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Abstract

Hepatocyte growth factor (HGF) and its receptor c-Met are involved in liver regeneration. The role
of HGF and c-Met in liver regeneration in rat following two-thirds partial hepatectomy (PHX) was
investigated using RNA interference to silence HGF and c-Met in separate experiments. A mixture
of 2 c-Met-specific short hairpin RNA (ShRNA) sequences, ShM1 and ShM2, and 3 HGF-specific
ShRNA, ShH1, ShH3, and ShH4, were complexed with linear polyethylenimine. Rats were injected
with the ShRNA/PEI complex 24 hours before and at the time of PHx. A mismatch and a scrambled
ShRNA served as negative controls. ShRNA treatment resulted in suppression of c-Met and HGF
MRNA and protein compared with that in controls. The regenerative response was assessed by PCNA,
mitotic index, and BrdU labeling. Treatment with the ShHHGF mixture resulted in moderate
suppression of hepatocyte proliferation. Immunohistochemical analysis revealed severe suppression
of incorporation of BrdU and complete absence of mitosis in rats treated with ShMet 24 hours after
PHx compared with that in controls. Gene array analyses indicated abnormal expression patterns in
many cell-cycle- and apoptosis-related genes. The active form of caspase 3 was seen to increase in
ShMet-treated rats. The TUNEL assay indicated a slight increase in apoptosis in ShMet-treated rats
compared with that in controls.

Conclusion—The data indicated that in vivo silencing of c-Met and HGF mRNA by RNA
interference in normal rats results in suppression of mMRNA and protein, which had a measurable
effect on proliferation kinetics associated with liver regeneration.

Hepatocyte growth factor (HGF, also known as scatter factor, SF) is a pleiotropic growth factor
initially identified as the hepatocyte mitogen rising in the plasma of hepatectomized rats. 14
The HGF/ c-Met pathway is among the earliest signaling pathways activated after partial
hepatectomy (PHx).5 HGF protein levels in the plasma increase more than 20-fold within 1
hour, followed by a dramatic increase in HGF mRNA 3-6 hours after a two-thirds PHx.8 The
rapid rise of HGF and its binding to its receptor c-Met, occurring within 30 minutes after PHXx,
is a very early signal of hepatocyte proliferation during liver regeneration. The importance of
c-Met and HGF in liver development was previously demonstrated utilizing c-Met and HGF
knockout mice. Elimination of HGF/Met results in a lethal embryonic phenotﬁej‘9 Studies
by 2 laboratories found that c-met was specifically eliminated in the liver.10,11 Both studies
demonstrated that hepatic-targeted elimination of c-Met prevents regenerative response after
two-thirds PHx. c- Met was essential for completion of regeneration, and its elimination
blocked the process in the early stages of the S phase in hepatocytes. However, mice in both
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studies had developed significant histopathologic alterations in their livers when the
regenerative capacity was assessed, thus complicating interpretation of the results.12

SiRNA has been used to knock out genes in vitro 13 and in vivo14 by transfection of synthetic
21- to 23-nucleotide SiIRNA, plasmid-based expression of short hairpin RNA (ShRNA) by
RNA polymerase 111 or RNA plymerase Il promoter,15 and viral vectors.16 In view of the in
vivo stability issues regarding synthetic RNA and the induction of the immune response and
the associated toxicity of viral vectors, we decided to use a ShRNA plasmid complexed with
a nonviral vector, polyethylenimine (PEI), to deliver ShRNA in vivo. Among the nonviral
vectors, PEI has proved to be an efficient nonviral gene transfer vector for hepatocytes in
vivo and in culture.1” PEI functions as a proton trap and protects the complexed DNA from
degradation, resulting in higher transfection efficiencies in vivo and in vitro.18

