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Abstract

Background/Aims—During development of liver fibrosis, an important source of
myofibroblasts is hepatocytes, which differentiate into myofibroblasts by epithelial to
mesenchymal transition (EMT). In epithelial tumors and kidney fibrosis, hypoxia, through
activation of hypoxia-inducible factors (HIFs), is an important stimulus of EMT. Our recent
studies demonstrated that HIF-1a is important for the development of liver fibrosis. Accordingly,
the hypothesis was tested that hypoxia stimulates hepatocyte EMT by a HIF-dependent
mechanism.

Methods—Primary mouse hepatocytes were exposed to room air or 1% oxygen and EMT
evaluated. In addition, bile duct ligations (BDLs) were performed in Control and HIF-1a-deficient
mice and EMT quantified.

Results—Exposure of hepatocytes to 1% oxygen increased expression of a-smooth muscle actin,
vimentin, Snail, and fibroblast-specific protein-1 (FSP-1). Levels of E-cadherin and zona
occludens-1 were decreased. Upregulation of FSP-1 and Snail by hypoxia was completely
prevented in HIF-1B-deficient hepatocytes and by pretreatment with SB431542, a TGF-f receptor
inhibitor. HIFs promoted TGF-B-dependent EMT by stimulating activation of latent TGF-p1. To
determine whether HIF-1a. contributes to EMT in the liver during the development of fibrosis,
Control and HIF-1a-deficient mice were subjected to BDL. FSP-1 was increased to a greater
extent in the livers of Control mice when compared to HIF-1a-deficient mice.

Conclusions—Results from these studies demonstrate that hypoxia stimulates hepatocyte EMT
by a HIF and TGF-B-dependent mechanism. Furthermore, these studies suggest that HIF-1a is
important for EMT in the liver during the development of fibrosis.
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Liver fibrosis is characterized by excessive deposition of extracellular matrix in the liver
during chronic injury. This disease is initiated when liver injury stimulates cells in the liver
to synthesize and secrete proteins and other soluble mediators that, in turn, stimulate cells,
such as hepatic stellate cells (HSCs) and peribiliary fibroblasts to differentiate into
myofibroblasts and produce collagen (1). In addition to these cells types, recent studies have
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demonstrated that hepatocytes and bile duct epithelial cells also differentiate into fibroblasts
by a process termed epithelial to mesenchymal transition (EMT) (2, 3).

Recent studies from our laboratory demonstrated that hypoxia, through activation of the
transcription factor, hypoxia-inducible factor-1a (HIF-1a), is an important driving force for
the development of liver fibrosis (4). In these studies, mice deficient in HIF-1o had reduced
collagen deposition and fewer activated fibroblasts in the liver when subjected to bile duct
ligation, a commonly used animal model of liver fibrosis (4). These results suggested that
HIF-1a is a key mediator of fibrosis in the liver during chronic injury. What remained
unclear from these studies, however, was the molecular mechanism by which HIF-1a
promoted fibrosis.

Recent studies in the kidney demonstrated that HIF-1a promotes kidney fibrosis by
stimulating conversion of renal epithelial cells to a mesenchymal cell phenotype by EMT
(5). During EMT, levels of epithelial cell-specific proteins are decreased, such as zona
occludens-1 and E-cadherin, and levels of mesenchymal cell-specific proteins are increased,
such as a-smooth muscle actin (a-SMA), vimentin, and collagen (6). EMT has long been
recognized as a process important for normal embryonic development, tumor cell metastasis,
and kidney and liver fibrosis (3, 5, 6). Hepatocytes and bile duct epithelial cells can
transdifferentiate into mesenchymal cells by EMT and deposit collagen in the liver during
chronic injury. Although studies have established that hepatocyte EMT contributes to the
development of fibrosis, whether hypoxia, through activation of HIF-1a, is a stimulus for
hepatocyte EMT is not known. Since HIF-1a is important for the development of fibrosis
and HIF-1o stimulates EMT in kidney and tumors, it is possible that HIF-1o may promote
liver fibrosis in part by stimulating hepatocyte EMT. Accordingly, in the present study, the
hypothesis was tested that hypoxia stimulates hepatocyte EMT by a HIF-dependent
mechanism.

Materials and methods

Mice

C57BL/6 mice (Harlan, Madison, WI), HIF-1a-control mice, HIF-1a-deficient mice,
HIF-1B-control mice, and HIF-1B-deficient mice were used for all studies. Generation of the
HIF-1a-control mice, HIF-1a-deficient mice, HIF-1B-control mice, and HIF-1B-deficient
mice was described previously (7-9). Mice were maintained on a 12-h light/dark cycle
under controlled temperature (18-21°C) and humidity. Food (Rodent Chow; Harlan-Teklad,
Madison, WI) and tap water were allowed ad libitum. All procedures on animals were
carried out in accordance with the Guide for the Care and Use of Laboratory Animals
promulgated by the National Institutes of Health and were approved by the institutional
IACUC committee at the University of Kansas Medical Center.

