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Liver regeneration after a two-thirds partial hepatec-
tomy (PHx) is a complex process requiring interac-
tion and cooperation of many growth factors and
cytokines and cross talk between multiple pathways.
Along with hepatocyte growth factor and its receptor
MET (HGF-MET), the epidermal growth factor recep-
tor (EGFR) signaling pathway is activated within 60
minutes after PHx. To investigate the role of EGFR in
liver regeneration, we used two EGFR-specific short
hairpin silencing RNAs to inhibit EGFR expression in
regenerating normal rat liver. Suppression of EGFR
mRNA and protein was evident in treated rats. There
was also a demonstrable decrease but not complete
elimination of bromo-deoxyuridine incorporation
and mitoses at 24 hours after PHx. In addition, we
observed up-regulation of MET and Src as well as
activation of the ErbB-3-ErbB-2-PI3K-Akt pathway and
down-regulation of STAT 3, cyclin D1, cyclin E1, p21,
and C/EBP �. The decrease in the ratio of C/EBP � to
C/EBP � known to occur after PHx was offset in
shEGFR-treated rats. Despite suppression of hepato-
cyte proliferation lasting into day 3 after PHx, liver
weight restoration occurred. Interestingly, hepato-
cytes in shEGFR-treated rats were considerably larger
when compared with ScrRNA-treated controls. The
data indicate that although the MET and EGFR pathways
are similar, the contributions made by MET and EGFR
are unique and are not compensated by each other or
other cytokines. (Am J Pathol 2010, 176:2669–2681; DOI:
10.2353/ajpath.2010.090605)

Partial hepatectomy (PHx), in which two thirds of the rat
liver is surgically removed, has been extensively used to
study the highly complex phenomenon of liver regener-

ation. Although hepatocytes in normal adult liver are qui-
escent and rarely divide, they do retain an astounding
ability to reenter the cell cycle and regenerate on surgical
insult or injury. PHx in rats/mice results in rapid induction
of more than 100 genes that are not expressed in the
normal resting liver.1 A rapid up-regulation of genes en-
coding transcriptional factors like AP1 breakdown of ex-
tracellular matrix by uPA and release of pre-existing
stores of HGF is observed within 60 minutes of a PHx.2

The hepatocytes leave the quiescent G0 phase and enter
the cell cycle. Methods to identify extrahepatic signals
leading to liver regeneration have included mitogenic
effects on hepatocyte cultures, stimulation of DNA syn-
thesis in the liver of normal (unoperated) animals, and
decrease in regeneration-related events in animals ge-
netically or pharmacologically depleted of the agent un-
der study. Of the various agents implicated in liver regen-
eration, HGF and ligands of the epidermal growth factor
receptor (EGFR) are the only ones that stimulate DNA
synthesis in hepatocyte cultures maintained in chemically
defined media.3 They are also the only ones that stimu-
late DNA synthesis in the liver of normal mice and rats.4–6

HGF and EGF signaling pathways are activated within
60 minutes after a PHx,7,8 as evidenced by tyrosine phos-
phorylation of MET and EGFR within 30 to 60 minutes
after PHx. There is evidence of cross talk and coopera-
tion between MET and EGFR, and it is possible that MET
transactivates EGFR.9–14 The EGFR family contains four
members: ErbB-1, ErbB-2, ErbB-3, and ErbB-4. ErbB-3 is
expressed in the adult liver but has no intrinsic kinase
activity and relies on ErbB-1 for activity,15 whereas
ErbB-4 is not expressed in liver. Recently, both ErbB-2
and ErbB-3 have been shown to play a role in appendix
regeneration in zebra fish.16 The four ErbB receptors
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recognize 11 different but structurally related growth fac-
tors that mediate diverse processes like development,
cell proliferation, and cell survival.17,18 Some of the li-
gands of EGFR that also increase after PHx and appear
to affect liver regeneration are transforming growth factor
�,19 Heparin binding EGF (HB-EGF),20 and amphiregu-
lin.21 There is thus a certain redundancy built in the EGFR
pathway with multiple ligands with overlapping functions.

The role of EGFR in embryonic development has been
demonstrated by targeted deletion of EGFR. The result-
ing phenotype was dependent on strain and genetic
background with abnormalities in various organs like
liver, brain, and kidneys.22–24 There have been two re-
cent studies that addressed the role of EGFR in liver
regeneration after a PHx. In one study, a monoclonal
antibody (mAB) targeting EGFR was used to inhibit
EGFR,25 and its impact on liver regeneration was studied.
In the second study, effects on liver regeneration after
liver-specific perinatal deletion of EGFR were studied.26

In the first study by Van Buren et al,25 inhibiting EGFR had
no effect on liver regeneration, whereas in the study per-
formed by Natarajan et al,26 mice lacking EGFR exhibited
increased mortality and impaired liver regeneration. How-
ever, a number of pitfalls such as histopathological changes
of using targeted gene deletions have been recognized that
can complicate interpretation of results.27–29 To avoid pit-
falls resulting from adaptations to gene loss30 and his-
topathological alterations, we investigated the role of EGFR
in liver regeneration in rats after a two-thirds PHx by using
short hairpin silencing RNA (shRNA) targeting EGFR, a
method we have recently applied for the HGF receptor
(c-Met).31 Our data show severe effects on hepatocyte pro-
liferation and compensatory increases in expression of
ErbB-3, ErbB-2, MET, and Src. Liver weight was restored in
part by increase in hepatocyte size.

Materials and Methods

Animals

Male Fisher 344 rats (150 to 200 gram) were obtained
from Charles River Laboratories (Frederick, MD). Animals
were allowed access to food and water ad libitum. Meto-
fane was used to anesthetize animals. A two-thirds PHx
was performed by resecting median and left lateral lobes.32

For controls, a time-matched sham operation was per-
formed. Sham operations involved a laparotomy and resec-
tion of the xyphoid process of the sternum. At defined
time points, the animals were anesthetized with Nembutal
(Abbott, Chicago, IL), and the remaining lobes were re-
moved. All liver samples were promptly frozen in liquid nitro-
gen and stored at �80°C. All procedures performed on
these rats were approved under the Institutional Animal Care
and Use Committee protocol number 0507596A and con-
ducted according to National Institutes of Health guidelines.