We therefore decided to use RNA interference to silenceHGFand c-Met in vivo in normal
animals (rats) and to examine the impact of their elimination on liver regeneration in a setting
not complicated by pathologic alterations of the liver. We addressed the role of HGF and its
receptor c-Met in liver regeneration in rats by using ShRNA targeting c-Met and HGF to
directly inhibit these genes in vivo. We present evidence that silencing HGF and c-Met by RNA
interference had a strong interfering effect at the RNA and protein levels for both HGF and
Met. Interference with HGF had measurable but moderate effects on the proliferation kinetics
of hepatocytes. However, interference with Met abolished all mitosis, decreased incorporation
of BrdU, and increased apoptosis 24 hours after PHx. Microarray analyses also indicated that
suppression of Met caused profound alterations in expression of many cell-cycle- and
apoptosis-related genes.

Materials and Methods

Results

See Materials and Methods on the HEPATOLOGY website
(http://interscience.wiley.com/jpages/0270-9139/ suppmat/index.html).

Cellular Distribution of the Vector in the Liver

The ShRNA vector employed encoded a red-shifted variant of the jellyfish GFP. We used the
plasmid containing ShRNA targeted against HGF (expressed by stellate cells) to investigate
the cellular distribution of the plasmid after injection. Stellate cells and endothelial cells are
difficult to assess by immunohistochemistry on frozen or paraffin sections. To better identify
the cellular types involved in plasmid uptake, we used mixed primary cultures of cells from
liver treated with ShRNA. Cells were isolated 4 hours after the second ShRNA injection and
were cultured for 12 hours. The cultures contained hepatocytes and a sufficient number of
contaminant stellate cells, endothelial cells, and Kupffer cells. As shown in Fig. 1A,B, most
of the hepatocytes stained positive for GFP immunofluorescence. Stellate cells also stained
positive for desmin (red) and GFP (green), generating focal yellow coloration based on the
proximity of the chromophores. More than 90% of the hepatocytes and approximately 60% of
the stellate cells stained positive for GFP. However, we could not detect a significant number
of GFP-positive endothelial cells (identified by CD31, data not shown).

Suppression of HGF and c-Met mMRNA by ShRNA

We investigated the suppression of HGF and c-Met mRNA by injection of their respective
silencing constructs. Plasmids were injected via the superior mesenteric vein 24 hours before
and at the time of the PHx. Absolute quantitative RT-PCR was used to quantify mRNA
expression by constructing a standard curve using in vitro synthesized cRNA standards (see
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Materials and Methods section in the supplemental text). As seen in Fig. 2A, 24 hours after
the first injection (equal to the time of PHX), there was a 1.5-fold reduction in HGF mRNA in
ShHGF-treated rats compared with that in the normal untreated control. By 48 hours after the
first injection (24 hours after the second injection), there was 2.6-fold suppression in HGF
mRNA. By day 3, however, the expression of HGF mRNA was almost equal to that of the
untreated control. Treatment with mismatch and scrambled had no effect on HGF mRNA.

Treatment with ShMet also suppressed c-Met mRNA (Fig. 2B). Twenty-four hours after the
first injection, there was a 1.6-fold reduction in c-Met mRNA compared with that in the
untreated normal control. By 48 hours after the first injection (and 24 hours after PHXx), there
was 6.2-fold reduction in c-Met mRNA. By 72 hours after the first injection, a 3-fold reduction
in c-Met mRNA was evident. Injection with scrambled or mismatch ShRNA did not affect c-
Met mRNA expression.