Hepatocyte Isolation

Hepatocytes were isolated from the livers of mice by collagenase perfusion as described
previously, and cultured in room air or 1% oxygen in a NAPCO CO5, 7000 cell culture
incubator (NAPCO Precision, Winchester, VA) (7). These environments also contained 5%
CO» and were balanced with nitrogen. The hepatocytes were cultured on collagen-coated 6
well plates in Williams' Medium E supplemented with 10% FBS and Penicillin-
Streptomycin. After a 3 hour attachment period, the medium with unattached cells was
removed, and the cultures washed with 1x phosphate-buffered saline. Fresh serum-free
Williams' medium E with antibiotics was then added and the cells cultured for 16 hours
before exposure to hypoxia. The viability of the isolated hepatocytes was >85% by the
criterion of trypan blue (Sigma Chemical Company) exclusion. The cultures contained 2.3
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+/— 0.8 % hepatic stellate cells, 1.9 +/— 1.0 % Kupffer cells, and 2.4 +/— 1.1 % endothelial
cells as determined by immunostaining for glial fibrillary acidic protein (GFAP), F4/80, and
mouse endothelial cell antigen-32 (MECA-32) respectively.

Hepatic Stellate Cell (HSC) Isolation

HSCs were isolated from mice by dual perfusion with collagenase and pronase as described
in detail previously (10). The cells were cultured on collagen-coated 6 well plates in
Williams' medium E supplemented with 10% FBS and penicillin-streptomycin. After 4
hours, the cells were washed with PBS and the medium replaced with serum-free Williams'
medium E containing antibiotics. The cells were cultured for 16 hours and then placed in
room air or 1% oxygen as described above. These conditions were chosen to mimic the
hepatocyte culture conditions.

Real-time PCR

Real-time PCR was performed as described previously (11). The sequences of the primers
were as follows: 18S Forward: 5'-TTGACGGAAGGGCACCACCAG-3'; 18S Reverse: 5'-
GCACCACCACCCACGGAATCG-3'; Vimentin Forward: 5'-
CGGAAAGTGGAATCCTTGCA-3'; Vimentin Reverse: 5'-
CACATCGATCTGGACATGCTGT-3'; Slug Forward: 5'-
TGATGCCCAGTCTAGGAAATCG-3; Slug Reverse: 5'-
GCCACAGATCTTGCAGACACAA-3; TWIST Forward: 5'-
CCCCACTTTTTGACGAAGAATG-3'; TWIST Reverse: 5'-
AAAATGGAGCCAGTCACATGTGG-3'; a-SMA Forward: 5'-
CCACCGCAAATGCTTCTAAGT-3'; a-SMA Reverse: 5'-
GGCAGGAATGATTTGGAAAGG-3'; FSP-1 Forward: 5'-
GAAGCTGCATTCCAGAAGGTGA-3'; FSP-1 Reverse: 5'-
CATCATGGCAATGCAGGACA-3'; Snail Forward: 5TTTTGCTGACCGCTCCAAC-3;;
Snail Reverse: 5-TGCTTGTGGAG AAGGACAT-3'; Glutl Forward 5'-
TCGGCCTCTTTGTTAATCGCT-3'; Glutl Reverse 5'-
GGACTTGCCCAGTTTGGAGAA-3'; TGF-p1 Forward: 5'-
TGCTAATGGTGGACCGCAA-3'; TGF-B1 Reverse: 5'-
CACTGCTTCCCGAATGTCTGA-3'; TGF-p2 Forward: 5-TAATTGCTGCCTTCGCCCT
-3'; TGF-B2 Reverse: 5'- CCCCAGCACAGAAGTTAGCATT-3'; TGF-B3 Forward: 5'-
CACCAATTACTGCTTCCGCAA -3'; TGF-B3 Reverse: 5'-TAGGTTCGTGGACCC
TTTCC -3.

Western Blot Analysis

Nuclear extracts were isolated from hepatocytes and western blotting performed as
described previously (7). Snail was detected using a rabbit anti-Snail antibody (Abcam,
Cambridge, MA). HIFs were detected with either rabbit polyclonal anti-HIF-1a antibody
(NB100-449, Novus Biologicals, Littleton, CO) diluted 1:1000 or rabbit polyclonal anti-
HIF-2a (NB100-122, Novus Blologicals) diluted 1:1000, followed by incubation with goat
anti-rabbit antibody conjugated to horseradish peroxidase (Santa Cruz Biotechnology).
Immunoreactive bands were visualized using the Immun-Star HRP Substrate Kit (Bio-Rad
Laboratories, Hercules CA).