Antibodies

The following primary antibodies were obtained from Cell
Signaling Technology (Danvers, MA): EGFR rabbit mAB

(1:1000, clone C74B9); phosphoEGFR Tyr992 (1:1000);
PhosphoEGFR Tyr1068 mouse mAB (1:1000, clone
1H12); ErbB-3 rabbit mAB (1:1000, clone 1B2); phospho-
ErbB-2 Tyr1248, rabbit antibody (1:1000); ErbB-2 mouse
mAB (1:1000, clone 44E7); MET mouse mAB (1:1000,
clone 25H2); and PI3Kinase p85 rabbit mAB (1:1000,
clone 19H8). The following antibodies were obtained
from Santa Cruz Biotechnology (Santa Cruz, CA): ErbB-3
(clone G-4, for co-immunoprecipitation studies); glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH), mouse
mAB (1:1000, clone 0411); Platelet derived growth factor
receptor (PDGFR), rabbit polyclonal antibody (1:1000,
C-20); MET mouse mAB (clone B-2, for co-immunopre-
cipitation studies); and Cyclin D1 mouse mAB (1:1000,
clone CD1.1). �-Actin antibody was from Millipore (Bed-
ford, MA). Secondary antibodies used for this project
were donkey anti-rabbit and donkey anti-mouse (Jackson
ImmunoResearch Laboratories, West Grove, PA), used at
1:50,000 dilution.

shRNA Design

Rat EGFR-specific silencing RNAs were designed to down-
regulate EGFR expression in regenerating rat livers. Two
shRNA sequences, E1 and E2, were based on published
rat EGFR, NM_031517 sequence. A mismatch sequence
differing from shEGFR 2 sequence was also designed: (1)
shEGFR 1: 5�-AGTAACAGGCTCACCCAAC-3�; (2) shEGFR
2: 5�-CACCGTGGAGAGAATCCCT-3�; and (3) mismatch
shEGFR: 5�-gACgGTGGAGtGtATCCaT-3�.

As a negative control, a scrambled sequence (Invivo-
gen, San Diego, CA) was also used. All sequences were
checked against databases by using the Smith-Water-
man algorithm.33

Construction of shRNA Plasmid

Oligonucleotides were designed to contain TCAAGAG
loop sequence and were cloned in the Bbs1 site of the
shRNA-Hh1-gfp ZEO vector (Invivogen). The plasmid
also has a Cytomegalovirus (CMV) enhancer/promoter
driven Green Fluorescent Protein (GFP): zeo fusion gene
that encodes a red-shifted variant of the jellyfish GFP and
resistance to zeocin. The insert was cloned downstream
of a RNA polymerase III promoter, the human H1 pro-
moter. It is transcribed into a short double stranded RNA
(dsRNA) with a hairpin structure (shRNA) consisting of a
21-bp double stranded region corresponding to the tar-
get sequence and a small loop formed by the spacer
region. Competent GT116 Escherichia coli (Invivogen)
were transformed and selected by growing them in me-
dia lysogeny broth (LB) in the presence of 50 �g/ml of
zeocin. Positive clones were confirmed by restriction di-
gestion and sequencing.

shRNA Injections

A mixture of two EGFR-specific endotoxin-free shRNA
plasmids at 300 �g was diluted in 5% glucose and was
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complexed with linear Polyethylenimine (In vivo JET PEI;
Q-Biogene, Carlsbad, CA) at an N/P ratio of six, following
the manufacturer’s protocol. The gene-specific shRNA/
PEI complex was injected (in separate experiments) via
the superior mesenteric vein 1 day before partial PHx. A
second dose of 300 �g/rat was administered at the time
of PHx. The mismatch and scrambled plasmids were
similarly injected.

Cell Proliferation Index Estimation

Two parameters viz. bromo-deoxyuridine (BrdU) index
and mitotic index were estimated following standard pro-
tocols. The labeling index corresponds to the ratio be-
tween positive nuclei to the total hepatocyte population.
Three rats per time point per treatment group were used.
Results were expressed as mean (�SEM).

BrdU Incorporation Studies

BrdU was injected intraperitoneally within 1 hour after
PHx and then every 24 hours until day of sacrifice. All of
the cells that had progressed through the cell cycle in a
given animal could be assessed by this cumulative ap-
proach. Anti-BrdU was obtained from Amersham Bio-
sciences (Buckinghamshire, UK). BrdU antibody was di-
luted at 1:100 in a nuclease that was received with the
antibody kit. For each animal, at least 10 random fields
(original magnification, �200) were observed and a total
of 200 to 400 positively stained nuclei counted. Data were
plotted as mean � SEM.

Mitotic Index

Liver tissues were fixed in formalin, paraffin embedded,
sectioned, and stained with H&E. Mitotic index was esti-
mated by counting cells in 10 optical fields on each slide
by means of light microscopy at �200 magnification.
Results were plotted as mean � SEM.

Quantitative RT-PCR for EGFR mRNA

RNA Isolation

Livers were harvested from rats at defined time points
with three rats per time point (four separate experiments).
Each set included animals subjected to PHx alone,
PHx � shRNA, PHx � ScrRNA, PHx � mismatch injected
set, or a sham operation. In each set, the time points of
animal sacrifice ranged from 0 to 72 hours.

Total RNA was isolated by using TRIzol (Invitrogen,
Carlsbad, CA). Briefly, 5 mg of liver tissue frozen in liquid
nitrogen was homogenized in 1 ml of TRIzol. RNA was
purified by using RNeasy kit from Qiagen (Valencia, CA).
The isolated RNA was treated with Turbo DNA-Free (Am-
bion, Austin, TX) according to the manufacturer’s instruc-
tions. RNA was quantified by spectrophotometry at 260
nm, and purity was assessed by optical density 260/280
ratio. The RNA was stored at �80°C.

cDNA Synthesis

Five micrograms of total RNA isolated from liver tissue
was converted to cDNA by using random hexamers and
reverse transcribed by using Superscript III (Invitrogen)
following the manufacturer’s protocol. A no Reverse Tran-
scriptase (RT) control was also included.

Real-Time Reverse Transcriptase (RT-PCR)

PCR Primers used for amplification of EGFR, ErbB-3,
and ErbB-2 were obtained from SABiosciences (Freder-
ick, MD). Expression levels of EGFR, ErbB-2, and ErbB-3
were determined by Quantitative Reverse Transcriptase
Polymerase Chain Reaction (qRT-PCR) using SYBR
green, and levels were normalized relative to expression
of GAPDH in each sample. Fold change in gene expres-
sion was calculated by using the 2(���Ct) method.34 Re-
verse transcribed samples were amplified in parallel on
an ABI Prism 7000 SDS instrument (Applied Biosystems,
Foster City, CA). Quantitative real-time PCR for each sam-
ple was performed in triplicate in a 25-�l reaction with 50 ng
of cDNA, two picomoles of each primer, and 1X SYBR
Green PCR Master Mix (Applied Biosystems). The standard
conditions for real-time PCR were as follows: 2 minutes at
50°C, 10 minutes at 95°C followed by 40 cycles of 15
seconds denaturation at 95°C, and elongation at 60°C for
45 seconds. A dissociation curve analysis was performed at
the end of every run. A no RT and a no template controls
were also included in every run.

