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The relative contribution of hepatocyte growth factor (HGF)/MET and epidermal growth factor (EGF)/EGF
receptor (EGFR), two key signal transduction systems in the normal and diseased liver, to fate decisions of adult
hepatic progenitor cells (HPCs) has not been resolved. Here, we developed a robust culture system that permitted
expansion and genetic manipulation of cells capable of multilineage differentiation in vitro and in vivo to examine
the individual roles of HGF/MET and EGF/EGFR in HPC self-renewal and binary cell fate decision. By employing
loss-of-function and rescue experiments in vitro, we showed that both receptors collaborate to increase the self-
renewal of HPCs through activation of the extracellular signal-regulated kinase (ERK) pathway. MET was a strong
inducer of hepatocyte differentiation by activating AKT and signal transducer and activator of transcription
(STAT3). Conversely, EGFR selectively induced NOTCH1 to promote cholangiocyte specification and branching
morphogenesis while concomitantly suppressing hepatocyte commitment. Furthermore, unlike the deleterious
effects of MET deletion, the liver-specific conditional loss of Egfr facilitated rather than suppressed progenitor-
mediated liver regeneration by switching progenitor cell differentiation toward hepatocyte lineage. These data
provide new insight into the mechanisms regulating the stemness properties of adult HPCs and reveal a previously
unrecognized link between EGFR and NOTCH1 in directing cholangiocyte differentiation.
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Healthy liver possesses a strong regenerative potential
due to the unlimited proliferative potential of fully
differentiated hepatocytes and biliary epithelial cells,
also referred to as cholangiocytes (Bohm et al. 2010;
Michalopoulos 2010; Riehle et al. 2011). However, regen-
eration of a diseased liver relies on activation of resident
stem cells to replace the irreversibly damaged hepatocytes
and biliary cells, which lose the capacity to proliferate
(Thorgeirsson et al. 1993; Thorgeirsson and Grisham
2003; Duncan et al. 2009; Boulter et al. 2013). Hepatic
stem cells are thought to reside within the terminal bile
ductules, also referred to as Hering canals (Alison et al.
1996; Theise et al. 1999). Upon severe liver injury, they
expand and give rise to a heterogeneous multipotent tran-
sient amplifying cell population known as ‘‘oval cells’’ or
hepatic progenitor cells (HPCs) that can differentiate to
hepatocytes and cholangiocytes and replenish their loss, as

reported both in rodents and humans (Roskams et al. 2010;
Tanaka et al. 2011).

There is strong evidence that HPC expansion and
direction of differentiation depend on the signals provided
by the tissue-specific stem cell niche (Thorgeirsson and
Grisham 2003; Duncan et al. 2009; Greenbaum and Wells
2011). Among these, there is hepatocyte growth factor
(HGF), a mesenchyme-derived multifunctional molecule
that elicits its activities by binding to the cognate re-
ceptor tyrosine kinase (RTK) MET (Bertotti and Comoglio
2003; Birchmeier et al. 2003). Since it was first described
as a potent mitogen for hepatocytes, HGF/MET signaling
has been subsequently linked to pleiotropic morphogenic
activities critical for embryonic development, tissue re-
generation, and maintenance of HPCs (Trusolino et al.
2010; Nakamura et al. 2011). Gene knockout studies in
mice confirmed that up-regulation of MET expression oc-
curs early during development (embryonic day 13.5 [E13.5])
and is required at multiple steps of liver organogenesis
from stimulating progenitor cell proliferation and resis-
tance to apoptosis to hepatocyte differentiation (Schmidt
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et al. 1995; Suzuki et al. 2002). Furthermore, using con-
ditional liver-specific Met inactivation, we showed re-
cently that progenitor-mediated regeneration is dependent
on MET signaling. Adult HPCs defective in MET signaling
failed to expand and could not commit to hepatocyte
lineage in a model of chronic toxic liver injury (Ishikawa
et al. 2012).

Epidermal growth factor receptor (EGFR) is another key
mediator of hepatic homeostasis (Michalopoulos and
DeFrances 1997). Like MET, deregulated EGFR signaling
has been implicated in liver regeneration, and genetic loss
of Egfr decreased survival after partial hepatectomy in
mice (Natarajan et al. 2007). Although extensive studies
implicate EGFR in regulating stemness properties in
many types of stem cells (Brill et al. 2009; Aguirre et al.
2010), much less is known about a role of EGFR in HPC
biology. Prior work from our and other laboratories demon-
strated that both receptors were activated and functional
during HPC expansion and promoted progenitor cell hyper-
plasia induced by severe liver injury in the rat 2-acetylami-
nofluorene–70% hepatectomy (AAF/PHx) model (Evarts
et al. 1993; Nagy et al. 1996; Hasuike et al. 2005).

Unlike MET, EGFR is activated by numerous para-
crine and endocrine signals, including EGF, and, upon
ligand binding, can form homodimers or heterodimers
with either EGFR or other members of the ERBB or EGFR
family of related RTKs (Burgess 2008). However, despite
the diversity of ligands and binding partners complicating
analysis of this pathway in the liver, Egfr, similar to Met, is
capable of triggering the same primary downstream
signaling cascades in cells, including the mitogen-activated
protein kinase (MAPK)/extracellular signal-regulated
kinase (ERK), phosphatidylinositol 3-kinase (PI3K)/
AKT, and signal transducer and activator of transcription
(STAT3) pathways, involved in control of cell prolifera-
tion, motility regulation, apoptosis protection, and dif-
ferentiation (Trusolino et al. 2010). Moreover, depending
on the signal strength and cellular context, the cross-
communication between MET and EGFR has also been
reported (Presnell et al. 1997; Jo et al. 2000), although the
direct contribution of each signal transducer to HPC
proliferation and fate specification has not been fully
addressed.

In this study, we established HPC lines from Metfl/fl

and Egfrfl/fl mice and confirmed that they were capable of
effective differentiation toward both hepatocytic and
biliary epithelial cell lineages. Using conditional genetic
ablation and defined medium, we then examined how
a specific loss of either Met or Egfr affects the binary cell
fate decisions of HPCs. Our loss-of-function and gain-of-
function experiments in vitro showed that MET is a strong
inducer of hepatocyte differentiation via activation of AKT
and STAT3, whereas EGFR is required for NOTCH1-
controlled expression of cholangiocyte-specific genes and
ductular morphogenesis. Both stimulation of NOTCH1
expression and biliary epithelial differentiation were re-
duced during progenitor cell-mediated liver regeneration
in EGFR conditional knockout mice, supporting a role of
the EGFR/NOTCH1 positive feedback loop for commit-
ment of adult HPCs toward biliary epithelial cell lineage.

