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Abstract

Recent studies indicate that the process of liver re-
generation involves multiple signaling pathways and
a variety of genes, cytokines and growth factors.
Protein-protein interactions (PPIs) play a role in nearly
all events that take place within the cell and PPI maps
should be helpful in further understanding the process
of liver regeneration. In this review, we discuss recent
progress in understanding the PPIs that occur during
liver regeneration especially those in the transforming
growth factor B signaling pathways. We believe the use
of large-scale PPI maps for integrating the information
already known about the liver regeneration is a useful
approach in understanding liver regeneration from the
standpoint of systems biology.

© 2010 Baishideng. All rights reserved.
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INTRODUCTION

Liver has the capacity to regenerate by a process of com-
pensatory growth following injury and various molecular
and cellular pathways are involved in this process' . It
is still difficult to understand precisely how the process
of liver regeneration is regulated. Previous studies of
liver regeneration have been made at the functional, cel-
lular, molecular or gene level®. Tt is generally believed
that most cellular processes are determined by protein-
protein interactions (PPIs)®” and, therefore, PPIs maps
provide a valuable framework for a better understanding
of the functional organization of the proteome dur-
ing liver regenerationp’s’gl. Various methods have been
used to study the functions of specific proteins during
liver regeneration. In this review, we describe the use of
high-throughput experimental methods and algorithmic
predictions to unravel the complex processes of liver re-
generation through the use of PPI maps.

LIVER REGENERATION

Source of liver cells and genes analysis in liver
regeneration processes
Liver regeneration can be seen as a timely sequence of
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Figure 1 Hepatocyte cell cycle during liver regeneration and clustering algorithm of gene expressions in gene chip during mouse liver regeneration
following CCls-induced liver injury. Some important genes are activated in the regenerating liver after partial hepatectomy or hepatocellular injury induced by
CCla. Liver regeneration can be divided into four phases: GO: Corresponds to approximately the first 4 h; G1: Quiescent cells enter the cell cycle during production
of hepatocyte growth factor (HGF), epidermal growth factor (EGF), tumor necrosis factor (TNF), etc.; S: Chromosomal DNA is replicated and peak DNA production
occurs at approximately 24 h; then, after 48 h or more, the process of regeneration is terminated. The curves following the gene products and the dashed line
represent the changes in gene expressions measured in our lab using Gene Chip® mouse 430 2.0 during liver regeneration following CCls-induced liver injury.
Changes on the level of gene expression were log2-transformed using signal value at 0 h time-point as baseline. Genes with their expression levels varying at least 2-fold

between any two time-points were subjected to hierarchical clustering analysis. TGF: Transforming growth factor; MMP9: Matrix metalloproteinase 9.

Cell types Functions

Hepatocytes Organized in single cell plates; perform metabolic and
detoxification function; can secrete HGF, IL-6, proteases
and protease inhibitors

Sinusoidal Involved in endocytosis and metabolism of molecules;
endothelial ~ can produce TGFB, HGF, IL-6 and nitric oxide

cells

Biliary Can promote fibrogenesis by attraction of hepatic
epithelial stellate cells and can secrete cytokines such as MCP-1
cells and IL-6

Kupffer cells Major producers of cytokines such as TNF and IL-6

Hepatic Store vitamin A and secrete laminins, collagens and

stellate cells  growth factor: HGF, EGF, TGFp and cytokines IL-6;
also produce MMPs

Oval cells Can differentiate to biliary and hepatocytes lineage

HGEF: Hepatocyte growth factor; IL-6: Interleukin-6; EGF: Epidermal growth
factor; TGF: Transforming growth factor; MCP: Monocyte chemotactic pro-
tein; MMP: Matrix metalloproteinase; TNF: Tumor necrosis factor.

morphological events; resulting in the reconstitution of
the lost liver mass following surgical resection or carbon
tetrachloride (CCls) induced injury. Depending on the na-
ture of the regenerative processes, several sources of liver
cells are involved™™"" (Table 1).

