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ANOVA 
analysis of variance

AP

activator protein 

ARL

augmentor of liver regeneration



aa-dUTP 
5-(3-aminoallyl)-2’-deoxyuridine-5’-triphosphate 

ATP 

adenosine triphosphate 

ATF

activating transcription factor

BSA 

bovine serum albumine

BRN

brain-2 class III POU-domain protein
BTG

B-cell translocation gene
C/EBP 
CCAAT-enhancer-binding protein
CRE

cAMP response element

CREB

cAMP response element binding
CT 

cardiotrophin

Ct

cycle at threshold

DMSO

dimethylsulfoxide

DNA

deoxyribonucleic acid
DUSP-6
dual specificity phosphoatase
EGF

epidermal growth factor

ER

endoplasmic reticulum

ERK

extracellular signal-regulated kinase

FDR

false discovery rate

FGF 

fibroblast growth factor
FMO

flavin containing monooxygenase
G6Pase
glucose-6-phosphatase 
GO

Gene Ontology
HB-EGF
heparin-binding epidermal growth factorlike growth factor

HGF

hepatocyte growth factor

HNF-1

hepatic nuclear factor 1
HRP

horse radish peroxidase
HSS 

hepatic stimulatory substance
IGF

insulin-like growth factor

IGFBP

insulin-like-growth-factor-binding protein

IκB

inhibitor of NF-κB

IKK

IκB kinase

IL

interleukin

iNOS

inducible nitric oxide synthase

JAK

Janus-kinase-family

JNK

Jun amino-terminal kinase

KLF

Kruppel-like factor

KNG

kininogen
LEF-1

lymphoid enhancer factor 1

L-NAME 
N-nitro-L-arginine methyl ester 
LPS

lipopolysaccharide

Lowess 
locally weighted scatterplot smoothing
MAPK

mitogen-activated protein kinase
MIAME
minimal information about microarray experiment
MKK

MAPK kinase

MMP

matrix metalloproteinase
MT

metallothionein

mTOR 
mammalian target of rapamycin
NF-κB

nuclear factor for the kappa chain of B cells

OSM

oncostatin M

PAINT

promoter analysis and interaction network generation tool
PAM.

