A—C as well as previous work.22:23 Interestingly,
pretreatment with the antioxidant, Trolox, had no effect on these cell signaling pathways
(data not shown) and previous work established that nuclear factor kappa B signaling is not
altered in CLDH.4

To further assess the PI3K/Akt and MAPK pathways in TGF/induced EMT in NLDH and
CLDH, vimentin, E-cadherin, and occludin expression were examined in the presence of
PI3K/Akt and ERK inhibition (Fig 5A,B). In both cell types, inhibition of the PI3K/Akt
pathway for 24 hours decreased vimentin expression following TGFf treatment (Fig. 5A,B).
However, the organization of vimentin and cellular elongation were not altered by treatment
with LY?294002. U0126 did not affect vimentin expression, the organization of vimentin and
cellular elongation in response to TGFf treatment in either NLDH or CLDH. These findings
suggest that the PI3K/Akt pathway, but not the MAPK pathway, is necessary for a late
increase in vimentin expression in both cell types.

To examine if CLDH acquire a mesenchymal defining function, the expression of type 1
collagen was evaluated by immunoblots (Fig. 6A) and immunofluorescence analysis (Fig.
6B). In NLDH, collagen expression was barely detectable in the presence or absence of
TGFp. On the contrary, substantial expression of collagen was observed in CLDH under
basal conditions. Administration of TGFg induced a slight increase in collagen expression
after 24 hours (Fig. 6A). Immunofluorescence staining of type 1 collagen confirmed
enhanced expression of collagen in CLDH that predominantly localized in the periplasma
membranes (Fig. 6B). Taken together, these results strongly suggest that CLDH have both
EMT-like appearance and EMT-defining function. Next, both NLDH and CLDH were
immunostained with albumin to investigate the cellular origin of EMT (Fig. 6C). Confocal
imaging of albumin revealed that much like NLDH, nearly all CLDH were positively
stained with albumin with or without TGF/, indicating that these cells are hepatocytes.

To determine the importance of the MAPK pathway on hepatocyte survival, NLDH and
CLDH were pre-treated with U0126 and apoptosis was determined. Inhibition of the MAPK
pathway had little effect on apoptosis in NLDH with or without TGF/ treatment (P = 0.105)
(Fig. 7A,B). However, U0126 treatment of CLDH significantly increased apoptosis in cells
treated with TGF/£ (P italic>0.001). These findings suggest that the MAPK pathway is
critically important for CLDH survival in the presence of TGFS.
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Discussion

Cirrhotic livers exhibit a propensity to abnormal hepatocyte growth with the formation of
nodules that may harbor dysplastic or carcinoma cells. The cellular and molecular features
that permit normally cell-cycle quiescent hepatocytes to proliferate are unknown. In this
study we examined changes in hepatocyte cell morphology and growth control signaling
pathways to determine potential mechanisms underlying the significant changes in
hepatocyte morphology and function in a chronically-injured liver. This study revealed
several important distinct characteristics of hepatocytes that reside in a cirrhotic liver. First,
CLDH exhibit cell morphology consistent with EMT, more specifically, increased vimentin
expression and decreased E-cadherin and occludin expression. Second, CLDH have EMT-
defining function since these cells produce type-1 collagen, a key molecule mediating liver
fibrosis. Furthermore, the PI3K/Akt pathway appears to mediate changes in vimentin
expression. In addition, in contrast to NLDH, which are dependent on the PI3K/Akt pathway
for survival, CLDH are dependent on enhanced MAPK signaling for survival. These
findings suggest that CLDH undergo morphologic and molecular changes and resistance to
apoptosis that may lead to hepatocarcinogenesis.

EMT is a process that is normally evident in embryonic stages of development and recently
has been investigated as a mechanism of cancer cell migration and metastasis.®27 In
addition, studies in chronic fibrotic renal disease have demonstrated that a substantial
proportion of the fibroblasts originate from EMT via tubular epithelial cells.28 Previously,
the requirement of Smad-dependent transcription for TGF/-induced EMT has been shown in
chronic renal injury.2? In the liver, no in vivo evidence exists to substantiate EMT in a model
of chronic injury. However, a subpopulation of fetal hepatocytes, when exposed to TGFSin
vitro, resist apoptosis and demonstrate morphologic features and protein expression markers
of EMT.2 Importantly, these fetal hepatocytes that demonstrated features of EMT had
increased expression of p-Akt and Bcl-xI, but ERK expression was decreased compared to
fetal hepatocytes treated with TGFf. The findings in the current study show that p-Akt is
required for increased vimentin expression consistent with EMT, but changes in Bcl-xI
expression were not evident (data not shown). These findings are consistent with previous
work in non-hepatocyte cell lines that demonstrate the importance of the PI3K/Akt signaling
in EMT.10