After partial hepatectomy (PH) or toxic forms of liver
injury, some immediate early genes are expressed simulta-
neously in the liver. C-fos, c-jun and c-myc are up-regulat-
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ed immediately and they activate hepatic non-parenchymal
cells. Then tumor necrosis factor o, epidermal growth
factor, hepatocyte growth factor and transforming growth
factor oo (TGFay) are released to provide the cooperative
signals for the hepatocytes cell cycle to move from GO
through G1 to S phase, leading to DNA synthesis, and he-
patocyte proliferation. TGFf, which controls hepatocyte
DNA synthesis, is blocked during the proliferative phase,
but is again restored at the end of the process of regen-
eration. TGF is believed to be a key factor in returning
hepatocytes to the quiescent state and ending liver regen-
eration™*"?,

Our laboratory has used a mouse model of CCls-
induced liver injury to investigate changes of gene expres-
sion during the process of liver regeneration (Figure 1).
Changes in the expression of 3642 genes were detected
during the process of liver regeneration by microarray
analysis'” (Figure 1). Genes whose expression levels var-
ied at least 2-fold at any time-point were subjected to self-
organizing analysis, using Cluster 3.0 (Stanford University).
Their specific functions of each cluster were analyzed and
will be described elsewhere (manuscript in preparation).

Termination response during liver regeneration

Many research studies have focused on the regulation of
the initiation and proliferation phases of liver regenera-
tion. Although the molecular mechanisms for termination
of liver regeneration ate still not completely understood,
TGF and activins, which belong to the TGFp superfam-
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Figure 2 The classical and basic view of transforming growth factor 8 signaling pathway during liver regeneration. Generally speaking, transforming growth
factor B (TGFp) superfamily ligands bind to a type II receptor (R1II), which recruits and phosphorylates a R I . The R I then phosphorylates receptor-regulated
Smads. Then complexes accumulate in the nucleus where they act as transcription factors and participate in the regulation of target gene expression.

ily, appear to be important' . TGFp and activin A may
bind to their high-affinity cell surface type I receptor
(TGFBRI) and ActRIl or ActRIIb, respectively and
TGFP inhibits G1 to S phase transition in hepatocytes.
TGE levels rise rapidly after CCli-induced injury and,
therefore, TGFP is known to have growth inhibitory ef-
fects on liver regeneration. So, at its simplest, the basic
TGFp signals through its Type I and Type I recep-
tors (TGFBR I and TGFBRII) cause phosphorylation
of Smad proteins and activate the Smads complex that
controls transcription (Figure 2). Dierssen e al'” dem-
onstrated that gp130-dependent Stat3 activation and
concomitant suppressor of cytokine signaling 3 (Socs3) is
involved in timing of DNA synthesis during liver regen-
eration. Also, Riehle ¢ a/'" showed that Socs3 modulates
several signaling pathways and involved in physiological
proliferative processes and protects hepatocyte prolifera-
tion in liver regeneration. Therefore, there is more to be
understood about the TGE[ signaling pathway and its
effects in termination of regeneration, but this still should
underscore the complexity of other related pathways and
their contribution to the process of termination of liver
regeneration . Further studies need to be conducted on
understanding the mechanism of liver regeneration.

PPls AND CORRESPONDING MAPS

PPIs refer to the association of protein molecules and PPI
maps/networks summarize large amounts of PPI data,
both from expetiments and prediction.

There are a multitude of methods to detect PPI in-
cluding biochemical, physical/biophysical and theoretical
methods. The yeast two-hybrid (Y2H) technology is one
of the most reliable and feasible experimental biochemical
methods to detect PPI since it was established in 1989!",
The improvement of Y2H techniques can provide high-
throughput methods which are widely used in proteome
studies of PPIs. Co-immunoprecipitation (ColP) is also
considered to be the gold standard assay for PPIs, espe-
cially when it is performed with endogenous proteins.
Pull-down assays are a common variation and immuno-
precipitation and immunoelectrophoresis are used identi-
cally, although this approach is more amenable for an
initial screening of interacting proteins[w]. Fluotescence
resonance energy transfer is a common biophysical tech-
nique used for observing the interactions of two different
proteins™. There are many ways to detect PPI and each
of the approaches has its own strengths and weaknesses,
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therefore, it is wise to determine the specific method after
weighing the advantages and disadvantages.