Changes in HGF and Met Proteins

Results shown in Fig. 3A demonstrate amarked decrease in HGFprotein 24 and 48 hours after
the last injection of the ShHGF RNA. There was a moderate decrease in the overall expression
of Met protein (data not shown), probably reflecting that endothelial cells, known to heavily
express Met, did not appreciably take up the ShRNA plasmid. However, relevant changes were
noted when we assayed expression of tyrosine-phosphorylated Met during the first 24 hours
after PHx. Because activation of Met by tyrosine phosphorylation in the first 24 hours after
PHXx occurred predominantly in the proliferating cells (hepatocytes, which did take up the
ShRNA plasmid), changes in Tyr-phosphorylated Met in the first 24 hours after PHx would
tend to reflect the ShRNA in hepatocytes. The results are shown in Fig. 3B. There was a
dramatic decrease in Tyr-phosphorylated Met both at the time of PHx (time 0, 24 hours after
the first ShMet injection) and up to 6 hours after PHx. This is significant because T¥r
phosphorylation of Met occurs predominantly in the first 30-60 minutes after PHXx. 1 There
was a gradual increase in Tyr-phosphorylated Met after 6 hours, with a rebound increase after
24 hours (correlating with the greatly increased hepatocyte proliferation seen in the ShMet-
treated animals 48 hours after PHx, discussed later).

Effect of ShHGF on Proliferation Kinetics after PHx

The effects of ShHGF treatment on the proliferative indices of hepatocytes are shown in Fig.
4A-C. A decrease in HGF had a moderate but measurable impact on the proliferative indices,
including the indices of PCNA and BrdU labeling and the hepatocyte mitotic index. The
decrease in the proliferative indices ranged from 10% to 30%.

Effect of ShMet on Proliferation Kinetics after PHx

The effects of ShMet treatment on the proliferative indices of hepatocytes are shown in Fig.
5A-C. There was a moderate decrease in the PCNA labeling index of hepatocytes for all days.
The effect on the BrdU nuclear labeling index was more dramatic 24 hours after PHx (ShRNA:
4%; scrambled RNA: 80%). The BrdU labeling index of ShRNA-treated animals after 48 hours
returned to that of the animals treated with scrambled RNA. There was complete suppression
of mitosis in hepatocytes 24 hours after PHx following ShMet treatment (ShMet, 0 cells;
scrambled RNA, 92 mitoses per 10 200x optic fields). However, the mitotic rate of the ShMet-
treated animals 48 and 72 hours after PHx surpassed the rate of the scrambled RNA-treated
animals (mitoses per 10 200x optic fields after 48 hours: scrambled RNA, 78; ShMet RNA,
166; after 72 hours: scrambled RNA, 75; ShMet RNA, 160).

Supplementary materials for this article can be found on the HEPATOLOGY website
(http://interscience.wiley.com/jpages/0270-9139/suppmat/index.html).
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Active Form of Caspase 3 Was Increased After ShMet Treatment

As mentioned in the Supplement, many apoptosis-related genes were up-regulated in animals
treated with ShMet. (Supplemental Table 1). We therefore investigated changes in the active
form of caspase 3 by Western blot analyses. As seen in Fig. 6A, the active form of caspase 3
(p11 subunit) was increased in ShMet-treated rats compared with that in normal and scrambled-
RNA-treated rats. Twenty-four hours after the first injection, the active form showed 1.6-fold
up-regulation compared with that in normal PHx-treated rats. Caspase expression remained
higher until 12 hours after PHx.

TUNEL Assay

In view of the increase in the active form of caspase 3, we carried out a TUNEL assay for
detection of apoptotic cells in liver tissue by in situ labeling of genomic DNA using terminal
deoxynucleotidyl transferase (TdT) as described in the Material and Methods section of the
Supplement. As seen in Fig. 6B, in livers from the ShMet-treated group there was slight
increase (2.5-fold on average) in TUNEL-positive cells 24 hours after PHx, whereas the livers
from the scrambled-treated and normal rats showed few apoptotic nuclei, as seen in Fig.
6C.However, at all times the percentage of apoptotic TUNEL-positive hepatocytes was low
and did not exceed 0.5% of the total hepatocyte population. The caspase 3 and apoptosis data
also indicate that injection of ShMet was directly responsible for the induction of caspase 3
and that it was not a result of some side effect of PEI or the vector used, as up-regulation of
the active caspase form and an increase in the number of TUNEL-positive cells were not
observed in the scrambled RNA-treated rats.