Immunocytochemistry

Hepatocytes were fixed in 4% formalin, and then blocked with phosphate-buffered saline
containing 3% goat serum. The cells were incubated with rabbit anti-Snail antibody (catalog
number: ab17732, Abcam), rabbit anti-E-cadherin antibody (catalog number: 3195, Cell
Signaling Inc.), rabbit anti-zona occludens-1 (catalog number: 402300, Invitrogen), mouse
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anti-vimentin antibody (catalog number: 40E-C, Developmental Studies Hybridoma Bank,
lowa City, I1A), rat anti-mouse endothelial cell antigen (catalog number: MECA-32,
Developmental Studies Hybridoma Bank), rat anti-F4/80 (catalog number: MCA497,
Serotec), chicken anti-GFAP (catalog number: ab4674, Abcam, Cambridge, MA), or rabbit
polyclonal anti-FSP-1 antibody (catalog number: ab27957, Abcam) followed by incubation
with secondary antibody conjugated to either Alexa 488 or Alexa 594 (Molecular Probes,
Eugene, OR). For staining of F-actin, cells were incubated with phalloidin-labeled with
Alexa 594 as per manufacturer's recommendation (Molecular Probes). For all
immunocytochemistry, no fluorescence was observed in the absence of primary antibody.

Immunohistochemistry

For FSP-1, albumin, and cytokeratin-19 (CK19) immunostaining, livers were frozen in
isopentane (Sigma Chemical Company) immersed in liquid nitrogen for 8 minutes. Sections
of frozen liver were fixed in 4% formalin in phosphate-buffered saline (PBS) for 10 min at
room temperature. Sections were incubated with rabbit polyclonal anti-FSP-1 antibody
(catalog number: ab27957, Abcam), goat anti-mouse serum albumin (catalog number:
ab19194, Abcam), or rat anti-CK19 (catalog number: TROMA-I1I1, Developmental Studies
Hybridoma Bank) diluted 1:50 in PBS containing 3% goat serum at room temperature for 3
h. The sections were washed with PBS, and then incubated with secondary antibody
conjugated to Alexa 594 (FSP-1) or Alexa 488 (CK-19 or albumin). Colocalization of FSP-1
immunostaining with CK-19 or albumin immunostaining was observed on a Nikon confocal
microscope. Total FSP-1 immunostaining in the liver was quantified morphometrically by
analyzing the area of immunohistochemical staining of FSP-1 in a section of liver using
Scion Image software (Scion Corporation, Frederick, MD) as described (12). The staining is
expressed as a fraction of the total area. The random fields analyzed for each liver section
were averaged and counted as a replicate, i.e., each replicate represents a different mouse.
Peribiliary FSP-1 staining was quantified by measuring the area of FSP-1 staining that
occurred within 100 um of CK-19 staining. Nonperibiliary FSP-1 staining was determined
by subtracting peribiliary FSP-1 staining from the total FSP-1 staining. For all
immunohistochemistry, no fluorescence was observed in the absence of primary antibody.

Quantification of TGF-B1

Total and active TGF-B1 were measured using a commercially available kit (R&D Systems)
as per manufacturers' recommendations.

Bile Duct Ligation

Statistics

Results

HIF-1a-control mice and HIF-1a-deficient mice 8-12 weeks of age were anesthetized with
isoflurane. A midline laparotomy was performed and the bile duct ligated with 3-0 surgical
silk. The abdominal incision was closed with sutures, and the mice received 0.2 mg/kg
Buprenex by subcutaneous injection.

Results are presented as the mean + SEM. Data were analyzed by Analysis of Variance
(ANOVA). Comparisons among group means were made using the Student-Newman-Keuls
test. The criterion for significance was p < 0.05 for all studies.

Hypoxia Increases Expression of EMT Genes in Primary Mouse Hepatocytes

Exposure of primary mouse hepatocytes to 1% oxygen caused an increase in mRNA levels
of the EMT genes, FSP-1, a-SMA, and vimentin (Fig. 1) (6). In addition, exposure of
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hepatocytes to hypoxia increased levels of Snail mMRNA (Fig. 2A) and protein (Fig. 2B and
2D). Levels of two other EMT transcription factors, Slug and TWIST, were unaffected in
hypoxic hepatocytes (Fig. 2E and 2F). To rule out the possibility that the observed increases
in these genes was due to hepatic stellate cell contamination of the hepatocyte cultures,
hepatic stellate cells were isolated from mice and exposed to room air or 1% oxygen for 3
days. Exposure of hepatic stellate cells to 1% oxygen for 3 days did not increase levels of a-
SMA, FSP-1, or Snail mRNAs when compared to hepatic stellate cells exposed to room air
for 3 days (Fig. 3). This indicated that the increases in a-SMA, FSP-1 and Snail observed in
hypoxic hepatocytes were not due to contamination by hepatic stellate cells.