Results

Generation of HPC lines

To evaluate the individual role of EGFR and MET in the
control of growth and bipotential properties of HPCs, we
generated several clonal cell lines from mice harboring
Egfr and Met floxed alleles. To activate HPCs, mice were
maintained for 2 wk on a diet containing the porphyrino-
genic agent 3,5-diethoxycarbonyl-1, 4-dihydro-collidine
(DDC) (Preisegger et al. 1999). The primary HPCs (also
known as oval cells) were isolated at high purity by
fluorescence-activated cell sorting (FACS) after costain-
ing with a cell-specific anti-EpCAM and lineage cocktail
antibodies against CD3c, CD11b, CD45R, TER-119, LY-6C,
and LY-6G to exclude cells of hematopoietic origin (Sup-
plemental Fig. S1A,B; Okabe et al. 2009; Ishikawa et al.
2012). The EpCAM+/Lineage� cells were then cultured in
nonadherent conditions to select for cells possessing self-
renewal capacity (Cicalese et al. 2009) and established as
parental Egfrfl/fl and Metfl/fl HPC lines.

First, we compared the transcriptome of Egfrfl/fl and
Metfl/fl cells to define key molecular similarities/differences
between independently derived clonal cell lines (n = 3 of
each genotype). Transcriptome profiling confirmed a high
degree of molecular similarity between both parental cell
lines. The Pearson correlation coefficient across the aver-
aged signal intensities in >25,000 probes showed a linearity
with R2 = 0.9 (Fig. 1A). The subsequent bioequivalence test
also demonstrated near 100% identity between the sig-
nificant genes, with a cut off at fold change = 1.5 and P <
0.001 (Fig. 1B). Therefore, for simplicity, in the following,
only one of the representative parental cell lines is shown
unless otherwise indicated.

As previously reported (Okabe et al. 2009), both paren-
tal progenitor cell lines expressed hepatocytic (AFP) and
cholangiocytic (CK7 and CK19) markers (Fig. 1C). Con-
sistent with their stemness properties, Metfl/fl and Egfrfl/fl

cells formed spheroids in ultralow attachment culture
(data not shown) and were capable of differentiating along
hepatocytic and cholangiocytic lineages when subjected
to lineage-specific differentiation assays in vitro, as shown
by increased expression of the hepatocyte-specific pro-
teins albumin and HNF4a (Fig. 1D) and acquisition of
tube-like branching morphology characteristic for chol-
angiocyte differentiation (Fig. 1E). Furthermore, when
Metfl/fl HPCs transfected with mCherry reporter gene
were transplanted into chimeric major urinary promoter–
urokinase plasminogen activator (MUP-uPA)/severe com-
bined immunodeficiency disease (SCID) mice (Giannini
et al. 2003), they gave rise to functional hepatocytes that
integrated into and replaced diseased parenchyma. Quan-
titative analysis of mCherry-positive areas using confocal
images (Fig. 1F) showed that liver repopulation reached,
on average, 12.0% 6 18.2% by 8 mo after intrasplenic
transplantation of 1 3 106 Metfl/fl HPCs. The repopulat-
ing mCherry-positive cells displayed properties charac-
teristic for mature hepatocytes. They expressed the same
levels of albumin as the neighboring mCherry� hepato-
cytes and displayed a zonal pattern of staining with
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glutamine synthetase, a key enzyme in ammonia me-
tabolism and known marker of pericentral cells (Fig. 1G),
indicating functional integration into parenchyma.
Together, these results indicate that Metfl/fl and Egfrfl/fl

parental cell lines possessed properties ascribed to HPCs.
Deletion of Met or Egfr was performed at passage 4

by Adeno-CMV-Cre (Vector Biolabs) transfection as de-
scribed (del Castillo et al. 2008) to generate early passage
(passages 8–10) single-cell clonal Egfr�/� and Met�/�

HPC lines (Supplemental Fig. S1A). A complete deletion
of each gene was demonstrated by a genotyping PCR
(Supplemental Fig. S1D) and Western blotting (Supple-
mental Fig. S1E). The loss of Egfr or Met did not affect
either expression of genes coding for HPC markers (Afp,
Ck7, and Ck19) or EGFR and MET cognate ligands (Egf,
HB-Egf, Tgfa, and Hgf, respectively) (Fig. 1C). Also, it did
not cause a compensatory up-regulation of EGFR family
members ERBB2 and ERBB3 (Supplemental Fig. S1E). In
total, we established four independent single-cell clonal
cell lines for each genotype, including parental (Metfl/fl and
Egfrfl/fl) and mutant (Met�/� and Egfr�/�) lines.

Effect of Egfr and Met deletion on downstream
signaling

To assess the function of EGFR and MET signaling in
HPCs, we analyzed the activity/phosphorylation status
of each receptor and primary downstream effector impli-
cated in the control of proliferation and differentiation
(Burgess 2008; Trusolino et al. 2010) in response to a
short-term treatment with HGF, EGF, or both growth fac-
tors (Fig. 2). To ensure the comparable signal intensity,
titration experiments were performed to select the optimal
concentrations for each ligand based on the degree of
receptor phosphorylation (Supplemental Fig. S2A,B).

The deletion of Met did not change the protein levels
of EGFR and vice versa (Fig. 2). As expected, Met�/� and

Figure 1. Metfl/fl and Egfrfl/fl cell lines possess similar molec-
ular and functional properties of HPCs. (A,B) Bioequivalence
tests of transcriptomic similarities between Metfl/fl and Egfrfl/fl

cell lines (n = 3 for each genotype). (A) Pearson correlation of
gene expression changes. Red lines represent plus/minus two-
fold changes of all detected genes (detection P-value < 0.01). (FC)
Fold change. (B) Hierarchical cluster representation of signifi-
cant genes (61.5-fold change at P < 0.001). (C) Metfl/fl and Egfrfl/fl

cells exhibit markers of both hepatocytic and biliary lineages.
Relative mRNA expression levels of indicated genes were
measured by quantitative RT–PCR (qRT–PCR). Gapdh was
used as internal control for qRT–PCR. Data are mean 6 SEM
(n = 4). (D) Metfl/fl and Egfrfl/fl cells differentiate into he-
patocytic lineage in vitro when stimulated with HGF and
EGF. Double immunofluorescence staining for hepatocyte
markers HNF4a (red) and albumin (green). (GFs) Growth factors.
Nuclei were counterstained with DAPI. Bar, 50 mm. (E) Metfl/fl

and Egfrfl/fl cells differentiate into duct-like cells when stim-
ulated by type 1A collagen and HGF and EGF. Bright-field
images. Bar, 200 mm. (F) Liver repopulation in MUP-uPA/
SCID mice by Metfl/fl cells. Representative confocal images
of livers 32 wk after intrasplenic injection of Metfl/fl cells
transduced with mCherry reporter gene (1 3 106 cells per
mouse, n = 3). Bars, 100 mm. (G) The repopulating mCherry-
positive cells display properties characteristic for mature
hepatocytes. Confocal images show coexpression of mCherry
with albumin and glutamine synthetase (GS), a marker of
pericentral hepatocytes (arrow). Bar, 100 mm. (PV) Portal vein;
(CV) central vein.

