Apasn Publshing Group

J Proteomics Computational Biol
October 2014 Volume:1, Issue:1

© All rights are reserved by Xu et al.

Proteomics Analysis of
Hepatocyte Proliferation

Regulated by FGF, PDGF, Insulin,
Oncostatin M and Interleukin 2
Signaling Pathways during Rat

Liver Regeneration

Keywords: Rat liver regeneration; Cell proliferation; Network
analysis; Signal transduction; Two-dimensional fluorescence difference
gel electrophoresis; Mass spectrometry

Abstract

Liver regeneration (LR) is of great clinical significance in various
liver-associated diseases. LR after partial hepatectomy (PH) can be
divided into three distinct phases: priming/initiation, proliferation, and
termination. To investigate the mechanism of cell proliferation during
rat LR, two-dimensional fluorescence difference gel electrophoresis
(2D-DIGE) combined with mass spectrometry was applied to examine
the changes in the proteome that occurred at 10 time points after
PH. Meanwhile, several proteins were selected to validate the protein
levels by Western blotf. The results showed that 5,631 proteins were
significantly changed in rat LR when compared with normal control.
Among them, 2,168 proteins showed significant or extremely significant
differences when compared with sham operation (SO) by F-test, which
were regarded as liver regeneration-related proteins. Gene Ontology
annotation and Ingenuity Pathway Analysis 9.0 (IPA) software analysis
indicated that 279 liver regeneration-related proteins were involved in
signaling pathways which regulate cell proliferation, and 506 proteins
participated in cell proliferation. Analysis of protein synergy by spectral
function Ep(t) showed that signal fransduction activity of FGF pathway
at 2 h, PDGF, insulin and oncostatin M pathways at 12 h, interleukin 2
pathway at 2-36 h were significantly enhanced, and cell proliferation
activity was also enhanced at 2-36 h in rat LR. Protein network analysis
by IPA software and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway showed that phospholipase C gamma 2 (PLCG2)
was located in the central node of the above-mentioned signaling
pathways, and was up-regulated at 2-168 h in rat LR, suggesting that
these signaling pathways might promote hepatocyte proliferation in
the initial and progressive stages of rat LR via PLCG2.
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Nuclear Factor kappa B; PDGF: Platelet Derived Growth Factor; PH:
Partial Hepatectomy; PI3K: Phosphatidyl Inositol 3-Kinase; PKC:
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Introduction

The liver is an important organ with an enormous capacity to
regenerate [1]. After partial hepatectomy (PH), hepatocytes can
rapidly be activated to enter cell cycle to compensate for the lost liver
tissues [2,3], which is called liver regeneration (LR). Studies have
proved that rat hepatocytes in G, phase are activated during 0.5-4
h after PH, and then undergo GO/GI transition during 4-6 h after
PH, cell proliferation during 6-66 h after PH, cell differentiation
and structure-function reconstruction during 66-168 h after PH
[4]. A number of proteomics studies have been carried out at
early phases of LR, typically at 12-24 h after PH, and have pointed
out the extreme complexity of the regenerative process involving
multiple biochemical pathways [5-7]. Nevertheless, few studies have
investigated the molecular mechanisms of cell proliferation in rat LR
at the proteome level.

Generally, cell proliferation is essential for LR and is regulated
by lots of signaling pathways, for example, fibroblast growth factor
(FGF), platelet derived growth factor (PDGF), insulin, oncostatin
M and interleukin 2 (IL2) signaling pathways [8-12]. Phospholipase
C (PLC), belonging to an important component of these signaling
pathways, could be activated by cascade reaction. The activated PLC
catalyzes the hydrolysis of phosphatidylinositol 4,5-bisphosphate
(PIP2) to yield inositol trisphosphate (IP3) and diacylglycerol (DAG).
Then Ca’-dependent protein calmodulin (CALM) is activated
through IP3-Ca®* pathway [13]; IkB kinase (IKK) and extracellular
regulated protein kinases (ERK1/2) are activated through DAG-PKC
pathway [14]. Subsequently, transcription factors including nuclear
factor-kappaB (NF-kB), activator protein-1 (AP-1), ETS domain-
containing protein (ELK1) and cAMP-response element binding
protein (CREB) are activated by cascade reaction, and thus promote
the expression of proliferation-related genes and cell proliferation
[15-19].
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To further highlight the mechanisms of hepatocyte proliferation
in rat LR at the proteome level, two-dimensional differential gel
electrophoresis (2D-DIGE) and mass spectrometry were used
to examine protein expression changes during rat LR. Ingenuity
Pathway Analysis 7.0 (IPA) software (http://www.ingenuity.com/),
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway (http://
www.genome.jp/kegg/) and system biology approaches were applied
to analyze protein interactions and cell proliferation activity. The
results suggested that FGF, PDGF, insulin, oncostatin M and IL2
signaling pathways played important roles in promoting hepatocyte
proliferation in rat LR by activating transcription factors NF-xB,
ELK1, AP-1 and activating transcription factor 4 (ATF4).