Visualization of PPI is a popular application and al-
ready, the map of PPI among Saccharomyces cerevisiad”",
Drosophila melanggaster™, Caenorbabditis elggans”, constructed
through a series of experiments and algorithmic predic-
tions, has proved its usefulness for analyzing complex
gene regulation and cellular behavior™. Similar efforts
for PPI maps for human are ongoing and the first human
PPI map was constructed from more than 3000 PPIs"
(Table 2). Recently, the size of PPI maps in different ot-
ganisms were estimated (with the PPI map for humans
being nearly 650000 PPIs) and the size is strongly be-
lieved to have correlation with the organism’s apparent
biological complexity™.

Although the PPI maps are still far from complete,
whether its deciphered from DNA parts are molecules,
cells, or living organisms, a PPI map provides an insight
into the systems biology. Our current challenge is to know
how large-scale PPI maps possible functions and to under-
stand how cells operate in an integrated manner to carry
out phenotypic functions, besides increasing the coverage
and accuracy of the existing and novel PPI data sets™".

PEELING THE PPI MAPS DURING LIVER
REGENERATION

During liver regeneration, cytokine, growth factors and
metabolic pathways were both active after PH or CCls-
induced liver injury, and the pathways interacted with each
other™; although, there is indeed a flow of information
via interactions between DNA, RNA and proteins on
which this review will mainly focus. More research about
PPI maps is on the level of proteome (Table 2), and these
PPI maps will reveal the connectivity of the proteome. If
we construct a PPI map during liver regeneration, it will
reflect the particular cellular or unique signaling pathway
status. As to the PPI map analysis, the so called small-
word and scale-free behavior are considered, which indi-
cated that in the maps only few nodes (stand for proteins)
are highly connected with others (hub protein) and most
of the nodes are connected with only a few nodes (low
degree)[“]. In this processes, to capture the changes in
protein connectivity and find the key signaling pathways,
especially those that interact, is most attractive. For the
mechanisms of liver regeneration to be completely under-

stood, a multitude of PPI maps must be coordinated””.
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Researcher Yr Level Model organisms Method PPl numbers
Bartel et al™ 1996 Proteome T7 phage Y2H 25
Uetz et al™ 2000 Proteome Saccharomyces cerevisiae Y2H 1389
Tto et al™ 2000 Proteome Saccharomyces cerevisiae Y2H 183
Walhout et al™ 2000 Proteome Caenorhabditis elegans Y2H 148
Tto et al™ 2001 Proteome Saccharomyces cerevisiae Y2H 4549
Ho et al™ 2002 Proteome Saccharomyces cerevisiae MS 367
Giot et al™ 2003 Proteome Drosophila melanogaster Y2H 20240
Colland et al™ 2004 Pathway Caenorhabditis elegans Y2H 755
Stanyon et al®™ 2004 Cell cycle Drosophila melanogaster Y2H 20000
Li et al" 2004 Proteome Caenorhabditis elegans Y2H 3955
Lehner et al™ 2004 mRNA Human Y2H 247
Formstecher et al™! 2005 Proteome Drosophila melanogaster Y2H 2300
Stelzl et al™ 2005 Proteome Human Y2H 3083
Rual et al 2005 Proteome Human Y2H 2529
Ewing et al® 2007 Proteome Human MS 24540
Parrish et al™” 2007 Proteome Camp. jejuni. Y2H 11687
Gao et al™ 2008 Liver regeneration Human Y2H 64
Chen et al™ 2008 Protein degradation Human Y2H 114

Y2H: Yeast two-hybrid; MS: Mass spectrometry; PPI: Protein-protein interaction.

PPI maps and TGF( signaling pathway

Understanding the processes and mechanisms of liver
regeneration involves recognizing components in liver
regeneration system, the dynamic change of these com-
ponents and their interactions"”.

In this review, it is pointed out that PPI maps (or PPI
data) are closely correlated with TGFf regulated Smad sig-
naling pathways during liver regeneration. Colland ef a/”"
have used Y2H technique identified 755 interactions,
mainly in a focused analysis of TGF[ signaling pathways
and have constructed the PPI maps. They used this meth-
od to analyse LMO4, HYPA, KIAA1196 and LAPTm5
proteins, which are additional proteins involved in regula-
tion of TGFP signaling pathways. Also, they present an
integrated approach for the identification of new factors
implicated in TGFp signaling pathway involved in several
human pathologies and in the termination of liver regen-
eration. From this point of view, we can apply this strat-
egy to study liver regeneration.