Protein Analyses

Tissue Homogenization

Whole liver cell lysates were prepared by homogeniz-
ing 100 mg liver tissue in radioimmunoprecipitation assay
buffer (1X PBS, 1% NP-40, 0.1% SDS, pH 7.4) containing
protease and phosphatase inhibitor mixtures (Sigma, St.
Louis, MO), and then centrifuging at 14,000 � g for 30
minutes. Protein concentration was determined by using
bicinchoninic acid assay (Sigma). Supernatants were
saved at �80°C.

Western Blot Analyses

Whole liver cell lysates (75 �g in NuPAGE LDS Sample
Buffer) were separated by using precast 4% to 12%
NuPAGE Bis-Tris gels with 1X MOPS (3-(N-morpholino)
propanesulfonic acid; Invitrogen), then transferred to Im-
mobilon-P membranes (Millipore) for 1 hour in transfer
buffer containing 10% methanol and 0.005% SDS. Mem-
branes were stained with Ponceau-S to verify loading and
transfer efficiency. Membranes were probed with primary
and secondary antibodies in Tris-buffered saline Tween
20 containing 5% nonfat mild or 5% bovine serum albu-
min. All antibodies were used at 1:1000 dilution following
the manufacturer’s recommendations. Horseradish-per-
oxidase conjugated secondary antibodies to mouse and
rabbit immunoglobulin was used at 1:50,000 (Chemicon,
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Temecula, CA). Membranes were processed by using Su-
perSignal West Pico chemiluminescence substrate (Pierce,
Rockford, IL) and exposed to X-ray film (Lab Product Sales,
Rochester, NY). Films were scanned, and densitometry
readings were measured by using ImageJ (NIH). Band
density for each time point (three rats per time point) was
averaged, plotted in Excel (Microsoft Corporation, Red-
mond, WA), and standardized to Actin or GAPDH.

Co-Immunoprecipitation Analyses

Normal-, ScrRNA-, and shEGFR-treated rat liver protein
lysates (500 �g) were diluted to final volume of 500 �l
and precleared by incubation with 1 �g of hamster IgG
(Santa Cruz Biotechnology) and 20 �l of Agarose A/G
plus beads (Santa Cruz Biotechnology) for 1 hour at room
temperature.

For ErbB-3-phosphoErbB-2-PI3K heterodimerization
studies, protein complexes were immunoprecipitated from
cleared lysates with anti-Erbb-3 antibody (2 �g/500 �g of
total protein lysates, G-4, Santa Cruz Biotechnology) or with
control hamster IgG overnight at 4°C followed by 5-hour
incubation at 4°C with agarose A/G beads. Immune com-
plexes were washed three times with radioimmunoprecipi-
tation assay buffer followed by resuspension in gel-loading
sample buffer and 1X reducing agent (Invitrogen). Seventy-
five micrograms of immunoprecipitated samples from
shEGFR- and ScrRNA-treated and control livers were then
electrophoresed and processed as described above. Blots
were probed with phosphoErbB-2 Tyr1248 antibody (Cell
Signaling Technology), stripped, and reprobed with p85
antibody (clone 19H8; Cell Signaling Technology). Equal
protein loading was ascertained by immunoblotting with an
ErbB-3 antibody.

For MET-EGFR heterodimerization studies, whole cell
lysates were processed as described above, and protein
complexes were immunoprecipitated by using MET
mouse mAB (2 �g/500 �g of total protein lysates, clone
B-2, Santa Cruz Biotechnology) or with control hamster
IgG and processed as described above. Blots were
probed with EGFR antibody (1:1000, clone C74B9, Cell
Signaling Technology). Equal protein loading was ascer-
tained by immunoblotting with a MET antibody.

Affymetrix Chip Analyses

The Affymetrix oligonucleotide chip specific for the rat
(U230.2 A chip) containing 10,000 expressed sequences
was used for analyzing changes in global gene expres-
sion in EGFR-silenced and ScrRNA-treated rats at 3
hours, 12 hours, and 24 hours after PHx. RNA was pooled
from three rats per time point/treatment. Sample prepa-
ration, data generation, and analyses were as reported
previously.35 Normalization and preprocessing of data
were performed by using dChip software. Expression
intensities were log transformed, and genes with less
than 80% present calls or expression level less than 7 or
SD smaller than 0.5 were filtered out. A statistical analy-
ses microarrays package was then used to analyze the
data with a false discovery rate of 5%. R software

(http://www.r-project.org) was used to generate the hi-
erarchical clustering dendrograms and the heat maps
for EGFR and control data set. Clustering was based
on similarity of gene expression profiles.36

Lack of Off Target Effects after Treatment with
shEGFR

shRNA/small-interfering RNA treatment can often result in
unexpected silencing of unrelated genes and induction
of interferon response.37 Analysis of expression signa-
tures generated by different shRNAs (in this case, gene
specific and scrambled) by DNA microarray is a much
more stringent test for investigating off target effects and
assessing specificity of shRNA mediated gene silenc-
ing.37 Expression intensities of the top 500 expressed
genes 3 hours and 24 hours after PHx were plotted, and
lines were fitted by statistics through the individual ex-
pression values.

We also analyzed the expression pattern of seven genes
known to be involved in the interferon response. These were
IP10, Oligoadenylate synthetase, cox2, interferon �, inter-
feron �, interleukin-6, and interleukin-12. Expression values
derived from the oligo-array for each of these genes for the
different treatment groups were plotted.

Pathway-Specific qRT-PCR Arrays

We also performed pathway-specific expression profiling
of genes associated with cell cycle, apoptosis, and
EGFR/platelet-derived growth factor (PDGF) signaling by
using pathway-specific PCR arrays (SuperArray Bio-
science, Frederick, MD). These arrays are in a 96-well
format and contain 84 pathway-specific genes, 6 house
keeping genes, and both positive and negative controls
and were used to perform pathway-specific expression
profiling by qRT-PCR of genes associated with these
pathways.