Materials and Methods
Preparation of rat liver regeneration models

Healthy adult male Sprague-Dawley rats, weighing 230 + 20 g,
were taken from the Experimental Animal Center of Henan Normal
University. The rats were kept in a rearing room at 21 + 2 °C with 60 +
10% relative humidity and a 12 h light/dark cycle, and had free access
to food and water. A total of 114 rats were randomly divided into 19
groups (n = 6 in each group). Among them, a group was set as normal
group. Nine groups undergoing partial hepatectomy (PH), were
taken as experimental groups (also called PH groups). Nine groups
served as sham operated controls (also called SO groups). Partial
hepatectomy was performed according to the method described
previously [20]. The SO groups underwent the same operation as the
PH groups, except for the hepatectomy. At 0, 2, 6, 12, 24, 30, 36, 72,
120 and 168 h after surgery, the right lobe of rat liver was collected
and stored at -80 °C for further use. The experiment was conducted in
strict accordance with the Animal Protection Law of China.

Analyzing growth index of rat regenerating livers

At the indicated time points, that s, at 0, 2, 6, 12, 24, 30, 36, 48, 72,
120 and 168 h after PH, the total body weight of the rats was measured,
and the remnant and regenerated liver tissues were resected and
weighed. These data were expressed as a percentage of the ratio of
remnant liver weight (A) divided by the total body weight (B) and
multiplied by 100% (liver-to-body weight ratio [LBWR] (%)=A/
Bx100%). LBWR was served as growth index of rat regenerating
livers in this study. The results obtained were the mean of four to
eight different animals per time point.

Protein extraction

Protein extraction was performed according to the following
methods. Briefly, the liver tissues of 6 rats in a group were obtained,
put together and grinded into powder in the mortar with liquid
nitrogen. Then the powder was used to extract proteins. 0.5 g of the
powder was lysed with 10 ml protein extraction solution I (1 M urea,
pH 6.5) and then was homogenized at 4 °C for 1 h. The homogenate
was centrifuged at 4 °C, 20,000 g for 1 h. Then, the supernatant was
collected and marked as “supernatant I”. Subsequently, the sediment
was lysed with 5 ml protein extraction solution II (3 M urea, pH 9),
and then was treated according to the above-described method. The
supernatant was collected and marked as “supernatant II”. Next, the
sediment was again lysed with 2.5 ml protein extraction solution
III (3 M urea, 2% CHAPS, pH 9), and then was treated according
to the above-described method. The supernatant was collected and

marked as “supernatant III”. Finally, 2.5 ml of lysis buffer (7 M urea,
2 M thiourea, 18 mM DTT and 4% CHAPS, pH 7) were added to
the sediment, and then was treated according to the above-described
method. The supernatant was collected and marked as “supernatant
IV”. Then all supernatants were mixed together. Subsequently, the
dialysis and freeze drying technology were utilized to desalt and
concentrate the sample in this study. The samples were firstly desalted
by dialysis using the dialysis membrane with molecular weight-cutoff
(MWCO) of 1000 Da. Then desalted samples were frozen at a low
temperature about -80 °C in a chamber. Next, the frozen samples
underwent primary drying at -40 °C in a dryer, and underwent
secondary drying at 20 °C by high vacuum. After a few hours, dry
powder was obtained, and then dissolved in 6 mL lysis solution (7
M urea, 2 M thiourea, and 4% CHAPS, pH 7). Thus the samples
were stored at -80 °C for further use. The protein concentration was
measured using the 2D Quantification kit (GE Healthcare, USA).