This review focuses on PPI maps and liver regenera-
tion, and pays attention to the TGFp signaling pathway.
The PPI maps were constructed containing proteins re-
lated to the TGFp signaling pathway and some of these
proteins may have potential functions on the termina-
tion of liver regeneration (Figure 3). It can be easily used
to find the key proteins in this process and additional
experiments should be done to validate this hypothesis.
Regardless, it is confirmed that the PPI map is an effec-
tive tool to study liver regeneration.

A PPl maps acting during liver cell proliferation

Gao et a’’" constructed a PPI map of transcription fac-
tors acting during liver regeneration which contains 32
regulatory proteins. Among them, 27 transcription factor
genes that might have roles in the control of liver regen-
eration and five other genes that encode signal transducers
might modulate transcription. After using a matrix mating
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Y2H technique, a PPI map in which all the components
are related with liver cell proliferation was constructed
(Figure 4) and some of the interactions were validated by
a-glutathione S-transferase pull-down and ColP assays.
From this PPI map, Gao ez @/ pointed out that ATF3, a
member of the mammalian activation transctiption fac-
tor/cAMP responsive element-binding protein family
of transcription factors, interacts with FHI.2 which may
be an important interaction during liver regeneration, es-
pecially for liver cell proliferation. When it comes to the
termination response during liver regeneration, FHL2 and
ATF3 may form a complex which abolishes its function
on DNA synthesis and might terminate the liver regen-
eration. Also, it is possible that FHI.2 may interact with
Stat3 to inhibit its function in activating downstream gene
expression that is necessary to terminate the liver regen-
eration. Nearly all the interactions in this map are growth
repressors duting liver regeneration and this is one of the
ways in which the termination of hepatocyte proliferation
and liver regeneration is regulated. Although this is one
hypothesis for termination of liver regeneration, there is
still growing evidence which shows that it is feasible to
understand liver regeneration.

This PPI map is only a small-scale map and already
can make sense of termination of liver regeneration. It
would be no exaggeration to say that if large-scale, more
complicated PPI maps are constructed it will greatly help
us to know more about mechanism of liver regeneration.

FUTURE PROSPECTS

During the last decade, several efforts had been made to
demonstrate the mechanism of liver regeneration. But
unfortunately, an important gap is the lack of under-
standing of liver regeneration and therefore, some dif-
ficulties appear in liver cancer treatments or liver trans-
plantation and drug development, which remain to be
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Figure 3 A protein-protein interaction comprising the transforming growth factor  signaling pathway. This figure just lists the protein-protein interactions
which correlated with transforming growth factor B type I receptor (TGFB R 1), TGFB RII and Smads and all the proteins that directly interact with these three
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Figure 4 Protein-protein interaction maps comprising the transforming growth factor {3 signaling pathway of transcription factors associated with liver
cell proliferation. The protein-protein interaction maps consist of different stages of liver regeneration (0 d, 0.5d, 1.5d, 4.5 d and 7 d after CCls-induced liver injury).
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Figure 5 A protein-protein interaction map of transcription factors associated with liver cell proliferation. Node stands for protein and the edge means the
two proteins are interactive; the node size symbolizes the degree of this protein (the more highly connected with others, the bigger node); the edge target arrow shape
and color: delta and blue, interactions are only validated by yeast two-hybrid (Y2H); diamond and green means validated by Y2H and a.-glutathione S-transferase pull-

down; T and black means validated by Y2H and co-immunoprecipitation.

solved. Constructing PPI maps is a powerful step toward
addressing these challenges. The most important profiles
shall be discussed.