partitioning around medoids
PAX-6

paired box gene 6 
PBEF

pre-B cell colony-enhancing factor
PBL 

portal vein branch ligation

PCR

polimerase chain reaction 

PEPCK
phosphoenolpyruvate carboxykinase 

pERK

phosphorylated extracellular signal-regulated kinases

PHx

partial hepatectomy

PI3K

phosphatidylinositol 3-kinase
PP2A

protein phosphatase 2A
PVE

portal vein embolization

PVP

portal vein pressure

qPCR

quantitative PCR

qRT-PCR
quantitative reverse transcription PCR

RNA

ribonucleic acid

ROS 

reactive oxygen species

RT 

reverse transcription
SC

silhouette coefficient
SCF 

stem-cell factor

SIN-1 

3-morpholinosydnonimine 
SOD

superoxide dismutase
SOCS 

suppressor of cytokine signaling

STAT 

signal transducer and activator of transcription

TAN

total adenine nucleotides 

TGF 

transforming growth factor
TF

transcription factor
TNF 

tumor necrosis factor

TNFR 

TNF receptor
TRNA

transcriptional regulatory network analysis

tRNA 

transfer RNA
TTP

tristetraprolin

uPA

urokinase-type plasminogen activator
VEGF 

vascular endothelial growth factor
vRNA

vector RNA

ZFP

zinc finger protein
Introduction

Actuality of the problem. The onset and progression of liver regeneration following acute injury reflects a complex program of responses involving growth factors, cytokines, hormones, matrix components and other factors. These extracellular mediators activate a carefully orchestrated sequence of intracellular signals resulting in a system-wide coordinated program of gene expression alterations and associated changes in the functional state of the liver cells (Fausto et al., 2006; Michalopoulos and DeFrances, 1997; Michalopoulos, 2007; Taub, 2004). Following the largely uncharacterized signals that mark the recognition of tissue damage after partial hepatectomy (PHx) and the onset of regeneration, which may include hemodynamic changes and stress signals mediated by adrenergic and purinergic agonists (Crumm et al., 2008), hepatocytes emerge from the quiescent (G0) state to enter the pre-replicative phase of the cell cycle (G1) (Fausto, 2000; Fausto et al., 2006; Taub, 2004). The exit from quiescence (sometimes referred to as “priming”) is controlled by a wide range of signals from growth factors (HGF, TGF-α), cytokines, (tumor necrosis factor-α (TNF-α), interleukin-6) and structural components affected by proteases, such as urokinase plasminogen activator (uPA) and matrix metalloprotease-9 (MMP9) (Cressman et al., 1996; Fausto et al., 2006; Michalopoulos and DeFrances, 1997; Michalopoulos, 2007; Taub, 2004; Yamada et al., 1997). These and other signals result in the activation of a variety of transcription factors (TFs) important during the initial stages of liver regeneration before the onset of de novo protein synthesis and entry into the cell cycle (Taub, 2004). Specific TFs, such as nuclear factor-κB (NF-κB), signal transducer and activator of transcription 3 (STAT-3), CCAAT enhancer-binding protein β (C/EBP-β), and activator protein 1 (AP-1) are rapidly activated in the remnant liver within minutes to hours after PHx (Cressman et al., 1995; FitzGerald et al., 1995; Greenbaum et al., 1998; Heim et al., 1997). These events lead to the first phase of gene expression, referred to as the immediate early phase, which lasts for approximately 4 hours in the rat. The protooncogenes c-fos, c-jun and c-myc were among the first genes to be identified in this group (Morello et al., 1990; Thompson et al., 1986). Previous studies by Taub and colleagues identified a large set of genes participating in the immediate early response to PHx, which includes transcription factors, tyrosine phosphatases, as well as secreted and intracellular metabolic proteins (Haber et al., 1993; Taub, 1996).

Characterizing changes in gene expression using microarray technology has provided new insight into the regulation of liver regeneration (Arai et al., 2003; Otu et al., 2007; Su et al., 2002; White et al., 2005). Notably, a broad range of cellular processes appears to be represented among up- or down-regulated genes. Although the major emphasis in liver regeneration has been on signals that lead to cell proliferation, the response to PHx is much broader. Liver cells display a highly dynamic and coordinated response profile that affects almost every aspect of cell functioning (Michalopoulos, 2007). However, our understanding of the temporal patterns of gene expression that occur during the course of liver regeneration and of the upstream regulatory signals responsible for these patterns is still limited. 

Studies of liver regeneration have important clinical implications. Experimental data from animal models provide vital information to enhance the safety using partial livers from living donors for transplantation, increasing the number of organs that are available for transplantation (Taub, 2004). Partial hepatectomy is also performed in humans, in order to resect solitary liver metastases or repair trauma (Michalopoulos, 2007). Understanding the regulatory mechanisms of liver regeneration helps better define the pathological conditions in which liver regeneration is impaired and will ultimately provide new treatment options for patients with liver damage.
Aim of this study: To get insight into the transcriptional network co-regulating gene expression in the early phase of liver regeneration.

Tasks of this study:

1. To determine temporal gene expression profile in regenerating rat liver at 1-6 hours after 70% partial hepatectomy.

2. To test the effects of inhibitors of ATP release or purinergic receptor activation on the expression of immediate early genes in the regenerating liver.
3. To identify the candidate transcription factors involved in regulation of gene expression in the initial phase of liver regeneration.