Figure 2. Altered activation of MET and EGFR downstream
signaling in Met�/� and Egfr�/� cells. HPCs of indicated ge-
notypes were plated in two-dimensional (2D) cultures and
treated with HGF (H; 20 ng/mL), EGF (E; 10 ng/mL), or HGF
and EGF (H+E) for 15 min after overnight serum starvation.
pMET (Y1234/1235), MET, pEGFR (Y1068), EGFR, pERK1/2
(T202/Y204), ERK1/2, pAKT (S473), AKT, pSTAT3 (Y705), and
STAT3 were detected by Western blotting with actin used as
a loading control. (NT) No treatment.
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Egfr�/� HPCs were nonresponsive to stimulation with
a corresponding growth factor. Consequently, loss of Met
completely blocked HGF-mediated STAT3 phosphoryla-
tion and strongly reduced ERK1/2 and AKT phosphory-
lation. In contrast, deletion of Egfr caused a preferen-
tial abrogation of pERK1/2 and pAKT without affecting
pSTAT3 levels (Fig. 2). These results suggest that MET
and EGFR may have a common and selective impact on
the downstream signaling in HPCs.

Effect of Egfr and Met deletion on sphere-forming
ability

Next, we conducted a sphere-forming assay using ultra-
low attachment plates and a serum-free defined medium
containing HGF and/or EGF. In HPCs with competent
MET and EGFR receptors, HGF and EGF were consider-
ably more effective in increasing both sphere frequency
and sphere size as compared with either treatment alone
(Supplemental Fig. S3A–C). The deletion of Met or Egfr in
HPC lines caused a significant decrease in sphere-forming
capacity, suggesting that the two pathways cooperate to
increase the sphere-forming potential of progenitor cells
(Supplemental Fig. S3A–C).

To further understand the role of MET and EGFR in
self-renewal growth, we blocked the activity of ERK1/2,
AKT, and STAT3 in the parental HPCs by small-molecule
inhibitors, including PD98059, LY294002, and WP1066,
respectively. The optimal dose for each drug was selected
based on cell viability (>60%) and degree of target gene
inhibition (>80%) (Supplemental Fig. S4A,B). Inhibiting
ERK1/2 activation with PD98059 was considerably more
effective in reducing both the sphere frequency and sphere
size as compared with blocking STAT3 using WP1066 or
blocking AKT using LY294002 (Supplemental Fig. 3D,E).
Thus, persistent METand EGFR signaling was sufficient to
establish and maintain the self-renewing growth of HPCs
through a mechanism involving ERK1/2 and, to a lesser
degree, AKT and STAT3 activation.

MET induces HPC differentiation toward hepatocytes
via AKT and STAT3

To determine the direct effects of MET and EGFR on the
differentiation potency of HPCs, we used a modified
hepatocyte differentiation assay and a defined medium
containing HGF and/or EGF (Okabe et al. 2009). The
parental HPCs with a competent MET/EGFR signaling
were subjected to a single (HGF or EGF) or combined
(EGF+HGF) treatment to evaluate the complimentary ef-
fects of each growth factor, whereas Met�/� and Egfr�/�

cells, which are completely refractory to the corresponding
ligand stimulation (Fig. 2), were treated with a combina-
tion of HGF+EGF for simplicity and uniformity. Addition
of either a single or both growth factors to the parental
HPC lines plated on Matrigel-coated culture dishes caused
acquisition of hepatocyte-like morphology and a strong
up-regulation of mature hepatocyte proteins albumin,
HNF4a, and CYP2E1, as measured by Western blotting
and double immunofluorescence confocal microscopy
(Fig. 3A,B). Notably, the selective deletion of Met and

Egfr had a differential impact on the induction of pro-
teins associated with the hepatocyte phenotype. In Met-
null cells, the directed differentiation toward hepato-
cytes was significantly impaired despite the presence of
the functional Egfr. In contrast, the directed differenti-
ation of Egfr�/� HPCs did not show the obvious defects
in the morphological appearance or hepatocyte marker
induction, indicating that Met was able to substitute at
least in part for the lack of Egfr (Fig. 3A,B).

To check which of the MET-driven downstream effec-
tors contribute to hepatocyte differentiation, we treated
MET-competent parental HPC lines with the pharmaco-
logical inhibitors of MEK/ERK1/2, PI3K/AKT, and STAT3
using PD98059, LY294002, and WP1066, respectively
(Fig. 3C,D). Inhibiting AKT and STAT3 but not MEK/
ERK strongly reduced HNF4a and albumin expression,
corresponding with the observation that genetic ablation
of Met preferentially decreased AKT and STAT3 activa-
tion in response to both HGF and EGF (Fig. 2).

To further verify MET-specific effects, we rescued the
Met�/� phenotype by reintroducing the Met gene into
Met-null HPCs by a lentiviral-delivered expression vector
and subjected cells to a hepatocyte differentiation protocol.
Murine Met knock-in (referred as to MetresWT) restored
MET signaling and up-regulated hepatocyte differentia-
tion genes (Fig. 3E,F). These data establish that the MET
pathway has a dominant role in facilitating hepatocytic
differentiation via AKT/STAT3 activation.