Decreased Levels of the Epithelial Proteins, E-cadherin and Zona Occludens-1, in Hypoxic
Hepatocytes

In cultures of hepatocytes incubated in room air, E-cadherin immunostaining was observed
at the cell surface of most of hepatocytes in culture (Fig. 4A). In hepatocytes cultured in 1%
oxygen, E-cadherin immunostaining at the cell surface of hepatocytes was largely absent
(Fig. 4B). Similarly, zona occludens immunostaining was observed on the outer cell
membrane of hepatocytes cultured in room air (Fig. 4C). In hepatocytes cultured in 1%
oxygen, minimal zona occludens-1 immunostaining was observed (Fig. 4D). In many of the
hypoxic cells, zona occludens-1 was observed within the cell indicating that it had been
internalized.

Reorganization of the Actin Cytoskeleton and Morphological Changes in Hypoxic
Hepatocytes

During EMT, cytoskeletal proteins, such as F-actin, become reorganized into stress fibers
(13). To observe this in hypoxic hepatocytes, the cells were stained with fluorescently-
labeled phalloidin. In hepatocytes cultured in room air, F-actin was primarily organized
around the plasma membrane of the cell (Fig. 4E). F-actin within the cytoplasm of these
cells remained unorganized. In hypoxic hepatocytes, F-actin was highly organized into
fibers that extended from the cell surface through the cytoplasm (Fig. 4F). In addition, stress
fibers were observed in the hepatocytes cultured in hypoxia (Fig. 4F).

Consistent with hypoxia stimulating hepatocyte EMT, hepatocytes cultured in hypoxia were
morphologically similar to fibroblasts with numerous projections and pseudopodia (Fig.
5B).

Increased Levels of Vimentin and FSP-1 Proteins in Hypoxic Hepatocytes

Positive immunostaining for vimentin (Fig. 5C) and FSP-1 (Fig. 5E) was largely absent in
cultures of hepatocytes exposed to room air. In hepatocytes exposed to 1% oxygen, vimentin
(Fig. 5D) and FSP-1 (Fig. 5F) immunostaining was observed in nearly all cells.

Hypoxia-inducible Factors are Required for Hypoxia-induced EMT in Hepatocytes

Next, we determined whether hypoxia-induced EMT required HIFs. Exposure of
hepatocytes isolated from HIF-1B-control mice, which have normal levels of HIF-1p, to 1%
oxygen increased mRNA levels of Glut-1 (a known HIF target gene), FSP-1, Snail, and a-
SMA (Fig. 6A-6D). Upregulation of all of these genes was completely prevented in
hepatocytes isolated from HIF-1B-deficient mice, which are deficient in both HIF-10 and
HIF-2a signaling (Fig. 6A—6D) (14, 15).

Role of TGF-B signaling in hypoxia-induced EMT in hepatocytes

TGF-B1 is a known, potent stimulator of hepatocyte EMT (3). Therefore, we next
determined whether hypoxia-induced hepatocyte EMT required TGF-f signaling. To inhibit
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TGF-p signaling, hepatocytes were preincubated with the TGF- type | receptor inhibitor,
SB-431542 (16). Hypoxia increased mRNA levels of FSP-1 and Snail in vehicle-treated
hepatocytes exposed to 1% oxygen (Fig. 7A and 7B). Similarly, TGF-B1 increased FSP-1
and Snail mMRNA levels in vehicle-treated hepatocytes (Fig. 7A and 7B). Upregulation of
both FSP-1 and Snail by either 1% oxygen or TGF-B1 was completely prevented by
pretreatment with SB-431542 (Fig. 7A and 7B). Upregulation of glucose transporter-1 by
hypoxia in hepatocytes was unaffected by pretreatment with SB-431542 (Fig. 7C). This
demonstrates that SB-431542 did not prevent upregulation of all HIF-regulated genes in
hypoxic hepatocytes, and that the effect was specific to EMT genes. Furthermore, TGF-B1
did not increase glucose transporter-1 mRNA levels, suggesting that TGF-f3 signaling
occurred downstream of HIF activation (Fig. 7C). Consistent with this observation,
SB-431542 did not prevent activation of either HIF-1a (Fig. 8A) or HIF-2a (Fig. 8B) in
hypoxic hepatocytes. Similarly, TGF-B1 did not activate either HIF-1a (Fig. 8C) or HIF-2a
(Fig. 8D) in hepatocytes cultured in room air.