4. To confirm activation of identified candidate transcription factors in regenerating rat liver. 
Scientific novelty. In this study cDNA microarrays were used to monitor changes in gene expression at 1, 2, 4, 6 h after PHx in remnant livers in the rat. These time-points provide information on the course of events during the initiation of the regenerative response accompanying the emergence of hepatocytes from the quiescent state and the onset of the G1 phase (Fausto, 2000; Michalopoulos, 2007). A novel approach to analyze the microarray data was developed in this study. This approach extends beyond the list of differentially expressed genes and focuses on the characterization of their transcriptional regulation, which is one of the key mechanisms by which protein expression changes are controlled. To characterize candidate TFs responsible for differential expression profiles of the immediate early genes transcriptional regulatory network analysis (TRNA) was performed using the Promoter Analysis and Interaction Network Toolset (PAINT) software (http://www.dbi.tju.edu/dbi/tools/paint) (Gonye et al., 2007; Vadigepalli et al., 2003). The concept driving the analysis in PAINT is that many co-expressed genes share regulatory elements, typically TF binding sites, in their promoters, leading to co-regulation. PAINT uses bioinformatics in combination with robust statistical approaches to identify the significantly enriched regulatory elements in the promoters of the genes with similar expression patterns. Activation of specific TFs predicted by our TRNA was confirmed using ELISA-based transcription factor binding assays. Chromatin precipitation (ChIP) assay was used to test TFs binding promoter regions of specific gene. Based on these results, we characterize the transcriptional regulatory network interactions that drive functional responses during the early phase of regeneration after PHx. 

Several previous studies reported microarray studies of gene expression changes in rodents after partial hepatectomy using a variety of platforms. The majority of these studies presented data on mice, including some that included early time points (Arai et al., 2003; Locker et al., 2003; Otu et al., 2007; Su et al., 2002; White et al., 2005). However, the onset and progression of liver regeneration after PHx is considerably slower in the mouse than in the rat (Fausto et al., 2006). Reported experimental results vary considerably between studies, both in the number and the nature of genes reported and in the number of replicates, making consistent evaluation of the statistical significance and validation of the resulting changes difficult. Therefore, these studies have not generally resulted in broader insights into the functional processes associated with these changes in gene expression. One previous study used the rat model (Fukuhara et al., 2003), starting with the 6 hour time point. However, this study observed significant differences in only 16 (out of 4608) genes. Thus, our study is unique in presenting a robust analysis of the gene expression changes in the rat and, importantly, in using the temporal response profile to obtain information on the transcriptional regulation that drives these responses.
1 Literature review

General features of liver regeneration

In mammals, the liver is unique in its ability to regenerate and recover its function. Liver regeneration, having presumably evolved to protect animals in the wild from the possibly fatal results of liver function loss caused by food toxins or viral injury, has been an object of human curiosity for many years. The first written account of liver regeneration is traced back to Greek mythology which recounts the misfortunes of Prometheus, whose punishment from Zeus for stealing fire from Mount Olympus and introducing it to mortals included the devouring of his liver by an eagle. Each evening the liver of Prometheus was restored only to be lost again the following day to the eagle. 

The first modern description of liver regeneration dates to the mid-nineteenth century when Budd related clinical improvements in patients with a presumed fatal liver disease to the regenerative process (Budd, 1846). Experimental liver regeneration studies in animal models were started by Fishback (Fishback, 1929). Higgins and Anderson developed the procedure for partial hepatectomy (PHx) in rats (Higgins and Anderson, 1931), and it is still the most commonly used liver regeneration model. In this model the medial and left lateral lobes (which total 70% of the liver mass) are removed intact, without damage to the lobes left behind. The remaining liver enlarges until the original liver mass is restored. Most recent liver regeneration studies are carried out in genetically modified mice. The original technique of Higgins and Anderson for PHx in rats must be modified to be safely and reproducibly performed in mice (Greene and Puder, 2003). Ligating both the left and median lobes together (as done in rats) causes necrosis in the remaining right lobe in a mouse, presumably from vascular obstruction. Thus, data reporting the effect of a gene on mouse mortality after PHx need to be carefully interpreted (Fausto et al., 2006). Alternatively, loss of liver mass can be induced by administering hepatotoxic chemicals (e.g., carbon tetrachloride). This is followed by an inflammatory response which removes tissue debris, followed by the regenerative response (Michalopoulos, 2007). 
Broadly defined, partial hepatectomy is a type of liver injury, though no immediate histological damage results from it. The signaling pathways triggered during liver regeneration strongly resemble those of the classic wound healing process (Schafer and Werner, 2007), except that the changes observed in liver occur over the entire organ and that some of the signals may be derived in part from the peripheral circulation (Michalopoulos, 2007).
In biological terms, regeneration means the reconstitution of a structure that has been excised, such as the complete re-growth of the limb in amphibian models, including skin, muscle, and digits. Regeneration of a lost limb starts with the formation of a blastema at the cut surface, which contains progenitor cells with broad differentiation potential (Tanaka, 2003). In liver regeneration after PHx the resected hepatic lobes do not grow back. The residual lobes increase in size as a consequence of cell proliferation replacing lost functional mass (Fausto, 2000; Michalopoulos and DeFrances, 1997; Michalopoulos, 2007). In this experimental system, liver regeneration does not require the recruitment of liver stem cells or progenitor cells, but involves replication of the mature functioning liver cells. Liver regeneration is technically a process of compensatory growth rather than regeneration; the size of the resultant liver is determined by the demands of the organism, and, once the original mass of the liver has been restored, proliferation stops. Liver regeneration does not follow the same general steps involved in true regenerative processes, and formation of a blastema containing dedifferentiated cells does not occur (Fausto et al., 2006). 