Integration of PPI data druing liver regeneration

Different high-throughput PPI data are difficult to cover
even if in the same species, also, it has a higher rate of
false positives than that of small-scale data™, However,
it may be useful to increase the capacity of false positive
identification in order to find out the real PPI from the
noise data. The first step is to collect the correct and reli-
able PPI data and find several criteria which can be used
to evaluate the PPI data sets. By integrating small-scale
and large-scale PPI data, PPI databases have emerged
and it is generally believed that a PPI database is a symbol
of the level of PPIs. Although a series of PPI databases
such as BIND (http://bind.ca), MIPS (http://mips.gsf.
de) and DIP (http://dip.doe-mbi.ucla.edu) are popular
and helpful, there are still no PPI databases for liver cells,
liver regeneration or specific liver diseases, such as liver

144

Jgn?s:iﬁmg"‘ WJG | www.wjgnet.com

cancet. PPI data should be collected, evaluated, retrieved
and systemically stored (including the detailed informa-
tion for PPIs).

With liver regeneration PPI data which is integrated
into the databases and is made readily accessible through
the internet, researchers will be able to quickly locate the
PPIs for their proteins of interest during liver regenera-
tion, also, they will get the interpretation of PPIs in detail,
which means any type of available information on pro-
teins or protein domains can be verified. Meanwhile, we
should also explore a tool that allows easy navigation in
this complex of PPI databases especially for liver regen-
eration.

Already, the Y2H system has increasingly been applied
in high-throughput applications intended to map genome-
scale PPI for liver regeneration and is definitely believed
to be an effective way to construct large-scale PPI maps
during liver regeneration. Also, the low coverage and ex-
perimental bias call for development of computational
methods to predict PPIs™, and mining of existing inter-
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action data to infer additional interactions is also a trend
to enlarge the PPI database. Nowadays, lots of PPI data
are obtained from different organisms and we can get PPI
from interacting proteins to exhibit similar phylogenetic
trees*. As to PPIs during liver regeneration, much more
computational methods and algorithms must be fixed in
order to predict PPIs during liver regeneration, also it may

from signaling pathways level or proteome level.

Static and dynamic architecture of PPl maps during liver
regeneration

Static PPI maps during liver regeneration, especially the
PPI maps on signaling pathways, will help us to undet-
stand the different phases and different gene changes of
liver regeneration. In order to understand the mechanism
of liver regeneration, the PPI map furthered the under-
standing of the architecture of cellular machinery and
revealed fundamental properties'*”. The large-scale and
static PPI maps show us some information and they are
quite important to understand the spatiotemporal exis-
tence of PPIs. Obviously, PPI maps are dynamic and not
static, but unfortunately nearly all the PPI maps are static
and do not consider the PPI strength and spatiotemporal
existence let alone the types of PPI maps and do not re-
flect the actual situation in liver cells. Therefore, dynamic
PPI maps are of more importance for cell signaling and
dictate timing and intensity of map outputs. Our lab has
also tried to construct dynamic PPI maps dutring mouse
liver regeneration.

We picked up 5 major time points (0 d, 0.5 d, 1.5 d,
4.5 d and 7 d) during the mouse liver regeneration process
after CCls-induced liver injury, in which all the proteins
are transcription factors associated with TGFf signaling
pathway and constructed 5 PPI maps (Figure 5). It is easy
to identify the PPIs change in the whole process of liver
regeneration including numbers and the protein category.
The numbers of PPIs increased at the beginning and then
decreased. A detailed analysis of these PPI maps are in
progress, which is a mark of the beginning of dynamic
PPI maps construction.

Though no large-scale data sets are yet available on
liver PPI map dynamics, the time dimension can be added
by projecting time series of liver regeneration mRNA
expression data onto transcription factors, allowing one
method to interpret dynamic PPI maps. Reseatchers also
need to consider addressing where and when interactions
take place in different phases of liver regeneration and
how they regulate the process. It will be a great help for
us to know about liver regeneration if we know the full
range of PPIs, from static to dynamic, and this is a useful
method for studying liver regeneration over the next few
years which will hopefully improve our ability to undet-
stand the PPI maps during liver regeneration.

Liver regeneration remains a fascinating project and
the exact cellular and molecular mechanisms are still a
mystery to us. In order to understand this phenomenon,
many methods must integrate and we are just beginning to
appreciate the relationship between PPIs and liver regen-
eration. We strongly believe that PPI maps from systems
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biology is a key gateway for decipheting liver regeneration.
Certainly, like the sequencing of the human genome, the
construction of a PPI map during liver regeneration will
represent a major step along the path towards understand-
ing the mechanisms of liver regeneration.
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