Assays were performed as recommended by the man-
ufacturer. Total RNA was extracted from shEGFR-treated
and untreated control rat liver (n � 3) at day 1 after PHx
and was converted to cDNA as described earlier. PCR
was performed on ABI Prism 7000 Sequence Detector
(Applied Biosystems). Data were analyzed by using the
2(���Ct) method incorporated in the Excel-based (Mi-
crosoft Corporation) PCR Array Data Analysis Template
provided by the manufacturer. Fold changes were ex-
pressed as log-normalized ratios of values from shEGFR-
treated/control liver tissues. A positive value indicated
up-regulation and a negative value indicated down-reg-
ulation in expression as compared with control animals.

Statistical Analyses

Unpaired Student’s t-test was performed for evaluation of
significant differences between the control and shRNA-
treated animals by using the Minitab computer program
(Minitab, Inc, State College, PA). Data are expressed as
mean � SEM. For real-time PCR and Western blot data, P
values were determined by student’s t-test with P � 0.05
being significant.
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Results

Validation of EGFR Silencing in Regenerating
Rat Liver

A mixture of the two shEGFR plasmids was complexed
with PEI and administered 24 hours before and at the
time of PHx.31 A qRT-PCR was performed to estimate
levels of EGFR mRNA. Data were normalized to GAPDH.
As seen in Figure 1A, significant suppression of EGFR
mRNA was evident 24 hours after the first injection (time
0, at the time of PHx). A slight increase was evident at 3
hours after PHx, but the levels were significantly less than
ScrRNA-treated and control rats. The levels of EGFR
mRNA decreased significantly (P � 0.001) at 6 hours
after PHx compared with ScrRNA and untreated controls.
The suppression was maintained for 24 hours.

The reduction in total and phosphoEGFR protein was
also quantitated by Western blot analysis followed by
densitometry scans by using ImageJ (NIH). Band density
for each time point (three rats/point) was averaged, plot-
ted in Excel (Microsoft Corporation), and standardized to
GAPDH. Levels of phosphoEGFR were determined by
immunoblotting with two different antibodies that de-
tected EGFR phosphorylated at Tyr992 or Tyr1068 as a
marker for activated EGFR. A representative immunoblot
with phosphoEGFR Tyr1068 is shown in Figure 1B. Highly
significant suppression (P � 0.001) in total EGFR (Figure

1C) and phosphoEGFR (Figure 1D) was evident 24 hours
after first injection (time 0, at the time of PHx). A signifi-
cant reduction in total and phosphoEGFR was observed
at 6 and 12 hours after PHx. Compared with ScrRNA-
treated and control rats, the levels of EGFR/phospho
EGFR increased at 3 hours, mirroring the increase in
mRNA levels. We cannot explain the up-regulation seen
at 3 hours after PHx, but it maybe due to diluting out of the
shEGFR plasmid.

Mitotic Index

In shEGFR-treated rats there was suppression of mitosis
on day 1 (32 mitoses/10 fields) as compared with 	93
mitoses/10 fields in ScrRNA controls. By day 2, the num-
ber of mitoses in shEGFR-treated rats increased to about
56 mitoses/10 fields as compared with 77 mitoses/10
fields in ScrRNA-treated rats (Figure 2A).

BrdU Labeling Index

To further assess the effect of silencing of EGFR on
hepatic cellular proliferation, DNA synthesis was moni-
tored by cumulative labeling of hepatocytes by BrdU as
described.31 As seen in Figure, 2B, there was significant
suppression in BrdU incorporation in shEGFR-treated
rats compared with controls. Even though the percentage

Figure 1. A: qRT-PCR analysis of EGFR mRNA in shEGFR-treated rats and controls at time points indicated after PHx. Data were normalized to GAPDH. Two
injections of the silencing constructs were administered; the first injection was 24 hours before PHx and the second injection was administered at the time of PHx
(time 0 on the A, C, and D). We observed significant suppression of EGFR mRNA (P � 0.005) by time 0 that was maintained until 24 hours after PHx. ScrRNA
had no effect on EGFR mRNA expression. B: Western blot analysis of total EGFR and PhosphoEGFR in shEGFR-treated rats and controls at indicated time points
after PHx. Blot was probed with Tyr 1068 mouse monoclonal phosphoEGFR antibody, stripped, and reprobed with a rabbit polyclonal EGFR antibody. Bands were
analyzed by using ImageJ, normalized to GAPDH, and shown in C (EGFR) and D (phospho EGFR). Significant suppression of both EGFR and PhosphoEGFR at
0, 6, and 12 hours after PHx was seen in shEGFR-treated rats. However, for reasons not clear, an up-regulation of EGFR and PhosphoEGFR was seen at three hours
after PHx. E, shEGFR-treated rats; N, normal untreated rats; and S, scrambled treated rats.
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of BrdU positive hepatocyte nuclei went up in both
shRNA- and ScrRNA-treated rats, the percentage of la-
beled nuclei was less in the shRNA-treated rats and then
it dropped considerably below the control levels and did
not recover even until the end of the regenerative pro-
cess. A representative section of nuclei labeled by BrdU
of rat livers injected with shRNA or ScrRNA are shown in
Figure 2, C and D, respectively.

Expression Patterns for ErbB-3 and ErbB-2

To investigate the possibility of up-regulation of other mem-
bers of the EGFR family, a qRT-PCR was performed to
determine expression levels of ErbB-3 and ErbB-2 in
shEGFR-treated rats. As seen in Figure 3A, compared with
ScrRNA and control, significant (P � 0.05) up-regulation of
ErbB-3 mRNA was observed in rats treated with shEGFR at
3 hours after PHx, and the high levels were maintained until
12 hours after PHx. Increase in ErbB-3 at 6 and 48 hours
after PHx has also been previously reported.17

We then performed a Western blot analyses of ErbB-3
protein expression in shEGFR-treated, ScrRNA-treated, and
control rats. As seen in Figure 3B, a statistically significant
(P � 0.05) up-regulation of ErbB-3 at 3 hours after PHx was
evident in shEGFR-treated rats compared with controls. The

levels were consistently higher than those in ScrRNA and
untreated controls at all of the time points examined.

We also determined the expression of ErbB-2 mRNA
by qRT-PCR. Expression of ErbB-2 mRNA showed a
similar pattern in shRNA-treated, ScrRNA-treated, and
untreated controls until 12 hours, with a sharp increase at
6 hours after PHx, followed by a drop at 12 hours after
PHx. However, the ErbB-2 mRNA expression was consis-
tently higher in shRNA-treated rats. The mRNA levels in
ScrRNA-treated and untreated control rats decreased
further at 24 hours, whereas in treated rats the expression
levels increased (Figure 3C). A statistically significant
(P � 0.05) up-regulation of ErbB-2 mRNA at 3 hours after
PHx was evident in shEGFR-treated rats.