EGFR is an essential mediator of the NOTCH1
pathway in cholangiocyte differentiation and
branching morphogenesis

To induce cholangiocyte differentiation, we employed a
three-dimensional (3D) morphogenesis assay using HGF
and EGF as stimulants (Tanimizu et al. 2007; Okabe et al.
2009). HPCs were mixed with Matrigel/collagen1 and
grown on Matrigel/collagen1 gel. Treating the parental
HPCs with HGF and EGF alone or in combination re-
sulted in the development of a characteristic intercon-
nected tubular network, which was concordant with the
up-regulation of biliary markers (Fig. 4A,B). Met-null
HPCs grown in 3D cultures and subjected to biliary
epithelial cell differentiation assay also acquired biliary
cell marker expression (Fig. 4A) and were able to form
branches, albeit with a strongly reduced tubule length
(Fig. 4B–D). In striking contrast, the lack of Egfr�/� in
HPCs suppressed both the marker expression and branch-
ing morphogenesis (Fig. 4A–D). In Egfr�/� cells that are
not responsive to EGF stimulation (Fig. 2), HGF supple-
mentation failed to support up-regulation of proteins
associated with the biliary epithelial cell phenotype,
including CK7, CK19, EpCAM, SOX9, NOTCH1, and
NOTCH effector HES1 (Fig. 4A). The real-time RT–PCR
analysis confirmed a strong down-regulation of Notch1
and Hes1, whereas the mRNA levels of other members
of the HES family, including Hes3 and Hes5, were not
changed (Supplemental Fig. 5). Furthermore, the number
of branch points formed by Egfr�/� HPCs was decreased
>10.3-fold and 7.6-fold as compared with the growth
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receptor-competent or Met mutant cultures (Fig. 4D)
without affecting the primitive tube length (Fig. 4B,C).

To confirm the specificity of the described effects, we
carried out rescue experiments by stably overexpressing
wild-type human EGFR in the Egfr-deleted HPCs (referred
to as EgfrrecWT). The reintroduction of EGFR effectively
restored the branching phenotype as well as expression of
NOTCH1 (Fig. 4E) and its downstream targets, Hes1 and
Sox9 (Fig. 4G; Meier-Stiegen et al. 2010). The mRNA
levels of other NOTCH target genes such as Hes3, Hes5,
Hey1, and Hey2 were unaffected by EGFR restoration
(data not shown). Based on these data, we hypothesized
that EGFR controls the biliary gene expression and ability
to form branches via stimulation of the NOTCH path-
way. Consistent with this, the protein levels of NOTCH1
and SOX9 were reduced in the untreated Egfr-null HPCs
as compared with both parental and Met�/� HPCs,
whereas the NOTCH2 levels were unaffected (Supple-
mental Fig. S6A). The down-regulation of Notch1 but not
Notch2 expression in the absence of Egfr signaling was
confirmed in four additional Egfr-null HPC clonal lines
(Supplemental Fig. S6B). The deletion of Egfr did not affect
the expression of Jagged1 ligand for the Notch1 receptor or
Numb1, a negative regulator of the NOTCH signaling
pathway (Supplemental Fig. S6A).

To support our hypothesis, we then carried out the
Notch1 loss-of function and Egfr gain-of-function experi-
ments in Egfr-competent and Egfr-null HPCs, respectively.
First, we generated a stable lentivirus-transduced Egfrfl/fl

cell line expressing shRNAs against Notch1 and clonally
isolated cells with effective (>75%) Notch1 knockdown
(Fig. 5A,B). Reduced expression levels of Notch1 in the
Egfr-competent HPCs significantly decreased CK19 and
SOX9 expression (Fig. 5C) and interfered with the ability to
form branches (Fig. 5D). On the other hand, Notch1
knockdown increased the expression of genes coding for
hepatocyte-specific functions during differentiation of
shNotch1 cells toward hepatocytic lineage (Fig. 5E).

Finally, to strengthen our conclusion that the impaired
differentiation toward the biliary epithelial cell lineage
seen in Egfr�/� HPCs was due to the loss of NOTCH1
signaling but not the intrinsic defect in differentiation
potential in mutant cells, we introduced Notch1 intracel-
lular domain (NICD) into Egfr-deficient HPCs. Lentiviral
transduction of NICD into Egfr�/� HPCs (referred to as
EGFRresNICD) restored NOTCH1 expression (Fig. 5F) and
repaired biliary differentiation defects, as judged by chol-
angiocyte marker expression (Fig. 5G) and ability to
develop tubular structures with extensive branching mor-
phology (Fig. 5H). Together, these data indicate that EGFR-
mediated up-regulation of NOTCH1 is a necessary step for
initiating cholangiocytic differentiation in vitro.

Loss of Egfr leads to impaired differentiation of HPCs
toward biliary lineage in vivo

To extend these findings in vivo, we used Egfrfl/fl;Mx1-Cre+/�

conditional knockout mice. Western blotting confirmed
the successful deletion of Egfr in Egfrfl/fl;Mx1-Cre+/� livers

Figure 3. Loss of Met blocks differentiation
of progenitor cells toward hepatocytes in
vitro. (A) Western blots for HNF4a, albumin
(ALB), CYP2E1, and actin used as a loading
control. [GF(�)] No growth factors; (H) HGF;
(E) EGF; (H+E) HGF and EGF. Whole-cell
lysate from primary hepatocyte culture was
used as a positive control (PC). (B) Confocal
microscopy images (bar, 50 mm) of immu-
nofluorescence staining for albumin (green)
and HNF4a (red). Nuclei were counter-
stained with DAPI. (C,D) Pharmacological
inhibition of AKT (LY294002, 20 mM) and
STAT3 (WP1066, 10 mM) but not ERK1/2
(PD98059, 20 mM) blocks hepatocyte differ-
entiation in Metfl/fl cells. (C) Western blots
for HNF4a, ALB, and actin. (LY) LY294002;
(WP) WP1066; (PD) PD98059. (D) Confocal
microscopy images (bar, 50 mm) of double
immunofluorescence staining for albumin
(green) and HNF4a (red). (E) Met knock-in
(MetresWT) restores MET signaling. Western
blots for pMET, MET, pAKT, AKT, pSTAT3,
STAT3, and actin. Cells were treated with
HGF (20 ng/mL) for 15 min after overnight
serum starvation. (Mock) Empty vector. (F)
Met knock-in (MetresWT) repairs hepatocyte
differentiation defects in Met�/� progenitor
cells. Confocal microscopy images (bar, 50 mm)
of immunofluorescence staining for albumin
(green) and HNF4a (red). Nuclei were coun-
terstained with DAPI.
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(Supplemental Fig. S7A). However, the phosphorylation of
ERK1/2, AKT, and STAT3 was not affected, indicating that
functional redundancy and overlapping functions of RTKs
may substitute for Egfr loss. In striking contrast to Metfl/fl;
Mx1-Cre+/� mice, which failed to mobilize HPCs and died
from liver failure (Ishikawa et al. 2012), genetic loss of Egfr
was beneficial rather than detrimental for liver regenera-
tion induced by DDC liver injury. Accordingly, Egfrfl/fl;
Mx1-Cre+/� mice exhibited higher liver to body mass
ratios as compared with DDC-treated control animals
and had decreased serum levels of alanine aminotrans-
ferase, alkaline phosphatase, and total bilirubin, reflecting
a better liver function (Supplemental Fig. S7B).