Even though the PI3K/Akt pathway enhances vimentin expression in this model, this signal
transduction pathway heretofore has not been viewed as a major regulator of classic EMT.10
The PI3K/Akt pathway may be involved in an in vitro EMT-like process, “reversible
scatter,” in which cells adopt a spindle-like shape and have a brief period of EMT-related
transcriptional activity, neither of which is sustained.1 Our in vivo findings support classic
EMT in this model of the chronic liver injury because of increased vimentin expression.
However, the role of the PI3K/Akt pathway in the cirrhotic mouse liver appears to differ
from that in normal liver. We found that the PI3K/Akt pathway served an important anti-
apoptotic function in NLDH, but in CLDH, MAPK integrity was important for hepatocyte
survival. Previous work has demonstrated that in NLDH, the PI3K/Akt pathway is critical
for proliferation whereas the MAPK pathway is needed for both proliferation and survival.3°
This hypothesis is supported by previous work that demonstrated the antiapoptotic function
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of the PI3K/Akt pathway in hepatocytes.1® The mechanisms by which PI3K/Akt inhibit
hepatocyte apoptosis are multiple, but in an acute model of ischemia and reperfusion,
primary hepatocytes pretreated with hepatocyte growth factor had activation of PI3K/Akt
and subsequent decreased ROS and apoptosis.3 This model is in contrast to our findings in
CLDH, which have chronically increased basal ROS, decreased basal and insulin-stimulated
p-Akt, and decreased responsiveness to TGF/-induced apoptosis. In summary, these
findings suggest that CLDH differ significantly from NLDH in cell protective signaling
pathways with the MAPK pathway serving as the predominant cell survival pathway in
CLDH.

In contrast to the PI3K/Akt pathway that has not been viewed as a significant modulator of
EMT, the EGF receptor family and downstream Raf and MAPK pathways have received
considerable investigation, particularly related to cell movement and actin rearrangement.10
In addition, MAPK and ERK signaling are important for hepatocyte replication, and recent
evidence shows that ERK2 is the principal factor involved in normal hepatocyte cell cycle
progression.32 However, cell signaling in CLDH, which have increased basal ROS, may
differ significantly from NLDH because oxidative stress has been shown to increase basal
ERK phosphorylation.33 Indeed, our findings show that CLDH survival is dependent on
MAPK signaling. Importantly, this work also shows that the PI3K/Akt and MAPK signaling
pathways act independently. Previous work has demonstrated synergy between the
PI3K/Akt and Smad pathways, but in this study, MAPK signaling was independent of Smad
input and therefore likely not the result of TGFA-induced changes including EMT.
Therefore, these data suggest that CLDH undergo phenotypic changes consistent with EMT
and have a concomitant, but TGF/-independent, necessity for MAPK signaling.

One of the key findings in the present study is that CLDH not only have EMT-like
appearance but have capability of synthesizing type 1 collagen, a molecule that mediates
liver fibrosis. Although potential involvement of hepatocytes in collagen production has
been suggested in the past,34 it is generally thought that hepatic fibrosis is the result of
collagen production by hepatic stellate cells.3> Our results show that chronic exposure to
TGFg induces the transition of hepatocytes to collagen-producing mesenchymal cells.
Furthermore, immunostaining with albumin demonstrate that CLDH are indeed hepatocytes,
although they exhibit morphological and functional characteristics of mesenchymal cells.
Our findings are in agreement with a recent study in which prolonged exposure of
hepatocytes to TGFgincreases the expression of collagen and induces cytoskeletal
rearrangement that resembles EMT.” Therefore, the present study suggests that hepatocytes
may be a contributor to hepatic fibrosis, especially when they are chronically injured.

Collectively, the findings in this study suggest that in an environment of chronic
inflammation and fibrosis with increased TGFf expression, hepatocytes undergo distinct
phenotypic, functional and cell signaling changes that promote cell survival. These
morphologic and molecular alterations may provide the foundation for
hepatocarcinogenesis. Moreover, better understanding of the cellular and molecular
characteristics of the cirrhotic hepatocyte may permit the development of chemopreventative
agents for hepatocellular carcinoma.
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Abbreviations

CLDH cirrhotic liver-derived hepatocytes
EGF epidermal growth factor
EMT epithelial mesenchymal transition
ERK extracellular receptor kinase
HDM hormonally defined medium
HEPES [4-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid]
Smad small mothers against decapentaplegic homolog
KRH Krebs ringer HEPES
MAPK mitogen activated protein kinase
MEK mitogen activated or extracellular signal-regulated protein kinase
NLDH normal liver-derived hepatocytes
PBS phosphate-buffered saline
PI3K/Akt phosphatidylinositol-3-kinase
Ras rat sarcoma oncogene
RhoA Ras homolog gene family member A
Racl Ras-related C3 tobulinum toxin substrate 1
ROS reactive oxygen species
TBST Tris-buffered saline Tween-20
TGFB transforming growth factor beta
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Fig. 1.