ErbB-2 protein levels in treated and control rats were
also examined by Western blot analyses as described in
Materials and Methods. The ErbB-2 protein levels also
displayed a similar pattern of expression in treated and
control rats (Figure 3D). A statistically significant up-
regulation (P � 0.05) at 0 hours after PHx (24 hours after
first injection) was seen in shEGFR-treated rats. The lev-
els were higher than ScrRNA-treated and controls at the
time points examined. Compensatory up-regulation in
ErbB-2 expression on inactivation of EGFR has also been
observed in colon cancer cells.38

Figure 2. A: Mitotic index was estimated as described in Materials and Methods. At day one, suppression of mitosis was seen in shEGFR-treated rats, compared
with controls. B: BrdU index was estimated as described in Materials and Methods. At day one, suppression of BrdU incorporation was seen in shEGFR-treated
rats. Nuclei labeled by BRDU immunohistochemistry in rats injected with (C) shRNA and (D) ScrRNA at 48 hours after partial hepatectomy are shown.
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Co-Immunoprecipitation Analyses

We performed co-immunoprecipitation studies to investi-
gate heterodimer formation between MET and EGFR and
also between ErbB-3-phosphoErbB-2-PI3K. Briefly, whole
liver lysates prepared from shEGFR- and ScrRNA-treated
and untreated controls were immunoprecipitated with a
MET antibody followed by immunoblotting with an EGFR
antibody. In a second set of experiments, whole liver lysates
were immunoprecipitated with an ErbB-3 antibody and im-
munoblotted with phosphoErbB-2 and an antibody against
the p85 regulatory subunit of PI3K. Control hamster IgG was
used in both experiments.

EGFR-MET Interactions

Cross talk between MET and EGFR has been docu-
mented in a number of studies.9–14 We decided to investi-
gate the interaction between MET and EGFR after PHx in
shEGFR-, ScrRNA-treated, and control rats by carrying out
an immunoprecipitation analyses. Briefly, total rat liver ly-
sates from treatment and control groups were immunopre-
cipitated by using a MET mouse mAB (clone B2; Santa Cruz
Biotechnology) or control hamster IgG and probed with an
EGFR antibody (clone C74B9, Cell Signaling Technology).

As seen in Figure 4A, more EGFR could be co-immuno-
precipitated with MET in ScrRNA and normal untreated
controls at 0 and 6 hours after PHx as compared with
shEGFR-treated rats that had lower levels of EGFR-MET
complex. Interestingly, an increase in MET-EGFR complex
was evident at 3 hours after PHx in shEGFR-treated rats,
paralleling the observed increase in EGFR mRNA and pro-
tein seen at this time point (Figure 1). We were, however,
unable to detect ErbB-3 after immunoblotting with ErbB-3
antibody at the time points examined (data not shown).

ErbB-2-ErbB-3-PI3K Interactions

The up-regulation of ErbB-3 and ErbB-2 in shEGFR-
treated rats raised the possibility of formation of ErbB-3-
ErrbB-2 heterodimers and a compensatory recruitment of
PI3K-Akt pathway. To test this hypothesis, ErbB-3 was im-
munoprecipitated from liver lysates from shEGFR, ScrRNA,
and untreated control rat livers with an ErbB-3 antibody
(Santa Cruz Biotechnology) or control IgG and probed with
phosphoErbB-2 Tyr1248 antibody (Cell Signaling Technol-
ogy) followed by an antibody that recognizes the p85 reg-
ulatory subunit of PI3K (Cell Signaling Technology).

As seen in Figure 4B, an increase in co-immunopre-
cipitated phosphoErbB-2 was observed at 0, 6, and 12

Figure 3. Analyses of ErbB-3 and ErbB-2 expression in rats treated with shEGFR constructs. Real-time PCR analysis of ErbB-3 mRNA in shEGFR-treated rats. A:
Up-regulation of ErbB-3 mRNA at 0, 3, 6, and 12 hours was evident in shEGFR-treated rats compared with controls. The levels decreased dramatically at 24 hours
after PHx. Data were normalized to GAPDH by using the 2(���Ct) method. B: Western blot analysis of total ErbB-3 in shEGFR-treated rats and controls at indicated
time points after PHx. Blots were probed with a rabbit ErbB-3 monoclonal antibody. Bands were analyzed by using ImageJ and normalized to Actin. Statistically
significant up-regulation of ErbB-3 mRNA and protein was maintained until 12 hours after PHx. C: Real-time RT-PCR analyses of ErbB-2 mRNA in shEGFR-treated
rats. A biphasic pattern in ErbB-2 mRNA expression was apparent in shEGFR-treated rats. A sustained increase in ErbB-2 mRNA at 0, 3, and 6 hours after PHx was
evident followed by a drop at 12 hours and then an increase at 24 and 48 hours after PHx. Data were normalized to GAPDH. D: Western blot analysis of total
ErbB-2 in shEGFR-treated rats and controls at indicated time points after PHx. Blots were probed with a mouse monoclonal ErbB-2 antibody. Bands were analyzed
by using ImageJ and normalized to Actin. ErbB-2 protein expression was found to be significantly up-regulated at 0 hours in shEGFR-treated rats compared with
ScrRNA-treated and controls. At all other time points, the levels of ErbB-2 in shEGFR-treated rats did not differ significantly from the ScrRNA and untreated controls.
E, shEGFR-treated rats; N, normal untreated rats; and S, scrambled treated rats.
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hours after PHx in shEGFR-treated rats. The blot was
stripped and reprobed with PI3K p85 antibody. As seen
in Figure 4C, a band at 85 kDa was observed at 0 hours,
3 hours, and 12 hours after PHx in shEGFR-treated rats.
This indicated that inhibiting EGFR resulted in an up-
regulation of ErbB-3 and ErbB-2 expression, an increase
in formation of heterodimerization and recruitment of
PI3K-Akt pathway. We were not able to detect MET after
immunoblotting with an MET antibody at the time points
examined.