Microarray Data Analysis

Analysis of global gene expression in rats treated with ShMet on the first day after PHx by
microarray (Supplemental Table 1) indicated dysregulation of many genes involved in the cell
cycle and in growth arrest, including p21 and p53, whereas IGFBP1 and CE/BP-beta were
down-regulated. Given the dramatic suppression of BrdU incorporation and the absence of
mitosis 24 hours after PHx in the ShMet-treated animals, it is significant that expression of
cyclin E1 (associated with progression from the G4 to the S phaselg) was suppressed and that
expression of cyclin B (associated with completion of mitosiszo) was dramatically increased.
Also of interest was that expression of the TGF-beta receptor Il was 27 times higher in the
livers receiving ShMet RNA

Absence of Off-Target Effects and of Interferon Response After ShRNA Treatment

A major concern of using ShRNA is the possibility of unexpected silencing of unrelated genes
and induction of interferon response.zll22 We used U95 Affymetrix oligo arrays to analyze
and compare the pattern of global gene expression 24 hours after PHx in ShRNA-treated rats
with that of untreated, sham, and ShRNA- and scrambled RNA-treated rats. There was no
detectable difference in the global gene expression pattern between hepatectomized livers and
those treated with ShRNA. There were also no detectable alterations in expression of
interferon-regulated genes (for details, see Supplemental Figs. 1 and 2).

Discussion

Liver regeneration after PHx is an extremely complex process requiring interaction and
cooperation of many growth factors and cytokines and crosstalk between multiple pathways.
Of the various agents implicated in liver regeneration, HGF and ligands of the EGF receptor
are the only ones that stimulate DNA synthesis in hepatocyte cultures maintained in chemically
defined media.23 The%/ are also the only ones that stimulate DNA synthesis in the livers of
normal mice and rats.24-28 As already noted, homozygous deletion of HGFor its receptor c-
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Met results in embryonic lethality. 7,9 Thus, it has not been possible to study liver regeneration
in such genetically modified mice. There have been 2 recent studies in which c-Met deletion
was targeted only to the liver.10,11 This condition resulted in significant histopathology.
Because of this, 70% hepatectomies in these mice were associated with high mortality, whereas
30% hepatectomies were tolerated. Both studies concluded that c-Met provides essential
signaling for liver regeneration, not compensated by EGFR or receptors of other signaling
cytokines. However, interpretation of these studies was complicated by the long-term deletion
of hepatocyte Met causing significant hepatic histopathology, including fatty liver and fibrosis.
Thus, it was not possible to determine if the effects on liver regeneration were a result of
deletion of Met per se or were associated in a secondary manner with the histopathology
associated with Met deletion.

The purpose of the present study was to analyze the role of the HGF/Met signaling pathway
in liver regeneration by partially or completely eliminating either HGF or c-Met acutely in
normal rats without inducing any of the histopathologic alterations associated with long-term
Met deletion. The histology of the ShMet- and ShHGF-treated rats was entirely comparable to
the control (scrambled RNA treated, mismatch RNA treated, or not RNA treated). Thus, the
results obtained should be ascribed only to the interference of expression of the specific gene.

Suppression of HGF

In a previous study we showed that HGF mRNA starts to increase 3 hours after PHx.6 HGF
protein (precursor and active heterodimers) decreases in the first 3 hours after PHX, as it is
consumed from preexisting stores in the hepatic extracellular matrix. 29 However, both the
precursor and the active forms of HGF dramatically increase in whole-liver homogenates after
expression of new HGF mRNA beginning 3 hours after PHx and reaching a peak 24—48 hours
after PHx.29 In this study ShHGF treatment suppressed both protein and HGF mRNA. Yet the
effects of this “knockdown” on hepatocyte DNA synthesis were measurable but modest. Our
results suggest that the effects of HGF on hepatocytes are determined by the preexisting HGF
protein stores consumed in the first 3 hours after PHx and that the further increase in HGF
protein after 3 hours affects primarily nonhepatocyte populations, such as stellate cells,
endothelial cells, and biliary epithelium. A more prolonged HGF suppression regimen14 would
be required to properly assess the effect of newly synthesized HGF on nonhepatic cell
populations.