Furthermore, differently from the Met conditional
knockout model (Ishikawa et al. 2012), EGFR mutant mice
developed a more extensive progenitor cell population as
compared with Egfrfl/fl livers by week 4 on a DDC diet
(Supplemental Fig. S8A,B). Notably, the expanding popu-
lation of HPCs in Egfrfl/fl;Mx1-Cre+/� livers expressed the
known common markers of biliary/progenitor cells A6,
EpCAM, and CK19 (Supplemental Fig. S8C; Factor et al.
1994; Rountree et al. 2007; Okabe et al. 2009) but,
consistent with impaired differentiation toward biliary

lineage in vitro (Figs. 4, 5), did not remodel into character-
istic bile duct structures with well-defined lumina (Sup-
plemental Fig. S8A).

Given the impotence of EGFR-mediated NOTCH1 ex-
pression for biliary differentiation in vitro, we then com-
pared the pattern of NOTCH1 expression in normal and
regenerating livers from Egfrfl/fl and Egfr mutant mice.
Double immunofluorescence analysis revealed that while
the mature bile ducts of untreated livers were NOTCH1-
negative (Fig. 6A), the DDC-treated EGFRfl/fl livers dis-
played a prominent accumulation of newly formed bile
duct-like structures that coexpressed the A6 biliary/
progenitor cell marker and Notch1 (Fig. 6A). Morpholog-
ically, they appeared as more mature enlarged ducts with
well-recognizable lumina (Fig. 6A) that differed from ir-
regular A6-positive ductules without obvious lumens.
Quantitative estimates showed that the frequency of
NOTCH1+/A6+ bile duct-like structures was drastically
reduced in the EGFR mutant livers (Fig. 6B). Of note, the
expression of NOTCH2 was not a selective marker of
newly formed bile ducts, since NOTCH2 was up-regulated
in both the hepatocytes and HPCs (Supplemental Fig.
S9A). Supporting the differences in NOTCH staining

Figure 4. Loss of EGFR blocks differentia-
tion of progenitor cells toward biliary line-
age in vitro. (A) Western blots for CK7,
CK19, EpCAM, SOX9, Notch1, Notch2,
and HES1. Actin was used as a loading
control. (GF�) No growth factors; (H) HGF;
(E), EGF; (H+E) HGF and EGF. (B, top and
middle) Bright-field images (bars, 50 mm)
and confocal microscopy images (bars, 50 mm)
of double immunofluorescence staining
for CK19 (green) and SOX9 (red). Nuclei
were counterstained with DAPI. Tube length
(C) and branch point (D) numbers. Data are
mean 6 SEM. Fifty randomly selected cell
clusters were analyzed from three indepen-
dently derived samples. (*) P < 0.01 versus
GF� cells of the same genotype; (#) P < 0.01
versus similarly treated Metfl/fl cells. (E, top

images) Egfr knock-in (EgfrresWT) restores the
ability of Egfr�/� cells to form tube-like
branched structures characteristic for bili-
ary differentiation. Bright-field images. Bar,
100 mm. (F) Egfr knock-in (EgfrresWT) re-
stores Egfr signaling and NOTCH1 expression
in Egfr�/� cells. Western blots for pEGFR,
EGFR, and NOTCH1. Actin was used as a
loading control. Monolayer cultures of in-
dicated genotypes were treated with EGF
(10 ng/mL) for 15 min after overnight serum
starvation. (Mock) Empty vector. (G) Egfr
knock-in (EgfrresWT) restores expression of
Notch downstream targets Hes1 and Sox9

in Egfr�/� cells. mRNA expression levels
measured by qRT–PCR. GAPDH was used
as internal control for qRT–PCR. Data are
mean 6 SEM of two independent duplicate
experiments. Expression levels are shown
relative to untreated Egfrfl/fl cells. (*) P < 0.01
versus corresponding Egfr�/� cells.
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and consistent with our in vitro data (Supplemental Fig.
S6), untreated Egfrfl/fl;Mx1-Cre+/� livers showed reduced
basal levels of Notch1 mRNA and, differently from control
Egfrfl/fl livers, failed to up-regulate Notch1 during a pro-
genitor-mediated liver regeneration (Supplemental Fig.
S9B), whereas Notch2 expression was comparable in mice
of both genotypes regardless of treatment (Supplemental
Fig. S9C). The reduced frequency of the NOTCH1+/A6+

bile duct-like structures was paralleled by a more rapid
accumulation of newly formed hepatocytes identified by
coexpression of A6 and the mature hepatocyte marker
HNF4a (Fig. 6C,D). The latter finding could explain a
better functional performance and a more efficient liver
regeneration in Egfrfl/fl;Mx1-Cre+/� mice after DDC dam-
age (Supplemental Fig. S7B). Last, we stained the DDC-
treated livers with aSMA, a marker of activated stellate
cells (Supplemental Fig. S10A), an important component
of the HPC niche affecting progenitor cell fate decision
(Espanol-Suner et al. 2012). Because aSMA-positive stellate
cells typically accompany progenitor ductular cell reaction,
we performed a double immunofluorescence staining for
A6 and aSMA (Supplemental Fig. S10A). Quantitative
estimates of areas occupied by A6- and aSMA-positive cells
revealed that the extent of stellate cell activation was
proportional to the size of progenitor cell reaction in
mice of both genotypes, supporting our conclusion that
NOTCH1 down-regulation caused by Egfr loss rather

than altered HPC niche composition switched the bal-
ance of HPC differentiation from cholangiocytes toward
hepatocytes.

Discussion

Extensive studies link various biological processes con-
trolled by EGFR and MET to specific signaling pathways.
Here we used a growth factor-defined in vitro system of
single-cell-derived HPC lines to delineate novel mecha-
nisms by which the two key hepatic RTKs govern the
binary fate decisions of adult HPCs. Using sphere-forming
assay in combination with genetic and pharmacological
approaches, we found that the two pathways cooperate to
increase the self-renewal proliferation of HPCs through
ERK1/2 activation. However, MET-initiated up-regulation
of STAT3 and AKT was a specific driving force of HPC
differentiation toward hepatocytes. Notably, signaling
through EGFR failed to compensate for the lack of MET
receptor in HPCs, while HGF stimulation of Egfr-null
progenitor cells or MET restoration in MET mutant HPCs
was sufficient to promote hepatocyte differentiation. These
observations corroborate prior findings regarding the role
of HGF/MET signaling in facilitating progenitor, embry-
onic stem cell, and induced pluripotent stem cell differ-
entiation along hepatocyte lineage (Si-Tayeb et al. 2010;
Ishikawa et al. 2012; Lee et al. 2012).