Protein fluorescent labeling and 2D-DIGE

The fluorescent labeling of proteins was performed following the
standard protocol for minimal labeling according to Ettan DIGE User
Manual (GE Healthcare, USA). Briefly, 50 pg proteins from normal
control group were labeled with Cy3. 50 pg proteins from each time
point of PH groups, thatis, at 2, 6, 12, 24, 30, 36,72, 120 and 168 h after
PH, were respectively labeled with Cy5. Meantime, 50 pg proteins
from each time point time of SO groups, that is, at 2, 6, 12, 24, 30, 36,
72, 120 and 168 h after SO, were also respectively labeled with Cy5.
On the other hand, 25 pg proteins from normal control group and 25
ug proteins from the above stated 9 time point of PH groups or SO
groups were mixed together and used as internal reference, and then
were labeled with Cy2. The Labeling reactions were performed on ice
in the dark for 30 min, then quenched by addition of 1 uL of 10 mM
lysine for 10 min and then stored at -80 °C for use [21].

The 2D-DIGE was performed according to operating manual (GE
Healthcare, USA). In brief, 50 pug of Cy2-, Cy3-, Cy5-labeled samples
were pooled together and then were dissolved in 450 pL rehydration
buffer (7 M urea, 2 M thiourea, 2% CHAPS, 18 mM DTT, 2% IPG
buffer 3-10). Then IPG gel strip (pH 3-11 NL, 24 cm) was rehydrated
in the rehydration buffer for 12 h at 20 °C. The isoelectric focusing
(IEF) was performed in Ettan IPGphor (GE Healthcare, USA)
following the conditions: ramped to 250 V in 1 h, held at 1000 V for 3
h, ramped to 10,000 V in 3 h, and held at 10,000 V for 8h. After IEF,
each gel strip was equilibrated for 15 min in 15 mL equilibration buffer
(50 mM TrisHCI pH 8.8, 6 M urea, 30% glycerol, 2% SDS, 1% DTT)
and subsequently alkylated for 15 min in alkylation equilibration
buffer (50 mM TrisHCI pH 8.8, 6 M Urea, 30% v/v glycerol, 2% SDS,
2.5% iodoacetamide). Subsequently, the proteins in gel strip were
separated by SDS-PAGE, which was performed in Ettan DALT Six
electrophoresis device (GE Healthcare, USA) under the following
conditions: held at 50 V for 2 h, then held at 120 V for 8 h.

Image analysis

After 2D-DIGE, all the gels were scanned at 100 um resolution
using a Typhoon FLA 9500 scanner (GE Healthcare, USA)
according to the manufacturer’s protocol to obtain scanned images.
Each protein spot in scanned images was quantitatively analyzed
using DeCyder 7.0 Software (GE Healthcare, USA) to obtain their
abundances. Then the gel images with Cy3-labeled proteins (normal
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control group) and the gel images with Cy5-labeled proteins (PH
groups or SO groups) were respectively compared to the gel images
with Cy2-labeled proteins (internal reference) gel image to get the
normalized abundance values. After that, the ratio values of proteins
in PH groups or SO groups were calculated through the normalized
abundance values of the PH groups or SO groups divided by that of
normal control group. Protein spots with ratio > 2 or ratio < 0.5 and P
<0.05 were regarded as significantly changed between PH groups and
normal control group. Subsequently, the F-test was used to analyze
the significance of protein expression difference between the PH and
SO groups. The proteins found to be significantly changed with p <
0.05 at least at one time point during LR, were defined as proteins
associated with LR.