ErbB proteins in response to binding of their ligands form
homo- or heterodimers followed by trans-autophosphory-
lation of the ErbB tyrosine kinase domains and initiation
of intracellular signaling pathways. For instance, ligand
binding to ErbB-3 results in (inactive) homodimerization
of ErbB-339 and active ErbB-3-ErbB-2 heterodimeriza-
tion.15,40 Similar changes in receptor dimerization pat-
terns have also been observed in non-small-cell lung
cancer cell line where inactivation of EGFR resulted in
stimulation of ErbB-2 and ErbB-3 heterodimer formation41

and recruitment of PI3K-Akt pathway.42–44

Microarray Analysis

ShEGFR Cluster Analysis

We investigated differentially regulated genes in
shEGFR-treated rats by carrying out a microarray analy-

sis at 3, 12, and 24 hours after PHx by using Affymetrix
U230.2 chip containing 10,000 expressed sequences.
Normalization and preprocessing of data from eight
chips were performed by using dChip software. Expres-
sion intensities were log transformed, and genes with an
expression level less than 7 or SD lower than 0.5 were
filtered. Unsupervised hierarchical clustering of the 1231
genes according to similarity in pattern of gene expres-
sion produced six clusters. As seen in Figure 5, gene
expression profiles cluster according to time after PHx.
Even though there were differences in gene expression
between shRNA- and ScrRNA-treated rats (Table 1), the
differences affected specific gene categories and not the
overall pattern, resulting in the clustering shown in Figure
5. This probably indicates that shEGFR treatment did not
dramatically alter the gene expression pattern in contrast
to that observed in c-met silenced rats (unpublished
observation).

Analyses of Off Target Effects after shRNA Treatment

Microarray data generated at 3 and 24 hours after PHx
were analyzed for off target effects as described in Ma-
terials and Methods. As shown in Figure 6, A and B, the
individual line fitted for the shRNA treatment group lay
entirely on top of the expression points derived from the
ScrRNA-treated rats indicating that the overall patterns of

Figure 4. Co-immunoprecipitation analyses in treated and control rats. A:
MET-EGFR co-immunoprecipitation. Cell lysates were immunoprecipitated with
a mouse monoclonal MET antibody and probed with an EGFR antibody as
described in Materials and Methods. An increase in MET-co-immunoprecipitated
EGFR was evident in ScrRNA and untreated controls compared with shEGFR-
treated rats at 0 and 6 hours after PHx. An increase MET-EGFR complex was,
however, seen at three hours after PHx samples in shEGFR-treated rats. MET
loading control. B: ErbB-3-phosphoErbB-2-PI3K co-immunoprecipitation. ErbB-
3-phosphoErbB-2 heterodimer formation was investigated by carrying out co-
immunoprecipitation studies. Total liver lysates were immunoprecipitated with
an ErbB-3 antibody and probed with a phosphoErbB-2 antibody that detects
phosphorylated Tyr 1248 residue. An increase in phosphoErbB-2-ErbB-3 com-
plex was evident in shEGFR-treated rats at 0, 6, and 12 hours after PHx. C: The
activation of PI3K-Akt pathway by ErbB-3-phosphoErbB-2 heterodimers was
investigated by probing the ErbB-3 immunoblot by a PI3K p85 antibody as
described in Materials and Methods. An increase in immunoprecipitable p85
was observed in shEGFR-treated rats at 0, 3, and 12 hours after PHx, compared
with controls. ErbB-3 loading control. E, shEGFR-treated rats; N, normal un-
treated rats; and S, scrambled treated rats.

Figure 5. Hierarchical clustering of microarray data obtained from shEGFR
and control rats at the time points indicated after PHx. Similarity in pattern of
gene expression indicated clustering of genes with similar function. N-3H,
normal three hours after PHx; E-3H, shEGFR, three hours after PHx; N-D1,
normal day one after PHx; E-D1, shEGFR, day one; N-12 H, normal 12 hours
after PHx; and E-12 H, shEGFR, 12 hours after PHx.
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gene expression after PHx were not significantly affected
by shRNA treatment at the time points analyzed. We also
plotted expression values derived from the oligo-array for
IP10, Oligoadenylate synthetase, cox2, interferon �, in-
terferon �, interleukin-6, and interleukin-12 known to be
associated with interferon response. There was not much
of a difference in the expression of these genes among
the different treatment groups, and shRNA treatment did
not up-regulate expression of interferon response genes
(data not shown).

Pathway-Specific qRT-PCR

After PHx, expression of a large number of genes is
altered. Changes in expression patterns of genes in-
volved in cell cycle, stress response, and growth regula-
tion have been reported in a number of studies.1,27 Anal-
ysis of global gene expression in rats treated with
shEGFR by microarray indicated dysregulation of many
genes involved in cell cycle and growth arrest.

To analyze expression of specific genes associated
with apoptosis, cell cycle, and EGFR/PDGF pathways, we
performed real-time PCR-based gene specific assays by
using commercially available pathway-specific gene ar-
rays. Genes that exhibited at least twofold up or down-
regulation compared with controls are listed in Table 1.
Particularly relevant was the down-regulation seen in the
cyclins, p21, CDK2, Rad 17, PCNA, ras, IGFBP1, and
C/EBP-�. STAT3, a key protein downstream of EGFR
signaling pathway,45,46 was also down-regulated in
shEGFR-treated rats. Inhibition of EGFR by Gefitinib in

Table 1. Genes Significantly Regulated after shEGFR
Treatment at 24 Hours after PHx

Genes

Up-down regulation
(comparing to normal

PHx control group)

Growth regulated
AKT 1 2.98
Cyclin E1 �6.68
GSK3b 2.6
Cyclin A1 �4.47
Cyclin D1 �5.05
Cyclin A2 �10.55
Cyclin B1 �13.93
Cyclin B21 �11.23
Rad 17 �7.34
P21 �3.57
NFkb1 2.98
Cyclin D2 �2.03
c-met 6.89
CDK2 �2.06
Cdkn2a �3.82
Cdkn1b 2.36
ATM �2.37
Chek 1 �3.96
Brca 1 �3.34
P53 4.91
E2F1 �4.06
Mcm 4 �9.85
Mdm2 �3.59
PCNA �3.25
Wee1 �7.77
Src 5.51
PDGFA 6.06
PDGFRa 3.12
PDGFB 2.86
Braca1 �3.31
Stat3 �13.77
Cyclin C �2.03
Hras �4.48
Kras �2.24
LTA 3.25
LTBR 9.70
MAPK 10 2.48
MAPK 1 2.13

Apoptosis related
Caspase 3 �5.31
MADD 2.325
BID 6.90
Bak 1 12.66
FADD 7.76
DFFA 11.89
DAXX 7.752
BCL2 2.11
Bid3 2.44
Caspase 7 3.23
Caspase 2 7.28
BAD 4.66
BAX 2.59
Bcl2a1 �4.52
Bcl2l11 4.36
Bcl2l1 12.68
Bok 3.34
Bik 2.36
Caspase 9 7.28
Birc5 �9.28
Fas �2.29

The rat RT2 Profiler PCR Array (SABiosciences, Frederick, MD) that
profiles the expression of 84 key genes involved apoptosis, cell cycle,
and EGFR/PDGF signaling was used. RT-PCR was performed by using
a 96-well format by using cDNA from day 1 after PHx shEGFR-treated
and control rat liver (n � 3). Genes that showed at least twofold up- or
down-regulation are shown. Data were normalized to the average of five
house keeping genes provided on the plate. Negative numbers indicate a
fold decrease, whereas positive numbers reflect a fold increase of the ratio
of the gene expression of shEGFR to control untreated rats.