Suppression of c-Met

The effects of suppression of c-Met need to be examined from 2 perspectives: (1) tyrosine
phosphorylation of Met occurs within 30-60 minutes of PHx>; and (2) there is a great overlap
in signal transduction pathways between HGF and EGF receptors, except when associated with
Met and Fas.30

The results of the present study show that despite the great similarity in signaling pathways of
Met and EGFR, Met makes unique signaling contributions that are not compensated forb g
EGFR or other cytokines related to liver regeneration (e.g., TNF- alpha noreplnephrlne
HGF/Met signaling contributions, even though initiated 30-60 minutes after PHX, probably
affect downstream signaling cascades, manifesting themselves when hepatocytes are about to
enter from theG, into the S phase (6—12 hours after PHx in the rat). These signals affect both
growth-related genes (e.g., cyclins E1 and B, genes p53 and p21) as well as apoptosis-related
genes (caspase 3, BclX, etc.). It is possible that the changes seen in apoptosis- related genes
are a result of the increased avallablllty of Fas because of decreased association with c-Met
following ShMet treatment.30 The overall effects of ShMet RNA observed 24 hours after PHx
likely are a result of decreased tyrosine phospho-Met, shown in Fig. 3B. The decrease in Tyr-
phospho-Met seen at time 0 (24 hours after the first ShRNA injection, at the time of PHx) and
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1 hour after PHx are the ones likely to affect cell-cycle events seen after 24 hours (little BrdU
and no mitosis). Tyr-phospho-Met, however, increased more than in the control and far surpass
it after 24 hours. This correlates with the increased hepatocyte mitosis in the ShMet above that
in the scrambled RNA—treated animals 48 hours after PHx. These results, incidentally,
delineate a 24-hour signaling interval between Met activation and hepatocyte mitosis. There
is an apparent discrepancy between expression of Tyr-phospho-Met (minimum suppression at
~40% at time 0 and ~60% 1 hour after PHx) and the degree of suppression of hepatocyte-
related events 24 hours after PHx (no mitosis and very little incorporation of BrdU). This
probably reflects the Tyr-phospho-Met in endothelial cells, which do not take up the ShRNA
plasmid (data not shown). The data on in vivo stability for the persistence of the plasmid also
indicate that the plasmid is lost by the first day after PHx (Supplemental Fig. 1). The loss of
plasmid DNA could have occurred for a number of reasons including degradation by nucleases,
inactivation of the promoter by methylation, and diluting out because of cellular replication.
The dramatic loss of the plasmid probably resulted in the transient silencing observed.

Also of interest is that ShMet had no effect on the PCNA nuclear labeling index of the
hepatocytes. PCNA nuclear labeling occurs in all cells entering into the G, phase from the
Gy phase. Signaling pathways in addition to the HGF/Met signaling pathway make significant
contributions, Ieading hepatocytes to enter into the cell cycle. These include TNF-aIpha,31'

3 norepinephrine,3 34 and ligands of the EGFR (EGF,35 TGF—aIpha,36 HB-EGF,3/
Amphiregulin38). Our studies suggest that other contributing signals are sufficient to stimulate
hepatocytes to enter into G1. EGFR is always phosphorylated in tyrosine residues in the rat
liver, and its phosphorylation also dramatically increases 60 minutes after PHx. However,
HGF/Met signaling contributions are essential for hepatocytes to proceed through the G phase
and enter into the S phase and DNA synthesis.

Abbreviations

HGF, hepatocyte growth factor; PHX, partial hepatectomy; ShRNA, short hairpin RNA; PEI,
polyethylenimine.
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Fig. 1.