Protein identification by mass spectrometry

2D was performed according to the method described in “Protein
fluorescent labeling and 2D-DIGE”, except that 1,000 ug proteins
were added to 450 pl rehydration buffer, and the gels were stained
with Coomassie brilliant blue. Then, the spots of differentially
expressed proteins identified by 2D-DIGE were matched to the
Coomassie brilliant blue stained gels. The differential protein spots in
the stained gels were manually excised, decolorized, dehydrated and
whitened according to the instruction and operation manual (Bruker,
Germany). The dried protein dot was immersed in 2-3 uL of 0.01 pg/
ul trypsin at 4 °C for 30 min, and then was incubated in 10-15 pl
of 25 mM NH,HCO, at 37 °C overnight. 1 pL of digestion sample
was placed on MTP AnchorChip™ 800/384 sample target, and then 1
uL 0.4 mg/ml HCCA solution was added. The protein was identified
by Matrix assisted laser desorption ionization time-of-flight mass
spectrometry (MALDI-TOF/MS) (Autoflex III Brucker Daltonik,
Germany). The parameters of MALDI-TOF/MS were as follows:
reflection mode, protein mass m/z 700-4200, trypsin as the digestion
enzyme with one cleavage site, fixed modifications carbamidomethyl
(C), variable modifications oxidation (M), peptide mass tolerance +
100 ppm, fragment mass tolerance * 0.5 Da, signal-noise ratio (SNR)
of MS and MS/MS with 30 and 20 respectively, number of matched
peptide fragments at least 3 pieces. The retrieval of peptide fragment
was preformed if mass spectral peaks m/z 2600. The selected peptides
were analyzed using BioTools Version 3.0 (Brucker Daltonik,
Germany) software, and then orderly were searched against Swiss-
Prot database with taxonomy Rattus, Mus musculus and Homo
sapiens using MASCOT search engine, if not found, IPI rat database
and NCBI database with taxonomy Rattus was orderly searched [7].
Only those proteins identified by MASCOT search criteria with the
top significant scores were considered as acceptable.

Western blot analysis

Western blot analysis was performed according to Towbin’s
method [22]. Briefly, 100 ug proteins were separated by SDS-PAGE
and then transferred to a PVDF membrane (GE Healthcare). After
transfer, the membranes were blocked with 5% skimmed milk in
Tris-buffered saline (TBS) containing 0.1% Tween-20 (TBS-T) and
subsequently incubated overnight at 4°C with primary antibodies
(Bioss, 1: 1,000), including rabbit anti-PCNA, -PLCG2, -PIK3RI,
-NFkB1, -TGFP2, -AKT1, -CD47. Then the membrane was further

incubated with horseradish peroxidase-conjugated secondary
antibodies goat anti-rabbit IgG (Sigma, 1:5,000) for 1.5 h. Finally,
protein bands were visualized with Amersham ECL substrates. The
relative abundance of target proteins was measured by image analysis
using ImageQuant TL software. B-actin (sigma, 1:1,000) was served as
an internal reference in this study.

Exploration of key proteins in rat liver regeneration

The key proteins of rat LR were explored in accordance with the
relative extraction method [23,24]. Briefly, the ratio values of liver
regeneration-related proteins at each time point after PH were used
to calculate protein expression differences by signal-to-noise (SNR),
revised feature score criterion (RFSC), Bhattacharyya distance (BD),
Euclidean distance (ED) and Pearson correlation coefficient (PCI).
The differences were ordered by SNR in ascending order, and by
RFSC, BD, ED and PCI in descending order. The first 10 proteins
at each time point and in each algorithm were selected out. Each
protein was evaluated by the decision tree algorithm, and displayed in
descending order of protein differences. The selected proteins, which
participated in cell proliferation signaling pathways, were regarded
as key proteins.

Identification of cell proliferation-associated proteins

In this study, the cell proliferation-associated proteins were
identified by three approaches [25]. One is that the keyword “cell
proliferation” was searched in Gene Ontology (www.geneontology.
org), NCBI (www.ncbi.nlm.nih.gov) and RGD (http://rgd.mcw.edu/)
to obtain the corresponding protein types of rat, mouse and human.
The second is that the proteins were collated and collected according
to physiological pathway maps embodied by Ingenuity Pathway
Analysis (IPA) 9.0 software, KEGG (www.genome.jp/kegg/pathway.
html) and QIAGEN (www.qiagen.com/geneglobe/pathways.aspx).
The third is that the cell proliferation-associated proteins were further
extended and supplemented by consulting the relevant literature.
Finally, the above-described repetition proteins were integrated to
obtain the cell proliferation-associated proteins.

Confirmation of cell proliferation-associated signaling
pathways

In this study, cell proliferation-associated signaling pathways
were confirmed by two approaches [25]. Firstly, the key word “cell
proliferation” was input in the websites of QIAGEN and KEGG, to
obtain cell proliferation-associated signaling pathways. Secondly,
the proteins associated with cell proliferation were uploaded to
the “Canonical Pathway” frame of the IPA software to obtain cell
proliferation-associated signaling pathways. Finally, these signaling
pathways, appearing in both methods mentioned above were selected
as cell proliferation-associated signaling pathways for subsequent
analysis.