Figure 5. EGFR-regulated NOTCH1 is required
for differentiation of HPCs toward biliary line-
age. (A) Depletion of Notch1 mRNA after a stable
lentiviral transduction of Notch1 shRNA into
the Egfrfl/fl cell line. Relative mRNA expression
levels of indicated genes were measured by qRT–
PCR. Gapdh was used as internal control for
qRT–PCR. Data are mean 6 SEM (n = 4). (*) P <

0.01 versus Egfrfl/fl. (B) Depletion of NOTCH1
protein after a stable lentiviral transduction of
Notch1 shRNA into Egfrfl/fl cell line. (Mock)
Empty vector. (C) Silencing of Notch1 by shRNA
in Egfrfl/fl cells inhibits biliary epithelial marker
expression. Western blots for CK19, SOX9, and
actin. Monolayer cultures of indicated genotypes
were treated with HGF (20 ng/mL) and EGF (10
ng/mL) for 15 min after overnight serum starva-
tion. [GF(�)] No growth factors. (D) Silencing of
Notch1 by shRNA in Egfrfl/fl cells reduces branch-
ing in 3D cultures (bar, 100 mm). (E) Silencing
of Notch1 by shRNA in Egfrfl/fl cells promotes
differentiation toward hepatocytic lineage. West-
ern blots for HNF4a, albumin (ALB), and actin.
(F) Transduction of NICD into Egfr�/� cells
(EgfrresNICD) restores Notch1 expression. Western
blots for NOTCH1, EGFR, and actin. (G) Trans-
duction of NICD into Egfr�/� cells (EgfrresNICD)
restores biliary epithelial cell marker expression.
Monolayer cultures of indicated genotypes were
treated with HGF (20 ng/mL) for 15 min after
overnight serum starvation. (H) Transduction of
NICD into Egfr�/� cells (EgfrresNICD) restores
branching morphogenesis in Egfr�/� progenitor
cells subjected to biliary epithelial cell differen-
tiation assay. Bar, 250 mm.
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We further identify EGFR as a key player in cholangio-
cyte differentiation through a mechanism requiring
NOTCH1. Genetic loss of Egfr in HPCs strongly sup-
pressed NOTCH1 expression. Reintroduction of Egfr in
Egfr-null HPCs restored NOTCH levels, indicating that
Egfr can directly up-regulate NOTCH1. This is consistent
with studies reporting interactions between EGFR and
NOTCH1. Thus, during asymmetric division of mouse
neural stem cells, NICD expression was higher in a daugh-
ter cell expressing high levels of EGFR (Andreu-Agullo
et al. 2009). Similarly, up-regulation of Egfr mRNA was
observed in a Drosophila cell line upon Notch activation,
and loss of either Notch or Egfr resulted in related defects

in muscle development (Krejci et al. 2009). The EGFR–
RAS–ERK pathway has also been implicated in a positive
control of the Notch ligand Delta (Tsuda et al. 2002; Chen
and Greenwald 2004), while NOTCH has been shown to
negatively regulate EGF expression (Ligoxygakis et al.
1998; Karp and Greenwald 2003). More recent data
demonstrated the involvement of p53 in the reciprocal
regulation of EGFR and NOTCH1 expression through the
EGFR effector C-JUN (Kolev et al. 2008; Purow et al.
2008). Future work is required to determine the detail
mechanisms of the Egfr–Notch1 relationship.

Our data confirm and extend prior findings regarding
a key role of NOTCH1 signaling in the biliary fate
decision of HPCs in human and experimental animal
models (Li et al. 1997; Oda et al. 1997; McCright et al.
2002; Geisler et al. 2008; Tchorz et al. 2009; Zong et al.
2009; Sparks et al. 2010; Boulter et al. 2012). The EGFR/
NOTCH signaling was required at multiple steps of
biliary lineage commitment. The HPCs with a targeted
deletion of Egfr or Notch1 failed to up-regulate marker
proteins CK7, CK19, SOX9, and EpCAM. Furthermore, in
the branching assay, HGF stimulation of HPC cultures
lacking Egfr or Notch1 caused only rudimentary ductal
branching. However, after reinstallation of NICD in
Egfr�/� HPCs, HGF treatment successfully augmented
branching morphogenesis and caused up-regulation of
biliary marker proteins, providing evidence that EGFR
is primarily responsible for NOTCH1-mediated induc-
tion of branching morphogenesis while limiting MET
activity to the control of primitive tube formation. This is
in agreement with earlier findings that NOTCH signaling
is essential for biliary duct architecture (Sparks et al. 2010).

There are four homologs of NOTCH receptor (NOTCH1,
NOTCH2, NOTCH3, and NOTCH4) in mammals (Harper
et al. 2003). NOTCH2 was identified as the main contrib-
utor to embryonic and early postnatal bile duct formation
(McCright et al. 2002; Geisler et al. 2008; Jeliazkova et al.
2013), and Notch2 silencing was reported to promote
hepatoblast differentiation into hepatocytes (Tanimizu
and Miyajima 2004). In our study, loss of Egfr caused
down-regulation of NOTCH1 but not NOTCH2, criti-
cally attenuating HPC differentiation toward biliary
epithelial cells both in vitro and in vivo. Supporting a
role for NOTCH1 in the adult intrahepatic bile duct main-
tenance, a selective expression of NOTCH1, but not
NOTCH2 or NOTCH3, was found in the expanding
population of progenitor cells in the rat AAP-PH model
(Jensen et al. 2004). Furthermore, overexpression of NICD
increased the intrahepatic bile duct density in the adult
liver, whereas knock-in Notch2 intracellular domain just
temporally promoted intrahepatic bile duct development
during embryonic and early postnatal life (Tchorz et al.
2009; Sparks et al. 2010). More work will elucidate the
significance of each Notch receptor for liver development
and regeneration.