Cellular localization of ShRNA in rat liver tissue by fluorescence detection of GFP and desmin.
(A) Hepatocytes expressing GPF are green (arrow); stellate cells expressing desmin appear
red. (B) Higher magnification of a stellate cell expressing GFP plasmid. Colocalization of GFP
and desmin in some regions of the stellate cell cytoplasm resulted in yellow coloration
(indicated by arrow).
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Fig. 2.

Real-time PCR analysis of HGF and c-Met expression in regenerating rat livers injected with
a mixture of ShHGF and ShMet vector (n = 3). HGF and c-Met mRNA levels in ShRNA-
treated rats and controls were determined by absolute quantitation. (A) Significant suppression
of HGF mRNA was evident (P < 0.005) 24 hours after PHx compared with that in mismatch
and scrambled injected controls. Levels returned to normal level 48 hours after PHx. (B) ShMet
treatment resulted in significant suppression of c-Met mRNA (P < 0.005) 24 hours after PHx
that was maintained for 72 hours after PHx. Injection of scrambled and mismatch RNA had
no effect on c-Met mRNA expression.
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Fig. 3.

(A) Decrease in HGF protein induced by injection of ShFGF RNA. HGF protein was assayed
in Western blots of whole-liver homogenate. 29 (B) Levels of tyrosine-phosphorylated Met
protein during first 24 hours after PHx. Western blots were run using proteins from whole-cell
lysates immunoprecipitated with Met antibody (SP260). Blots were probed with
antiphosphotyrosine antibody to detect tyrosine-phosphorylated Met. Significant suppression
of tyrosine-phosphorylated Met was seen 24 hours after the first injection (time of PHx, P <
0.005) and 1 hour after PHx was observed.
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Fig. 4.

(A) PCNA labeling and (B) BrdU labeling of nuclei of hepatocytes in ShHGF and scrambled
ShRNA-treated rats. ShHGF treatment resulted in significant suppression of incorporation of
BrdU 48 hours after PHx (P < 0.005) compared with that in controls. (C) Progression of
hepatocytes through mitosis was estimated by using mitotic index (number of labeled cells per
5 200x optic fields). Modest suppression of the mitotic index was observed in ShHGF-treated
rats compared with that in scrambled ShRNA-treated control group.
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(A) PCNA labeling of hepatocytes in ShMet and scrambled treated rats. A moderate decrease
in the PCNA labeling index of hepatocytes was evident until 120 hours after PHx compared
with that in scrambled treated animals. (B) BrdU labeling of hepatocyte nuclei. ShMet
treatment resulted in significant suppression of the incorporation of BrdU (P < 0.005) compared
with that in controls 24 hours after PHx. By day 2, levels in ShMet were comparable to those
in scrambled ShRNA control. (C) Progression of hepatocytes through mitosis was estimated
by using mitotic index. No mitosis was seen in ShMet-treated rats 1 day after PHx. However,
48 and 72 hours after PHx, the mitotic rate in ShMet-treated rats surpassed that observed in
scrambled ShRNA treated rats.
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Fig. 6.
(A) Change in active caspase-3 protein during the first 24 hours after PHx. A Western blot was

run using whole-cell lysates. Blots were probed with anti-caspase-3 antibody (H-277) to detect
active caspase-3. Band density was standardized to total protein from Ponceau stain of the
Western blot. Each data point represents a pool of 3 rats per time point. Up-regulation of the
p11 subunit of the active form of caspase 3 was observed in ShMet-treated rats compared with
that in untreated and scrambled-RNA-treated rats. (B,C) TUNEL assay analysis in histologic
sections 24 hours after PHx. An increase was observed in ShMet RNA treated rats (B)
compared with that in control rats treated with scrambled ShRNA (C). However, the percentage
of apoptotic hepatocytes never exceeded 0.5% of the total in any of the animals.
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