Correlation analysis of signal transduction activity and cell
proliferation activity

In this study, the spectral function Ep(t) [26] was used to calculate
the activities of signal transduction and cell proliferation. Briefly, the
ratio values of the proteins associated with cell proliferation and cell
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proliferation signaling pathways were input into Ep(t) formula. When
Ep(t) = 2E(0), the signal transduction activity and cell proliferation
activity of PH groups are stronger than the control. When Ep(t) <
0.5E(0), the both are lower than the control. When 0.5E(0) < Ep(t) <
2E(0), the both in PH groups and control group are similar.

n=1 n n-1 n
PIDRCAGES AGHAINDIPNCAGEP AGIA
E (t) — =l k=i+] — =l k=i+l
’ C? n(n—-1)
2
Where, n represents the number of proteins participating in a
physiological activity at t time point.

Then, the Ep(t)values of signal transduction activity were
compared with that of cell proliferation activity during rat LR. When
the both had the same trend, signaling pathways were considered
to regulate cell proliferation. When the both had inconsistent or
contrary trends, the signaling pathways were not considered to
regulate cell proliferation.

Statistic analysis

All data are expressed as means + SD. Two-tailed Student’s ¢ test
was used to determine significant differences between data groups.
The statistical analysis was performed using one-way analysis of
variance (ANOVA). P < 0.05 was considered statistically significant.
The different degrees of significance were indicated as follows:
*P<0.05; **P<0.01.

A Liver regrowth inrat LR Ba: PCNA

LBWR (%)

Results

The growth of the rat regenerating livers after partial
hepatectomy and their protein expression changes

To understand the growth of the rat regenerating livers after PH,
the growth index of rat regenerating livers was analyzed by liver-to-
body weight ratio (LBWR). The results showed that a higher LBWR
at 48 h, 72 h, 120 h and 168 h after PH. The LBWR were 3.16+0.41%,
3.83+0.48%, 4.36+0.41% and 4.68+0.51%, respectively, at 72 h, 120 h
and 168 h after PH (Figure 1A). To highlight the protein expression
changes during rat LR, PCNA was detected by Western blot. The
results showed that PCNA expression increased at 24 h, 30 h and 36
h after PH, suggesting that the increase of liver mass and expression
changes of PCNA (Figure 1Ba) were positive correlation.

To validate the reliability of the protein expression abundances
detected by 2D-DIGE, six randomly selected proteins, including
PLCG2, PIK3R1, NFkB1, TGFp2, AKT1 and CD47, were further
tested by Western blot (Figure 1C). The results showed that the level
of PLCG?2 significantly increased at 2-12 h, 36 h and 120 h in rat
LR after PH (Figure 1Bb), the same as PIK3R1 at 24-36 h and 120
h (Figure 1Bc), NFkB1 at 2 h and 6 h (Figure 1Bd), TGFpP2 at 120 h
(Figure 1Be), AKT1 at 2-6 h and 72 h (Figure 1Bf), CD47 at 6-12 h
and 168 h (Figure 1Bg). By comparing with the results of 2D-DIGE,
the protein expression trends in the both were similar, suggesting that
the results of 2D-DIGE were reliable.
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Figure 1: The growth of the rat regenerating livers after partial hepatectomy and their protein expression changes. (A) Liver-to-body weight ratio (LBWR). (B) The
protein expression changes during rat liver regeneration after PH. The dotted lines showed the data detected by 2D-DIGE, and the solid lines showed the data
detected by Western blot. B-actin was used as an internal reference. The data are means + SEM values, *p <0.05, **p <0.01. (C) Western blot analysis of PCNA,

PLCG2, PIK3R1, NF-kB1, TGFB2, AKT1 and CD47.
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Figure 2: The expression changes of proteins detected by 2D-DIGE during rat liver regeneration after partial hepatectomy. Red represents up-regulated proteins,
green represents down-regulated proteins, and yellow represents no difference in protein expression.

The liver regeneration-related proteins and their role

In this study, the protein expression changes in the rat
regenerating liver were detected by 2D-DIGE (Figure 2A and 2B) and
mass spectrometry. The results showed that, compared with normal
control, 5,631 proteins were significantly changed. F-test indicated
that, compared with SO groups, 2,168 proteins (Supplementary
Table 1) with significant differences (P < 0.05) in PH groups were
regarded as liver regeneration-related proteins with 1,518 proteins
up-regulated, 411 proteins down-regulated, and 239 proteins up-/
down-regulated (that is, up-regulated at some time points after PH
and down-regulated at another time points). GO annotation and
IPA analysis showed that 1,659 kinds of liver regeneration-related
proteins participated in 33 kinds of physiological activities including
signal transduction and cell proliferation.