Activation of Latent-TGF-B1 by Hypoxic Hepatocytes

Since hypoxia-induced EMT in hepatocytes required TGF-p signaling, we next investigated
the mechanism by which hypoxia stimulated TGF-p signaling in hypoxic hepatocytes.
Exposure of hepatocytes to hypoxia for 24 and 48 hours had no effect on mRNA levels of
TGF-B1, TGF-B2, or TGF-B3 (Fig. 9). Exposure of hepatocytes to 1% oxygen for 24 hours
increased the ratio of active TGF-B1 to total TGF-B1 in the culture medium, suggesting that
hypoxic hepatocytes activate latent-TGF-p1 (Fig. 10A). Consistent with this, addition of
latent TGF-B1 to hepatocytes cultured in 1% oxygen enhanced upregulation of FSP-1 and
SNAIL, whereas addition of latent TGF-B1 to hepatocytes cultured in room air did not
increase FSP-1 or SNAIL mRNA levels (Fig. 10B and 10C).

Reduced EMT in the Livers of HIF-1a-Deficient Mice after BDL

We demonstrated previously that liver fibrosis is reduced in HIF-1a-Deficient mice after
BDL (4). To determine whether EMT was also reduced, BDLs were performed in Control
mice, with normal levels of HIF-1a, and HIF-1a-Deficient mice. FSP-1 protein and mRNA
levels were quantified as a biomarker of EMT. Minimal immunostaining for FSP-1 was
observed in the livers of Control mice and HIF-1a-Deficient mice subjected to sham
operation (Fig. 11A and 11B). After bile duct ligation, FSP-1 immunostaining was observed
in periportal regions around proliferating bile ducts and within the hepatic parenchyma in
periportal regions (Fig. 11C). In HIF-1a-Deficient mice, the extent of FSP-1
immunostaining was substantially reduced with minimal staining within the hepatic
parenchyma and modest staining around proliferating bile ducts (Fig. 11D). Quantification
of the area of FSP-1 immunostaining confirmed these results and demonstrated a significant
increase in total FSP-1 immunostaining in the livers of Control mice after bile duct ligation,
which was reduced in bile duct-ligated HIF-1a-Deficient mice (Fig. 12A). In addition,
FSP-1 immunostaining was reduced both within peribiliary regions (i.e., FSP-1
immunostaining that occurred within 100 um of CK-19 immunostaining) and nonperibiliary
regions in HIF-1a-Deficient mice (Fig. 12A). Similar results were observed for FSP-1
mRNA levels (Fig. 12B).

Colocalization of FSP-1 with CK-19 and Albumin

In mice subjected to bile duct ligation for 10 days, numerous FSP-1 positive cells were
observed adjacent to bile duct epithelial cells (Fig. 13A-C). No FSP-1 positive cells in this
region also stained positive for CK-19 at this time point (Fig. 13C). Many FSP-1 positive
cells were observed in the hepatic parenchyma away from proliferating bile ducts (Fig.
13D). Many of the FSP-1 positive cells in this region also stained positive for albumin (Fig.
13D-F).
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Discussion

Regions of hypoxia develop in the liver during chronic injury (4). Furthermore, HIF-1a. is
activated in hepatocytes, and mice deficient in HIF-1a develop less liver fibrosis (4). These
studies demonstrate that HIF-1a is essential for the development of liver fibrosis. The
present studies indicate that HIF-1o may promote liver fibrosis in part by stimulating
hepatocyte EMT.

As epithelial cells transdifferentiate into mesenchymal cells during EMT, levels of several
transcription factors (e.g., Snail, Slug, TWIST), cytoskeletal proteins (e.g., a-SMA,
vimentin), and signal transduction proteins (e.g., fibroblast-specific protein-1, (FSP-1)) are
increased, and cytoskeletal proteins, such as F-actin, become reorganized into stress fibers
(6, 13). In addition, transcriptional repressors, such as Snail, are increased and repress
expression of epithelial genes, including E-cadherin, zona occludens-1 and others (6). In the
present studies, exposure of primary mouse hepatocytes to chronic hypoxia stimulated F-
actin polymerization, and increased expression of the mesenchymal cell markers a-SMA and
vimentin (Fig. 1, 4, and 5). Furthermore, levels of two mediators of EMT, Snail and FSP-1,
were increased in hypoxic hepatocytes, and levels of the epithelial proteins, E-cadherin and
zona occludins-1, were decreased (Fig. 1, 2, and 4). These studies demonstrate for the first
time that hypoxia stimulates hepatocyte EMT. It is unlikely that hepatic stellate cells
contaminating the cultures were responsible for these changes as hepatic stellate cells made
up less that 3% of the cells in the cultures, and exposure of purified hepatic stellate cells to
hypoxia for 3 days did not increase levels of FSP-1, a-SMA, or Snail when compared to
hepatic stellate cells cultured in room air (Fig. 3).