Vimentin

p-actin

Vimentin in cirrhotic livers. (A) Vimentin in normal and cirrhotic mouse livers was
visualized by immunofluorescence staining. Each panel represents a separate experiment.
Note the characteristic fibrous staining of vimentin in hepatocytes in cirrhotic liver. In
contrast, little staining was observed in hepatocytes in control liver. (B) Western blot
analysis of liver lysates from control (n = 5) and cirrhotic mice (n = 5). All lysates are from
five separate experiments and exhibit overexpression of vimentin in cirrhotic livers.
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Fig. 2.
Vimentin in primary cultured hepatocytes. (A) Time lapse imaging of hepatocyte

morphology changes. Note a fibroblast-like appearance of CLDH in the presence or absence
of TGFg. (B) Western blot analysis of lysates from primary cultured hepatocytes with or
without TGFf. CLDH exhibit higher vimentin expression than NLDH before and after
TGF/gtreatment. (C) Immunofluorescence microscopy of vimentin. Hepatocytes were
costained with vimentin (green), F-actin (red), and Hoechst 33342 (blue) and confocal
images were collected. TGFf treatment induced the expression of vimentin and EMT
morphologically in NLDH, whereas untreated NLDH did not show mesenchymal
characteristics. However, even untreated CLDH demonstrated features of EMT. These
characteristic were augmented by TGFg.
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Fig. 3.
Dependence on PI3K/Akt pathway. (A) NLDH and CLDH were incubated 16-18 hours in

medium with varying insulin concentrations. In NLDH, p-Akt expression is increased
compared to CLDH. Even in the absence of insulin, NLDH maintained higher expression of
p-Akt than CLDH. (B) In contrast to NLDH, addition of 100 nM insulin to CLDH did not
show sustained expression of p-Akt. (C) Morphologic apoptosis was determined 24 hours
after TGF£ stimulation in the presence of PI3K/Akt pathway inhibition. Cell death was
evaluated using Hoechst 33342 and propidium iodide (PI). (D) Quantification of apoptosis.
Apoptosis was expressed as the percentage of apoptotic cells over total cells. NLDH
exhibited a robust increase in apoptotic death by TGF/ treatment, compared to the CLDH (P
bold> 0.001). Note that CLDH treated with both LY294002 and TGF/ showed a further
development of apoptosis, compared to LY294002 or TGF/ alone.
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Fig. 4.
The effect of inhibition of the PI3K/Akt and MEK/ERK pathways on the TGF/ Smad

signaling pathway. (A) The PI3K inhibitor, LY 294002, decreased p-Akt in both normal and
cirrhotic hepatocytes in a dose-dependent manner during 1 hour of treatment. MEK1/2
inhibitor, U0126, decreased p-ERK1/2 in both NLDH and CLDH in a dose-dependent
manner. PI3K/Akt and MAPK/ERK signaling demonstrated no interdependence. (B) Time
course of Smad signaling response to TGFg. Phosphorylation of Smad2/3 induced by TGFS
was sustained for 24 hours in NLDH. In contrast, CLDH demonstrated decreased p-Smad?2
after 2 hours. With LY 294002 pretreatment, p-Smad2 was substantially decreased after
TGF/ftreatment in both NLDH and CLDH. The initial response of Smad2/3 signal
transduction, however, was not affected by LY294002. (C) P-Smad2/3 decreased at 6 hours
after TGF/L treatment in NLDH and CLDH in a dose-dependent manner. (D) NLDH and
CLDH were infected with adenoviruses expressing Smad7 (Ad.Smad7) or a control protein,
luciferase (Ad.Luc), at a multiplicity of infection (MOI) of 10 for 24 hours prior to treatment
with TGFS. Smad7 over-expression inhibited expression of p-Smad2 and p-Smad3 in both
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NLDH and CLDH. In addition, p-Akt expression was decreased markedly in NLDH and
modestly in CLDH in response to Smad7 treatment.
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Fig. 5.

The effect of inhibition of the PI3K/Akt and ERK1/2 pathways on EMT after TGFf

Page 19

stimulation. (A) NLDH and CLDH were pretreated with LY294002 (25 uM) or U0126 (25
uM) and stimulated with TGFS. CLDH showed higher basal expression of vimentin than

NLDH, which was further increased after 24 hours of stimulation. NLDH exhibited higher
occludin and E-cadherin expression and lower vimentin expression compared to the CLDH
consistent with an EMT response. (B) LY294002 (LY) pretreatment suppressed expression
of vimentin in both NLDH and CLDH. However, U0126 (U) did not inhibit the expression

of vimentin.
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Fig. 6.

T)?pe 1 collagen in primary cultured hepatocytes. (A) Western blot analysis of type 1
collagen showed increased expression of collagen in CLDH. (B) After 24 hours of
incubation of both cell types with or without TGFg, immunofluorescence images of collagen
(green) and Hoechst 33342 (blue) were collected by confocal microscope. (C) After 24
hours of incubation with or without TGF/, the expression of albumin, a hepatocyte marker,
was assessed by immunofluorescence staining. Note that CLDH were positively stained with
albumin despite the morphology representing EMT.
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Fig. 7.
The effect of MEK/ERK inhibition on TGF-induced apoptosis. (A) Inhibition of MAPK

pathway followed by TGF/treatment induced significant cell death in CLDH. (B)
Quantitative analysis of apoptosis from each group. CLDH demonstrated significantly
increased apoptosis with MAPK inhibition and TGFftreatment (P < 0.001).
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