Figure 6. Analyses of off target effects after shEGFR treatment. Expression
intensity values obtained from microarray data generated at three and 24
hours after PHx (A and B) in treatment and control groups were plotted as
described in Material and Methods. The gene expression pattern between
these groups does not significantly differ, indicating absence of global off
target effects.
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NSCLC cells also resulted in complete inhibition of
STAT3.47 STAT3 has been shown to up-regulate expres-
sion of genes involved in apoptosis and proliferation, like
Birc548 and cyclin D1,49 and down-regulate p53.50 In
shEGFR-treated rats, Birc5 and cyclin D1 were signifi-
cantly down-regulated, whereas p53 was up-regulated.
Some of the genes that were found to be up-regulated in
treated rats are c-Src, PDGFa, PDGFRa, PDGFb, nuclear
factor �B, C/EBP-�, and p27.

Interestingly, proapoptotic genes like Bad, Bak1, Bax,
Bid, etc., were up-regulated in shEGFR-treated rats when
compared with controls, whereas prosurvival genes like
Birc5 and Bcl2a1 were down-regulated. A similar profile
was obtained after inhibition of EGFR by PD153035 (a
reversible chemical inhibitor of EGFR) in a human cervi-
cal carcinoma cell line.51

We also performed Western blot analyses to validate
some of the differentially regulated genes like MET,
PDGFRa, and cyclin D1 identified by using pathway-
specific qRT-PCR. As seen in Figure 7, A–C, an in-
crease in MET and PDGFRa was observed at 0, 3, 6,
and 12 hours after PHx in shEGFR-treated rats,
whereas a reduction in cyclin D1 was observed at 0, 6,
and 12 hours after PHx in shEGFR-treated rats. How-
ever, higher levels of cyclin D1 were observed at 3
hours after PHx in shEGFR-treated rats, similar to that
observed for EGFR and phosphoEGFR. We are pres-
ently conducting a complete phosphoproteome analy-
ses to better understand and identify pathways that are
differentially regulated after treatment with shEGFR.

The suppression of expression of cyclin E1 (associ-
ated with progression from G1 to S phase)52 and fivefold
elevation of the transforming growth factor-� receptor II in
the livers of shEGFR-treated rats was significant. The
decrease in the ratio of C/EBP-� to C/EBP-� known to
occur after PHx53 was offset in the animals treated with
shEGFR. The up-regulation of p27 and down-regulation
of CDK2 after treatment with shEGFR have also been
observed in a prostate cancer cell line treated with an
anti-EGFR monoclonal antibody.54

Hepatocyte Cell Size

Given the restoration of liver weight in the light of much
diminished hepatocyte proliferation, we investigated the
possibility that restoration of liver weight may have in part
been due to hepatocyte hypertrophy. Average diameter
of hepatocytes was estimated from at least 200 hepato-
cytes of liver sections prepared from shEGFR-treated
and ScrRNA control regenerating rat liver at day 5 after
PHx. As seen in Figure 8, A and B, hepatocytes in
shEGFR-treated rats were at least 30% larger than
ScrRNA-treated controls, and many of them had larger
nuclei.

It is likely that the increase in hepatocyte cell size was
a result of recruitment of PI3K-AKT pathway by ErbB-3-
ErbB-2 heterodimer. Interestingly, pathway-specific qRT-
PCR analyses also indicated a more than twofold up-regu-
lation in Akt1 and GSK3b, also involved in determination of
cell size.55

Discussion

Liver regeneration is a complex process involving exten-
sive gene reprogramming controlled by signaling involv-
ing several redundant pathways. Genetic ablation mod-
els have been used to investigate and identify genes that
are essential and critical for liver regeneration; however,
several studies have indicated that there is no one single
gene that is essential for liver regeneration. Ablating of

Figure 8. Hepatocyte enlargement observed in rats at day five after PHx. A:
Liver from rats treated with scrambled RNA. B: Liver of rats treated with
shEGFR. Enlarged hepatocytes are shown by arrows. CV, central vein.

Figure 7. Western blot analyses of some of the relevant targets like MET,
PDGFRa, and cyclin D1 that were found to be differentially regulated by
qRT-PCR analyses were validated by Western blot analyses as described in
Materials and Methods. As seen in A, an up-regulation of c-met at 0, 3, 6, and
12 hours after PHx in shEGFR-treated rats compared with controls was
evident. B: An increase in PDGFRa was also evident at 0, 3, 6, and 12 hours
after PHx in shEGFR-treated rats compared with controls. C: A reduction in
cyclin D1, a downstream target of EGFR, was also observed at 0, 6, and 12
hours with an increase at three hours after PHx in shEGFR-treated rats. The
increase in Cyclin D1 at 3 hours after PHx paralleled the increase observed
with EGFR/PhosphoEGFR in shEGFR-treated rats. E, shEGFR-treated rats; N,
normal untreated rats; and S, scrambled treated rats. GAPDH loading control.
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any specific gene will delay regeneration and not block it,
and the restitution of the liver mass always occurs.1,56

The MET and EGFR receptors are activated within 30
to 60 minutes of a PHx. MET and EGFR are the two major
mitogenic receptor tyrosine kinases for hepatocytes. We
had earlier reported a complete block in hepatocyte pro-
liferation at 24 hours after PHx, after silencing of MET by
using a transient nonviral vector in regenerating rat liver.31

Silencing of MET at the time of PHx resulted in complete
suppression of mitoses and dramatic suppression of BrdU
incorporation at 24 hours after PHx. This was followed by a
rebound in mitosis that coincided with disappearance/inac-
tivation of the vector used to express c-met targeting short
hairpin RNA.31

In this study, we investigated the effects on regenera-
tion after silencing of EGFR. Silencing of EGFR by shRNA
resulted in suppression of both mRNA and protein. Cel-
lular proliferation parameters like mitosis and BrdU incor-
poration were also affected. The effect was not as pro-
found at 24 hours as was seen with c-met silencing.
However, the effect was more prolonged, and there was
no “rebound” effect. Yet liver regeneration as assessed
by return of liver weight to normal was not affected.

This could indicate that despite cross talk and overlap
between the MET and EGFR pathways, the downstream
signals provided by MET and EGFR are unique and
cannot be compensated by each other.