In renal epithelial cells, hypoxia-induced EMT depended in part on hypoxia-inducible factor
signaling (5). We demonstrated previously that both HIF-1a and HIF-2a are activated in
hypoxic hepatocytes (7). To determine whether these transcription factors are required for
hypoxia-induced EMT in cultured hepatocytes, hepatocytes were isolated from HIF-1p-
deficient mice. When HIF-1a and HIF-2a are activated in hypoxic cells, they translocate to
the nucleus and heterodimerize with HIF-1p (14, 17). Heterodimerization with HIF-1 is
required for upregulation of genes by HIF-1a and HIF-2a (14, 15). Therefore, loss of
HIF-1p abrogates all HIF signaling in cells. In the present studies, deletion of HIF-13
completely prevented upregulation of EMT genes in hypoxic hepatocytes. Whether HIF-1B
heterodimerized with HIF-1a and/or HIF-2a. to stimulate hypoxia-induced EMT in these
cells, however, is not known. Since mice deficient in HIF-1o developed less fibrosis and had
reduced numbers of FSP-1 positive cells after BDL (Fig. 11 and 12), this would suggest that
HIF-1a is important for this process (4). Studies have shown, however, that HIF-2a also
regulates expression of genes in hepatocytes, and that HIF-2a can promote EMT in some
cells types (7, 18, 19). Therefore, we cannot rule out the possibility that HIF-2a. may also be
important for this process. Further studies using HIF-1a and HIF-2a specific knockouts are
needed to fully elucidate the role of each of these transcription factors in hypoxia-induced
hepatocyte EMT.

In renal epithelial cells, hypoxia-induced EMT did not require TGF-B1 (5). Interestingly, in
contrast to renal epithelial cells, hypoxia-induced EMT in hepatocytes was completely TGF-
B-dependent (Fig. 7). This suggests that in hypoxic hepatocytes there is an interaction
between HIFs and TGF-p signaling that leads to hepatocyte EMT. As mentioned, several
studies have demonstrated that TGF-B1 stimulates hepatocyte EMT (3), and our studies
suggest that under hypoxic conditions, HIFs in hepatocytes are able to facilitate TGF-f8
signaling. In some cell types, activation of HIFs by hypoxia requires TGF-f signaling, and
TGF-B1 is able to activate HIFs independently of hypoxia (20, 21). Our studies demonstrate,
however, that activation of HIFs in hepatocytes by hypoxia does not require TGF-
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signaling, and that TGF-B1 does not activate HIFs (Fig. 8). These results clearly demonstrate
that TGF-p signaling is not required for HIF activation, and that TGF-f signaling is
downstream of HIF activation in hypoxia-induced EMT.

Previous studies have demonstrated that HIFs regulate TGF-B3 in some cell types (22). In
hepatocytes, however, hypoxia did not increase mRNA levels of any TGF-$, including TGF-
B3 (Fig. 9). This suggested that hypoxia did not promote TGF-B-dependent EMT in
hepatocytes by increasing TGF-B mRNA levels. Therefore, we next investigated whether
hypoxia promoted activation of TGF-B1. TGF-s are synthesized and secreted from cells in
an inactive, latent form (23). Latent TGF-B requires proteolytic modification before it
becomes active and initiates signaling in cells. Studies have demonstrated that hepatocytes
in culture synthesize and release latent TGF-B1 (24). Furthermore, HIFs are known to
regulate levels of several proteins that activate latent TGF-s, such as urokinase
plasminogen activator and matrix metalloproteinases (25, 26). Therefore, it is possible that
when hepatocytes become hypoxic, they synthesize and secrete proteins that activate latent
TGF-B, which stimulates hepatocyte EMT by an autocrine and paracrine mechanism.
Consistent with this hypothesis, exposure of hepatocytes to hypoxia increased the ratio of
active TGF-B1 to total TGF-B1 (Fig. 10A). Furthermore, addition of latent TGF-B1 to the
hepatocyte cultures enhanced hypoxia-induced EMT (Fig. 10B-C). Collectively, these
results demonstrate that hypoxic hepatocytes activate latent TGF-B1 and that this stimulates
hepatocyte EMT. These observations are important as they may explain the mechanism by
which chronic liver injury stimulates activation of latent TGF-B1 during the development of
liver fibrosis. Regions of hypoxia develop in several models of liver fibrosis (4, 27, 28).
Furthermore, TGF-B1 is an important stimulator of EMT, and stimulates hepatic stellate cell
activation and collagen production (3, 29). Therefore, our results suggest that chronic liver
injury, which causes persistent hypoxia in the liver, may drive fibrosis by stimulating
hepatocytes to release a yet to be identified factor that activates latent TGF-B1. This process
then stimulates EMT and activation of hepatic stellate cells resulting in fibrosis.