The expression changes of proteins associated with the
cell proliferation signaling pathways during rat liver
regeneration

In the above-mentioned 1,659 kinds of liver regeneration-
related proteins, 279 proteins participated in signaling pathways that
regulate cell proliferation. Among them, the expression changes of
the proteins associated with FGF, PDGF, insulin, oncostatin M and
IL2 signaling pathways were provided in Table 1. IPA analysis showed
that protein PLC was located in the center of FGF, PDGEF, insulin,
oncostatin M and IL2 signaling pathways. Further analysis by the
relative extraction method showed that PLC protein family member
PLCG2 was a key protein and played a key role in rat LR. Of them, the
signaling molecule FGF1 of FGF signaling pathway was up-regulated
at 2 h during rat LR, the same as FGF7 at 2-12 h, FGF9 at 36 h and
120 h, and their receptor FGFR at 24 h. In PDGF signaling pathway,
PDGFB was up-regulated at 120 h, and its receptor PDGFRA at 12 h
during rat LR. In insulin signaling pathway, insulin receptor INSR
was up-regulated at 2 h and 12-36 h during rat LR. In oncostatin M
signaling pathway, oncostatin M receptor OSMR was up-regulated
at 6 h and 120 h during rat LR. In IL2 signaling pathway, IL2 was
up-regulated at 168 h, and its receptor IL2RG at 2-36 h during rat LR
(Table 1).

The downstream proteins of the above-mentioned signaling
pathways, including PIK3R1 and PIK3R2 of PI3K family at 2-120 h,
PLCB4, PLCD1 and PLCG2 of PLC family at 2-168 h, ITPR3 at 2 h
and 168 h, MALT1 at 2-36 h, were up-regulated during rat LR. Their
transcription factors NF-kB1 was up-regulated at 2-6 h, and ATF4 at
120 h during rat LR (Table 1).

The expression changes of the proteins associated with cell
proliferation during rat liver regeneration

In the above-mentioned 1,659 kinds of liver regeneration-
related proteins, 506 proteins participated in cell proliferation
(Supplementary Tabale 2). Among the 506 proteins, 179 proteins
such as IL2RG were up-regulated at 2 and 6 h during rat LR, and the
same as 249 proteins such as NDUFAF2 at 12-72 h, and 149 proteins
such as SMOX at 120 and 168 h. On the other hand, 42 proteins such
as NUMB were down-regulated at 2 and 6 h during rat LR, and the
same as 62 proteins such as DAP3 at 12-72 h, and 3 proteins such as
GAK at 120 and 168 h. Meantime, 7 proteins such as SIRPA were
up-/down-regulated at 2 and 6 h during rat LR, and the same as 39
proteins such as SUMO3 at 12-72 h.

Correlation of signal transduction activity and cell
proliferation activity during rat liver regeneration

The correlation of signal transduction activity and cell
proliferation activity during rat LR was analyzed by spectral function
Ep(t). The results showed that the signal transduction activity of the
FGF pathway at 2 h, the PDGF, insulin and oncostatin M pathways
at 12 h, the IL2 pathway at 2-36 h during rat LR, were significantly
stronger than SO control groups (Table 2). Meanwhile, the cell
proliferation activity at 2-36 h during rat LR was also significantly
enhanced (Table 2), suggesting that a positive correlation existed in
the signal transduction activity of the above-mentioned signaling
pathways and cell proliferation activity in rat LR.

Discussion

The liver is one of the organs with intensive regenerating ability,
and partial hepatectomy (PH) model is a common model to study the
mechanism of liver regeneration (LR) [2]. Generally, the number of
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Table 1: The expression changes of the proteins associated with cell proliferation signaling pathways during rat liver regeneration*.

M and IL2 signaling pathways, respectively.

Table 2: Correlation of signal transduction activity and cell proliferation activity during rat liver regeneration*.