Our results also support the notion that EGFR-mediated
NOTCH1 expression may serve as a negative regulator of
HPC commitment to hepatocyte lineage. Thus, silencing
of Notch1 by shRNA in wild-type HPCs increased the
efficiency of hepatocyte differentiation in vitro, suggesting

Figure 6. Loss of Egfr suppresses progenitor cell differentiation
toward biliary lineage while promoting differentiation toward
hepatocytes in Egfrfl/fl;Mx1-Cre+/� mice fed a DDC diet. (A)
Confocal microscopy images of double immunofluorescence
staining for A6 (green) and NOTCH1 (red). Bar, 50 mm. (Top

images) No NOTCH1 positivity was found in mature bile ducts
from untreated livers of both genotypes. At 4 wk after DDC diet,
Egfrfl/fl livers displayed numerous A6+/NOTCH1+ duct-like struc-
tures with clearly defined round lumens (arrows), whereas only
few were present in Egfrfl/fl;Mx1-Cre+/� livers. Bar in bottom

images, 25 mm. Nuclei counterstained were with DAPI. (B) Time-
course changes in the frequency of A6+/Notch1+ bile duct-like
structures. Quantification was performed in 10 independent
images taken with a confocal microscope at 2003. Data are
mean 6 SEM, n = 4 per each group of mice. (*) P < 0.05 versus
Egfrfl/fl mice. (C) Confocal microscopy images (bar, 50 mm) of
double immunofluorescence staining for A6 (green) and HNF4a

(red; white arrows) 2 wk after DDC diet. Nuclei were counter-
stained with DAPI. (D) Time-course changes in the frequency of
A6+/HNF4a+ cells. Quantification was performed in 10 indepen-
dent images taken with confocal microscope at 2003. Data are
mean 6 SEM, n = 4 per each group of mice. (*) P < 0.05 versus
EGFRfl/fl mice.
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that EGFR-controlled NOTCH1 activity may switch the
balance toward the alternate differentiation options. Ac-
cordingly, HPCs activated in Egfr conditional knockout
mice showed a preferential differentiation into hepato-
cytes, likely contributing to a faster and more efficient
recovery from DDC toxicity. Conversely, these mice had
noticeably fewer newly formed bile duct-like structures as
compared with the Egfrfl/fl livers. Consistent with these
data, the impaired bile duct maturation during DDC
treatment was recently reported in two other genetic
mouse models in which Cre-mediated excision of Notch2
and RBP-Jk was under the control of the albumin enhancer
promoter and thus was limited only to epithelial compart-
ment (Fiorotto et al. 2013). We realize the obvious limita-
tions of our conventional conditional knockout mouse
model, which uses a ubiquitous interferon-responsive pro-
moter to drive Cre-recombinase expression in numerous
hepatic cell types. This model does not allow the definite
conclusion about the cell fate decisions of HPCs, which
depend on both the intrinsic and extrinsic signaling
cascades. Nevertheless, it is worth noting that the pheno-
type of progenitor cell response in Egfrfl/fl; Mx1-Cre+/�

livers recapitulated the differentiation defects of Egfr�/�

HPCs described in the in vitro setting, supporting our
overall conclusion that the EGFR/NOTCH1 signaling axis
contributes to lineage decisions of adult HPCs. Further
work using compartment-specific lineage tracing studies
is required for a definitive demonstration of differentia-
tion options and evolution of HPCs.

In conclusion, using an in vitro model of adult HPCs,
we demonstrate that HGF and EGF, two primary liver
growth stimuli, elicit differential responses in adult HPCs
via selective activation of nonoverlapping downstream
networks. EGFR-mediated NOTCH1 signaling was cru-
cial in controlling commitment of HPCs to the biliary
lineage, while MET-driven AKT/STAT3 activity promoted
differentiation toward hepatocytes (Fig. 7).

Materials and methods

Mouse genetics and establishment of HPC single-cell clonal

lines

Generation of Metfl/fl and Egfrfl/fl mice was described elsewhere
(Huh et al. 2004; Lee and Threadgill 2009). Eight-week-old mice
were fed with a diet containing 0.1% DDC (Bioserv) for 2 wk
to induce the HPC response. Progenitor cells were isolated as
described by Okabe et al. (2009) with modifications (Supplemen-
tal Fig. S1A–C). First, the bulk of nonparenchymal cells was
isolated by a two-step collagenase perfusion method and stained
with PE-EpCAM (kind gift from Dr. Atsushi Miyajima, Tokyo
University) and mouse lineage cocktail antibodies containing
anti-CD3c, anti-CD11b, anti-CD45R, anti-TER-119, anti-LY-6C,
and anti-LY-6G conjugated with APC (BD Biosciences) (Okabe
et al. 2009; Ishikawa et al. 2012). EpCAM+/Lineage� cells were
then FACS-sorted using BD FACSVantage (BD Biosciences),
plated on a 3D gel formed by a growth factor-reduced Matrigel
(BD Biosciences) at a concentration of 1 3 105 per square cen-
timeter, and incubated with a basal growth medium described by
Okabe et al. (2009), which was supplemented with 20 ng/mL HGF
and 10 ng/mL EGF (Peprotech) for 7–10 d to select for cells
possessing sphere-forming capacity. Here and thereafter, the HGF

and EGF were replenished every other day. The spheres were
dissociated into a single-cell suspension using 0.25% trypsin
solution (GIBCO). Next, the cells were seeded on collagen1-coated
plastic dishes (BD Biosciences) at a concentration of 1 3 105 per
square centimeter and expanded in a basal growth medium
containing HGF (10 ng/mL) and EGF (5 ng/mL) as passages 1–4.
Starting from passage 4, cells were grown on plastic dishes in the
basal growth medium. Deletion of Met or Egfr was performed at
passage 4 by Adeno-CMV-Cre (Vector Biolabs) transfection as
described (del Castillo et al. 2008). Adeno-Null vector (Vector
Biolabs) is referred to as Mock. Parental and Adeno-CMV-Cre
transfected cells were single-cell-cloned at passage 4, expanded,
and subjected to PCR genotyping and Western blotting at pas-
sage 7. Primers used for genotyping are listed in Supplemental
Table S1A (Huh et al. 2004). In total, we established four in-
dependent single-cell clonal cell lines for each genotype, including
two parental (Metfl/fl and Egfrfl/fl) and two mutant (Met�/� and
Egfr�/�) lines. The cells kept the capacity to differentiate along
biliary epithelial lineage for at least 20 passages, but efficiency of
differentiation toward hepatocytic lineage was declining after the
10th passage. Therefore, all experimental work was performed
within eight to 10 passages.

Liver transplantation

The homozygous MUP-uPA/SCID mice were generated by cross-
breeding MUP-uPA transgenic mice originally described by
Weglarz et al. (2000) with SCID-BEIGE mice purchased from
Taconic. mCherry-tagged Metfl/fl HPCs (passage 8, 106 per mouse)
were injected into the inferior pole of the spleen of 3-wk-old mice
of both sexes. Cellular engraftment in the liver was examined at
32 wk after transplantation (n = 5 mice).