Recently a study using an inducible Mx-cre line for
targeted deletion of EGFR in adult mice liver indicated
that EGFR was required for efficient liver regeneration.26

Mice lacking EGFR in the liver showed histopathological
alterations, increased mortality, and delayed regenera-
tion. However, it has been pointed out that mortality ob-
served in mice after gene deletion needs to be inter-
preted carefully.27 The histopathological alterations seen
in the liver made it difficult to interpret whether the de-
crease in hepatocyte proliferation was a consequence of
the histopathological changes or the elimination of EGFR.
The results obtained in the current study differ in many
respects: our study was performed in normal rats without
any pre-existing pathology often seen in transgenic ani-
mals, and the approach used to silence EGFR was acute
in that it did not provide an opportunity for the liver to
adapt to the gene loss by introduction of secondary
changes. We also did not see any mortality associated
with suppression of EGFR. We also found an increase in
MET, ErbB-2, Src, and ErbB-3 in EGFR silenced rats and
a reduction in cyclin D1. Functional compensation by
MET and members of the EGFR family after inactivation of
EGFR has been demonstrated in cell culture.38,41,57 Also,
during embryonic development, no observable hepatic
abnormalities are seen in EGFR knockouts, possibly due
to recruitment of ErbB-2 and ErbB-3.1

Compensatory up-regulation of ErbB-3 in presence of
inhibitors that target the other ErbB family members has
been observed both in vitro and in vivo.58–61 It is possible
that the up-regulation of MET, PDGFRA, Src, ErbB-3, and
ErbB-2 observed in the current study in EGFR-silenced
rats probably compensated for absence of EGFR. We
believe that up-regulation of MET in shEGFR-treated rats
may be particularly significant because MET has been

shown to activate the ErbB-3 and PI3K pathway57 and the
c-Src Kinase pathway.62 Also both ErbB-363 and MET64

have been shown in vitro to interact with Src to compen-
sate for loss of EGFR. Src is also capable of modulating
ErbB-3 and ErbB-2 heterodimerization.65

Analysis of gene expression data obtained from MET
and EGFR silenced rats pointed out to some important
differences. A dramatic up-regulation in Caspase 3 and
fas was observed in MET-silenced rats.31 In contrast,
Caspase 3 and fas were down-regulated in shEGFR-
treated rats.

It should be mentioned that although levels of EGFR
mRNA and protein are reduced significantly, they do not
disappear completely. This was also true in our previous
work with MET.31 This can be due to issues with trans-
fection efficiency that differs for specific hepatic cell
types. As shown in our previous study using a compara-
ble plasmid targeting HGF and MET, hepatocytes receive
most of the plasmid, whereas endothelial cells are mini-
mally affected, and both cell types express the EGFR,
albeit more intensely in hepatocytes.31 In addition, EGFR
is always phosphorylated in the resting liver,8 so there will
be already a background EGFR activity at the time PHx is
done and before the second dose of shEGFR is
administered.

The observed differences of effects at 24 hours after
PHx between knockdown of c-met (complete elimination
of cell cycle events)31 and knockdown of EGFR (partial
suppression of cell cycle activities) are not likely to be
due to differences in amount and intensity of knockdown
because EGFR in this study seems to be more intensely
suppressed than MET in our previous study.31

The associated increase in ErbB3 and ErbB-2 may
result in compensatory effects mediated between MET
and ErbB3 dimerization, as has been reported in lung
cancer cell lines.57 We, however, were not able to detect
MET association with ErbB-3 in co-immunoprecipitation
studies at the time points examined. This raises the inter-
esting question in view of suppression of BrdU incorpo-
ration: why was no delay in liver regeneration evident?
Regeneration of liver (increase in cell mass in absence of
cell proliferation) after a PHx has been observed in Skp-
2-deficient mice66 after introduction into hepatocytes of
SOC1 and SOC3, both negative regulators of EGFR and
MET-mediated STAT3 phosphorylation,14 in STAT3-defi-
cient mice,55 in cyclin E2-deleted mice,67 and in rats and
mice subjected to irradiation and to administration of
pyrrolizidine alkaloids (such as retrorcine).68 In all these
cases, liver mass was restored by an increase in hepa-
tocyte size. As shown in Figure 8, the size of hepatocytes
at day 5 after PHx in shEGFR-treated rats seems to be
considerably larger than scrambled treated controls. In
this context, the down-regulation of Cyclin E167 and re-
cruitment of PI3K-Akt pathway by ErbB-3-ErbB-2 het-
erodimer in shEGFR-treated rats may be significant.

Comparison with our previous study with suppressed
expression of MET indicates similar but not identical pro-
files for shMET- and shEGFR-treated rats (unpublished
observation). The effects at 24 hours after partial hepa-
tectomy are more severe with MET knockdown, suggest-
ing that the MET contributions cannot be compensated
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by EGFR at that time point. On the other hand, the effects
of EGFR knockdown are much more prolonged, also
suggesting that there are unique signaling contributions
generated by EGFR at the later stages during regenera-
tion not compensated by MET. In this regard, it is of
interest that most of the expression of EGFR ligands in
liver during regeneration occurs at later times (after 12
hours),1 and thus the unique signaling contributions of
EGFR may be more relevant at the later times of liver
regeneration. It should be also stated that the overall
processing and trafficking of EGFR is well investigated
and very complex,69,70 and we are not addressing issues
of this type but rather the overall effect of RNA silencing
of EGFR on liver regeneration.

It thus seems that after inhibition of EGFR by RNA
interference, proapoptotic genes were up-regulated, and
genes associated with cellular proliferation were down-
regulated. However a compensatory up-regulation in
ErbB-3, ErbB-2, MET, and Src resulted in an increase in
formation of ErbB-3-ErbB-2 heterodimers, which in turn
activated the PI3K-Akt survival pathway and restoration
of liver mass by hepatic hypertrophy.71

To conclude, EGFR mRNA expression and protein was
significantly reduced in the livers of rats treated with
shEGFR compared with scrambled treated and untreated
controls. ShEGFR treatment also had an effect on cell
proliferation markers like mitotic index and BrdU nuclear
labeling index. However, we did not observe any mortal-
ity associated with silencing of EGFR, and no delay in
regeneration was observed in EGFR-silenced rats.

It is clear that EGFR signaling pathway networks and
liver regeneration have a lot of inbuilt redundancies. No
one single gene seems to block regeneration completely
(except maybe MET), and compensatory alternate path-
ways are activated. It would be interesting to perform
simultaneous acute silencing of MET and EGFR/ErbB-3/
ErbB-2 to study its effect on liver regeneration.
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