. . . Recovery time (h) after partial hepatectomy

Proteins Entry name Signaling pathways

2 6 12 24 30 36 72 120 168
PLCG2 PLCG2_RAT 1-5 217 2.36 2.1 2.00 2.12 2.29 2.15 2.36 2.69
PIK3R4 PI3R4_RAT 1-5 2.03 3.20 2.10 2.75 2.28 3.48 1.35 0.99 0.89
IL2RG IL2RG_MOUSE 5 3.12 2.77 2.98 2.89 3.10 3.12 1.24 1.1 1.16
INSR INSR_RAT 3 4.24 1.62 417 3.44 4.23 4.40 1.20 1.28 0.95
PRKCD KPCD_RAT 1-5 1.21 3.51 4.59 2.48 1.04 0.75 117 237 1.02
FGF7 FGF7_RAT 1 2.38 2.19 2.83 0.98 1.06 0.89 0.84 1.51 1.10
PLCB4 PLCB4_RAT 1-5 4.55 1.30 1.42 0.93 0.86 0.82 1.34 2.01 2.25
PIK3R2 P85B_RAT 1-5 0.95 2.36 1.03 1.13 2.14 1.30 1.05 2.40 0.89
NFkB1 NFKB1_RAT 1-5 2.05 2.28 1.85 1.36 1.04 1.88 1.48 1.41 1.1
ITPR3 ITPR3_RAT 1-5 2.22 1.04 1.06 1.04 1.13 1.27 1.17 1.33 2.01
OSMR OSMR_RAT 4 1.93 2.32 1.29 1.07 0.74 1.02 1.39 2.49 0.82
PDGFB PDGFB_RAT 2 1.28 1.19 2.38 1.34 0.92 1.32 1.47 249 1.22
FGF9 FGF9_RAT 1 0.83 1.42 1.54 1.18 1.33 2.30 1.38 212 1.32
FGF1 FGF1_RAT 1 243 0.87 0.76 1.25 1.09 1.19 0.92 1.17 1.04
PLCD1 PLCD1_RAT 1-5 0.85 0.86 2.20 1.30 1.31 1.13 1.07 0.91 0.95
PDGFRA PGFRA_RAT 2 0.97 1.21 2.17 0.74 0.86 0.78 1.36 0.91 1.05
FGFR2 FGFR2_MOUSE 1 0.90 0.95 1.28 3.66 1.36 1.47 1.99 0.61 1.07
PIK3R1 P85A_RAT 1-5 1.77 1.28 1.44 1.91 2.04 1.71 1.13 1.23 1.03
ATF4 ATF4_RAT 1-5 0.91 0.86 1.14 1.29 1.01 0.94 0.90 2.18 1.03
IL2 IL2_RAT 5 1.10 1.27 1.33 1.21 1.03 1.05 0.89 1.20 2.47
MALT1 MALT1_MOUSE 1-5 2.75 3.57 1.21 3.90 3.54 0.92 1.10 0.89
Blue background represents up-regulated proteins, and green represents down-regulated proteins. The numbers 1-5 represent the FGF, PDGF, insulin, oncostatin

:’l::-tlec;:;:zrezsuslzz:)hanges Recovery time (h) after partial hepatectomy sum
Physiological activity 2 6 12 24 30 36 72 120 168

FGF signaling pathway 6/0 4/0 51 4/0 41 3/0 1/0 5/0 3/0 11
Signaling activity + ~ ~ ~ ~ ~ ~ ~ ~

PDGF signaling pathway 5/0 4/0 6/0 4/0 41 3/0 1/0 6/0 3/0 12/0
Signaling activity ~ ~ + ~ ~ ~ ~ ~ ~

insulin signaling pathway 6/0 4/0 6/0 5/0 5/1 4/0 1/0 5/0 3/0 11/0
Signaling activity ~ ~ + ~ ~ ~ ~ ~ ~

OSM signaling pathway 5/0 5/0 5/0 4/0 4/1 3/0 1/0 6/0 3/0 11/0
Signaling activity ~ ~ + ~ ~ ~ ~ ~ ~

IL2 signaling pathway 6/0 5/0 6/0 5/0 51 4/0 1/0 5/0 4/0 12/0
Signaling activity + + + + + + ~ ~ ~

Cell proliferation 127/26 121/33 129/41 91/39 122/46 107/45 59/6 95/2 7411 388/70
Cell proliferation activity + + + + + + ~ ~ ~

*

hepatocytes account for 70-80% of the liver, so hepatocyte function
could represent the function of liver and the regenerating liver,
and hepatocyte proliferation could reflect the growth of liver and
the regenerating liver, which have been also confirmed by LBWR
analysis and western blot analysis of PCNA expression. In order to
elucidate the mechanisms of hepatocyte proliferation in rat LR, this
study qualitatively and quantitatively detected the protein expression
changes by 2D-DIGE, mass spectrometry and Western blot, and
analyzed cell proliferation mechanism in rat LR at the proteome level.