Consistent with a role of hypoxia and HIFs in hepatocyte EMT in vitro, HIF-1a was
required for EMT in vivo (Fig. 11 and 12). Our results demonstrated that in bile duct-ligated
mice, hepatocytes may contribute to the population of FSP-1 positive cells in the liver, as
many of these cells also costained for albumin (Fig. 13). It is certainly possible that these
cells accumulated albumin by phagocytosis, and were not derived from hepatocytes.
Accordingly, lineage tracing studies, used previously to identify hepatocyte EMT in carbon
tetrachloride-treated mice, are needed to confirm these results (3). Interestingly, FSP-1
expressing cells in peribiliary regions did not express CK-19, suggesting that these cells
were not derived from bile duct epithelial cells. This is in contrast to studies in humans
showing colocalization of FSP-1 with CK-19, a bile duct epithelial cell marker (2). It is
possible that in mice, bile duct epithelial cells do not transdifferentiate into fibroblasts by
EMT, or that in our studies, FSP-1 positive cells lost CK-19 expression by 10 days after bile
duct ligation. Similar to hepatocytes, careful lineage tracing studies are needed to
conclusively demonstrate whether bile duct epithelial cells transdifferentiate into fibroblasts
by EMT in vivo during the development of fibrosis. Regardless of the cellular source of
FSP-1 positive cells in the livers of bile duct-ligated mice, the numbers of FSP-1 positive
cells were substantially reduced in both peribiliary and nonperibiliary regions of HIF-1a-
Deficient mice (Fig. 11 and 12). Based upon our in vitro studies, it is possible that HIF-1a
promoted activation of TGF-B1 which stimulated EMT both in peribiliary and nonperibiliary
regions. Further studies are needed to evaluate this possibility.

Collectively, these results demonstrate for the first time that hypoxia is an important
stimulus of hepatocyte EMT. Furthermore, these studies demonstrate that HIFs and TGF-j
signaling contribute to the mechanism by which hypoxia stimulates hepatocyte EMT. A
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greater understanding the mechanisms involved in hypoxia-induced EMT and the novel
interaction between HIFs and TGF-f signaling, could lead to therapies aimed at reducing
liver fibrosis in patients with this disease. Furthermore, it is possible that these studies may
help to explain the mechanism by which hypoxia stimulates EMT in cancer—a process
important for cancer metastasis.
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Fig. 1.

Hepatocytes were isolated from mice and exposed to room air or 1% oxygen for the
indicated time. (A) FSP-1, (B) a-SMA, and (C) vimentin mRNA levels were measured by
real-time PCR. aSignificantly different from hepatocytes exposed to room air (p<0.05). Data
are expressed as means £ SEM; n = 3.
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Fig. 2.

Hepatocytes were isolated from mice and exposed to room air or 1% oxygen for the
indicated time (A, E, and F) or for 72 hours (B-D). (A) Snail mRNA levels were measured
by real-time PCR. (B) Snail protein was measured in nuclear extracts by western blot. Snail
protein was detected (red fluorescence) in hepatocytes exposed to (C) room air or (D) 1%
oxygen by immunocytochemistry. Arrows indicate nuclear staining of Snail protein in
hepatocytes exposed to 1% oxygen. (E) TWIST and (F) SLUG mRNA levels were measured
by real-time PCR. aSignificantly different from hepatocytes exposed to room air (p<0.05).
Data are expressed as means = SEM; n = 3.
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Fig. 3.

Hepatic stellate cells were isolated from mice and exposed to room air or 1% oxygen for 72
hours. (A) a-SMA, (B) FSP-1, and (C) Snail mRNA levels were measured by real-time
PCR. mRNA levels are reported relative to room air. Data are expressed as means = SEM; n
=3.
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Hepatocytes were isolated from mice and exposed to room air (A, C, and E) or 1% oxygen
(B, D, and F). (A and B) Three days later, E-cadherin was detected by
immunocytochemistry (red fluorescence). (C and D) ZO-1 was detected by
immunocytochemistry (red fluorescence). Higher power image is shown in the inset. In A-D
the same cells were counterstained with DAPI (blue fluorescence) to identify the nuclei. (E
and F) F-actin was detected by incubating with fluorescently-labeled phalloidin (red
fluorescence).
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Fig. 5.

Hepatocytes were isolated from mice and exposed to room air (A, C, and E) or 1% oxygen
(B, D, and F). (A and B) Light microscopic images of hepatocytes. Vimentin (C and D) and
FSP-1 (E and F) were detected by immunocytochemistry (red fluorescence). In C—F the
same cells were counterstained with DAPI (blue fluorescence) to identify the nuclei.
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Hepatocytes were isolated from HIF-1p-Control and HIF-1B-Deficient mice, and exposed to
room air or 1% oxygen. Seventy two hours later, (A) Glut-1, (B) FSP-1, (C) Snail, and (D)
a-SMA mRNA levels were quantified by real-time PCR. @Significantly different from
hepatocytes exposed to room air (p<0.05). PSignificantly different from HIF-1p-Control
hepatocytes exposed to the same concentration of oxygen (p<0.05).