Sphere-forming assay

HPCs (2 3 103 cells) were plated in ultralow attachment plates
(Costar) in serum-free growth medium containing 1% methyl-
cellulose solution (R&D Systems) and 13 B-27 (Invitrogen)
in the presence or absence of 20 ng/mL HGF and/or 10 ng/mL
EGF. The average number and sphere size were calculated using
NIH ImageJ software in three independent duplicate experi-
ments. The spheres with a diameter <50 mm were excluded from
analysis.

Figure 7. A model of EGFR and MET function in HPCs. EGFR
is an essential mediator of NOTCH1, which is required for
commitment of progenitor cells to biliary lineage and branching
morphogenesis. MET-driven AKT/STAT3 activity promotes dif-
ferentiation toward hepatocytic lineage and supports primitive
tubulogenesis.
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Differentiation assays

Cells were subjected to the differentiation protocols toward
hepatocyte and biliary epithelial cells as described with modifi-
cations (Tanimizu et al. 2007; Okabe et al. 2009). Briefly, for
hepatocyte differentiation, HPCs were plated at 90% confluence
on a plastic plate containing an underlay of 1% solidified Matrigel
and treated with 20 ng/mL HGF and/or 10 ng/mL EGF in growth
medium containing 1% fetal bovine serum (FBS) and 1 mM
dexamethasone for 7 d. Next, the cultures were overlayed with
the same medium containing 5% reduced growth factor Matrigel
(BD Biosciences) for 5 d.

For biliary cell differentiation, 1 3 105 HPCs were grown in
3D cultures in 1 mg/mL collagen1 (BD Biosciences) mixed with
Matrigel in a 1:1 ratio for 7 d in growth medium containing 1%
FBS in the presence or absence of 20 ng/mL HGF and/or 10 ng/mL
EGF. At least three independent experiments were performed for
each assay using three HPC lines for each genotype.

Pharmacological inhibition of ERK, AKT, and STAT3

To observe the effect of individual downstream targets of MET
and EGFR signaling on HPC properties, the sphere-forming and
differentiation assays were performed with inhibitors for MEK/
ERK, AKT, and STAT3 using 20 mM PD98059 (Cell Signaling), 20
mM LY294002, and 10 mM WP1066 (Calbiochem), respectively,
in the presence of 20 ng/mL HGF and 10 ng/mL EGF. The
optimal concentration of each inhibitor was defined based on at
least 80% inhibition of target signals and no less than 60%
viability (Supplemental Fig. S5).

Egfr, Met, and Notch1 restoration

Egfr and Met were reintroduced in Egfr- and Met-null HPCs,
respectively, by retroviral-delivered expression constructs, and
NICD was reintroduced in EGFR-null HPCs by lentiviral-
delivered expression construct. WT-EGFR cDNA-inserted vec-
tor (Addgene plasmid 11011) was developed by Dr. Matthew
Meyerson (Dana Farber Cancer Institute) (Greulich et al. 2005).
A full-length murine Met cDNA-inserted vector (Addgene, plas-
mid 17493) was developed by Dr. Joan Brugge (Harvard Medical
School) (Wrobel et al. 2004), and pBABE-puro (Addgene, plasmid
no. 1764) expression vector without insert was developed by
Dr. Robert Weinberg (Whitehead Institute for Biomedical Re-
search) (Morgenstern and Land 1990). NICD cDNA-inserted
vector (Addgene, plasmid 17623) was developed by Dr. Linzhao
Cheng (The Sidney Kimmel Comprehensive Cancer Center at
Johns Hopkins) (Greulich et al. 2005).

Notch1 knockdown by shRNA

Notch1 knockdown was performed using lenti-shRNA vector
against mouse Notch1 (Sigma-Aldrich) in Egfrfl/fl HPC lines
according to the manufacturer’s protocol. The efficiency of
transfection was verified by RT–PCR and Western blotting
14 d after puromycin selection.

RT–PCR, Western blotting, and immunofluorescence

Real-time PCR, Western blotting, and immunofluorescence
were performed using standard assays described elsewhere
(O’Brien et al. 2006; Factor et al. 2010; Marquardt et al. 2011;
Ishikawa et al. 2012). Primer sequences are listed in Supple-
mental Table S1B, and antibodies are listed in Supplemental
Table S2. Fluorescently stained cells and tissues were viewed by
a Zeiss LSM 510 NLO and Zeiss LSM 710 NLO (Zeiss).

Induction of HPC response in liver-specific EGFR conditional
knockout mice

For Mx1-Cre-mediated Egfr inactivation, both 6-wk-old
Egfrfl/fl ;MxCre+/� and Egfrfl/fl;MxCre�/� mice (referred to as
EGFRfl/fl) received three intraperitoneal (i.p.) injections of
300 mg of pIpC (Sigma-Aldrich) in saline at 2-d intervals, which
resulted in Egfr gene deletion in 3–4 wk (data not shown). To
induce HPC response, mice were given a diet containing 0.1%
DDC (Bioserv) 4 wk after the first pIpC injection. Serum and
liver samples were obtained after 1, 2, and 4 wk of DDC treat-
ment. All experimental procedures were approved by the NCI-
Bethesda Animal Care and Use Committee (ACUC) under LEC-
049. The NCI animal program meets or exceeds requirements
of the Public Health Service Policy on Humane Care and Use of
Animals and is fully accredited by the Association for Assess-
ment and Accreditation of Laboratory Animal Care (AAALAC)
International.

Microarray profiling

Metfl/fl and Egfrfl/fl single-cell clonal lines (n = 3 each, passage 10)
were grown on plastic in the basal growth medium containing
10% FBS. When cells reached 70% confluency, they were serum-
starved for 16 h. Total RNAs were isolated and precipitated
by RNeasy minikit (Qiagen). Linear amplification of 200 ng of
RNA was performed with Illumina TotalPrep RNA amplifica-
tion kit (Life Technologies). A total of 750 ng of cRNA for
each sample was hybridized on Sentrix Mouse Expression
BeadChips version 2 (Illumina). Microarray data collection, pre-
processing, and quantile normalization were performed with
GenomeStudio2011.1 (Illumina), allowing for a detection of
P-value < 0.01. The similarity between groups of arrays was
analyzed using bioequivalence tests. The test allows for 61.5-
fold change at P < 0.001. Comparison of gene expression changes
between Metfl/fl and Egfrfl/fl cells was performed using Pearson
correlation. Microarray data were submitted to Gene Expression
Omnibus (accession no. GSE46981) and are accessible at http://
www.ncbi.nlm.nih.gov/geo.

Statistical analysis

The data were analyzed by Bootstrap t-test with 10,000 replica-
tions, Tukey’s pairwise comparison test, Poisson GLM test, and
Pearson’s x2 test as indicated.
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