Generally, hepatocyte proliferation is regulated by several
signaling pathways. In PDGF, FGF, insulin, oncostatin M and IL2
signaling pathways, the binding of signaling molecules to their
receptors activates PI3K and PLC by cascade reaction [8-10,27,28].

“_n

+” represents experimental group significantly stronger than the control group; “~” represents no significant difference between the experimental and control groups

It was reported that FGF7, PDGF, IL2, INSR and OSMR regulated
cell proliferation by activating PI3K/AKT and ERK1/2 [7,29-33].
Studies have proved that the activation of PI3K/AKT and ERK1/2 was
critical for hepatocyte proliferation and liver regeneration after PH
[12,34,35]. This study found that signaling molecules FGF7 and IL2
were up-regulated during rat LR, the level of their receptors PDGFR,
INSR, OSMR and IL2RG were enhanced, the expression of the PI3K
family members PIK3R1, PIK3R2 and PIK3R4 were also significantly
increased. Meanwhile, the protein level of PIK3R1 was confirmed
by our Western blot analysis. These results suggested that growth
factors, oncostatin M and IL2 played important roles in promoting
hepatocyte proliferation during rat LR by activating PI3K/AKT and
ERK1/2.
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Figure 3: The regulation mechanism of hepatocyte proliferation by signaling
pathways during rat liver regeneration. Red represents up-regulated proteins,
and green represents down-regulated proteins.

Meanwhile, the activated PLC mentioned above hydrolyzes
PIP2 into IP3 and DAG, thus leading to the activation of PKC and
calmodulin (CALM). Then PKC and CALM activate transcription
factors such as NF-«xB, ELK1, ATF4 and AP-1 by cascade reaction
[13,14]. Albi et al. reported that the activity and expression of PLC was
enhanced in LR, and PLC was involved in the cell cycle progression
during LR [36]. In this study, PRKCD of the PKC family, and PLCB4,
PLCDI and PLCG2 of the PLC family were up-regulated during rat
LR. More important, PLCG2 was located in the central node of these
signaling pathways, and was up-regulated at 2-168 h in rat LR, which
was also confirmed by our Western blot analysis, suggesting that
PLCG2 plays a key role in rat LR.

It was reported that the transcription factors NF-xB, ELKI,
CREB and AP-1 promoted cell proliferation by regulating the
expression of cell proliferation-related genes such as cyclins and
CDKs [15-19,37,38]. Our current research found that transcription
factors NF-kB1, ATF4 and c-FOS were up-regulated in rat LR, and
cell proliferation-related proteins CCNB1, CCNC, CCND1, CCNEI],
CDKI1, CDK2 and CDK4 were also up-regulated. Meantime, the
protein level of NF-kB1 was verified by our Western blot analysis.
Furthermore, spectral function Ep(t) analysis demonstrated that
the signal transduction activity of the FGF pathway at 2 h, PDGF,
insulin and oncostatin M pathways at 12 h, IL2 pathway at 2-36 h,
were significantly enhanced in rat LR after PH, and the same as cell
proliferation activity at 2-36 h, suggesting that a positive correlation
existed in the signal transduction activity and cell proliferation
activity in rat LR.

In summary, this study showed that FGF, PDGF, insulin,
oncostatin M and IL2 signaling pathways might promote hepatocyte
proliferation in the initial stage (2-6 h after PH) and progressive
stage (6-72 h after PH) of rat LR through PLC/NF-kB and PLC/ERK.
Meanwhile, PLCG2 was up-regulated in LR and was located in the
central node of the six signaling pathways, suggesting that PLCG2
maybe play a key role in rat LR (Figure 3). In future, we will further
validate the regulation mechanisms of cell proliferation in rat LR by
several molecular biological techniques, such as gene over-expression,
gene knockout, RNA interference, inhibitors of signaling pathways,
and so on.
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