Liver Int. Author manuscript; available in PMC 2011 June 9.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Copple Page 17

A 20,
== \/ehicle c
|| == SB431542

| a
I b d
0 - = =2 ,

Room 1% 5 ng/ml
Air Oxygen TGF-B

= \/chicle

= SB431542 c
35
30 I

10

-t
=2
o

-
N
o

FSP-1 mRNA
(Relative to Control)

N [<3

(=] o

Snail mMRNA
(Relative to Control)

b d
o 4
Room 1% 5 ng/ml
Air Oxygen TGF-B
cC
a
4 a
I

w

Glut-1 mRNA
(Relative to Control)
N

-

1

Room 1% 5 ng/ml
Air Oxygen TGF-B

o

Fig. 7.

Hepatocytes were isolated from mice and treated with vehicle or SB-431542 for 30 minutes.
The cells were then exposed to room air, 1% oxygen, or treated with TGF-B1. After 72
hours, (A) FSP-1, (B) Snail, and (C) Glut-1 mRNA levels were quantified by real-time
PCR. 8Significantly different from hepatocytes exposed to room air (p<0.05). PSignificantly
different from vehicle-treated hepatocytes exposed to the same concentration of oxygen
(p<0.05). SSignificantly different from hepatocytes exposed to vehicle and room air
(p<0.05). YSignificantly different from TGF-p1-treated hepatocytes (p<0.05). Data are
expressed as means = SEM; n = 3.
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Fig. 8.

Hepatocytes were isolated from mice and treated with 10 pM SB-431542. Thirty minutes
later, the cells were exposed to room air or 1% oxygen for 1 hour. (A) HIF-1a and (B)
HIF-2a were detected by western blot. Representative of an n = 4. Hepatocytes were isolated
from mice and treated with vehicle, 5 ng/ml TGF-B1, or exposed to 1% oxygen for 1 hour.
(C) HIF-1a and (D) HIF-20 were detected by western blot. Representative of an n = 4.
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Hepatocytes were isolated from mice and exposed to room air or 1% oxygen for 24 or 48
hours. (A) TGF-B1, (B) TGF-p2, and (C) TGF-B3 mRNA levels were quantified by real-
time PCR. Data are expressed as means + SEM; n = 3.
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Fig. 10.

Hepatocytes were exposed to room air or 1% oxygen for 24 hours. Active and total TGF-p1
were quantified by ELISA. @Significantly different from hepatocytes exposed to room air
(p<0.05). Data are expressed as means + SEM; n = 3. Hepatocytes were treated with vehicle
or 20 ng/ml latent TGF-B1 followed by exposure to room air or 1% oxygen. 72 hours later,
FSP-1 and Snail mRNA levels were quantified. 2Significantly different from hepatocytes
exposed to room air (p<0.05). PSignificantly different from hepatocytes exposed to vehicle
and 1% oxygen (p<0.05). Data are expressed as means £ SEM; n = 3.
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Control mice and HIF-1a-Deficient mice were subjected to bile duct ligation or sham

Page 21

operation. Fourteen days later, FSP-1 was detected in the liver by immunohistochemistry.

Representative photomicrograph of a section of liver from a (A) Control mouse sham
operation, (B) HIF-1a-Deficient mouse sham operation, (C) Control mouse bile duct

ligation, and (D) HIF-1a-Deficient mouse bile duct ligation stained for FSP-1. Positive
staining for collagen appears dark grey in the photomicrographs.
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Fig. 12.

Control mice and HIF-1a-Deficient mice were subjected to bile duct ligation or sham
operation. Fourteen days later, FSP-1 was detected in the liver by immunohistochemistry.
(A) Total, peribiliary, and nonperibiliary area of FSP-1 immunostaining was analyzed
morphometrically. (B) FSP-1 mRNA levels were quantified in the liver by real-time
PCR. 8Significantly different from sham-operated mice (p<0.05). ®Significantly different
from Control mice subjected to bile duct ligation (p<0.05). Data are expressed as means +
SEM; n = 6.
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Fig. 13.

Wild-type mice were subjected to bile duct ligation. Ten days later, FSP-1 (A and D, red
staining), CK19 (B, green staining), and albumin (E, green staining) were detected by
immunohistochemistry. (C) FSP-1 immunostaining (red) in A and CK19 immunostaining
(green) in B were overlaid to detect colocalization. Higher power image in A, B, and C
shown in inset. (F) FSP-1 immunostaining (red) in D and albumin immunostaining (green)
in E were overlaid to detect colocalization. Arrows indicate FSP-1 positive cells that also
stain positive for aloumin.
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