Liver mass is precisely regulated and signals from the body can have both positive and negative effects on liver mass until the correct size is reached. It’s not regulated solely by growth. When liver mass exceeds the body’s functional demands, the liver loses mass to restore the optimal liver mass/body ratio. This occurs in drug-induced liver hyperplasia and hypertrophy, upon termination of drug treatment (Michalopoulos and DeFrances, 1997). Withdrawal of the growth stimulus causes hepatocyte apoptosis and restoration of normal mass. The transplantation of a large liver into a small donor creates a situation in which the functional capacity of the liver exceeds the body demands (Kam et al., 1987). When liver from large dogs is transplanted into small dogs, liver size gradually decreases until the size of the organ becomes proportional to the new body size (Kawasaki et al., 1992). In all of these cases, liver mass decreases to reach the optimal point of equilibrium, though the signals that mediate such decrease or those that allow the tissue to recognize that this point has been attained are not clear.

The initiating mechanisms of liver regeneration are presumably mostly similar in rats, mice, and humans, but the time-course of the process differs among species. In rats and mice, the original liver mass is restored in 7–10 days (Bucher, 1963; Michalopoulos, 2007). In human after liver trauma or resection of metastases, there is a very rapid increase in liver mass during the first 7 days after partial liver transplantation, leading to complete restoration in 3 months (Marcos et al., 2000; Nagasue et al., 1987). When two-thirds of the hepatic tissue is removed, restoration of the original number of hepatocytes theoretically requires 1.66 proliferative cycles per residual hepatocyte. Most of the hepatocytes in the residual lobes participate in one or two proliferative events (Stocker and Heine, 1971). 

Cellular mechanisms of liver regeneration

Liver is an organ that has a central role in metabolic homeostasis, as it is responsible for the metabolism, synthesis, storage and redistribution of nutrients, carbohydrates, fats and vitamins. The liver produces large numbers of serum proteins including albumin and acute phase proteins, enzymes and cofactors. It is the main detoxifying organ of the body, which removes wastes and xenobiotics by metabolic conversion and biliary excretion. The main cell type of the liver that carries out most of these functions is the parenchymal cell, or hepatocyte, which makes up ~80% of hepatic cells (Michalopoulos, 2007; Taub, 2004). Hepatocytes are the first cells to respond to injury or resection, undergoing DNA synthesis which peaks at 24 h for the rat and at approximately 36 h for the mouse (Michalopoulos, 2007). The proliferation of hepatocytes advances from periportal to pericentral areas of the lobule, as a wave of mitoses (Rabes, 1977). Hepatocytes surrounding the central veins are the last ones to undergo cell replication (Gebhardt et al., 2007). Proliferation of biliary epithelial cells occurs a little later than hepatocytes. Proliferation of endothelial cells starts at 2-3 days and ends around 4-5 days after PHx. The kinetics of proliferation of stellate cells has not been fully explored (Michalopoulos, 2007).
Hepatocytes have a surprisingly high proliferative capacity. This was demonstrated by the serial transplantation of hepatocytes in mice, which showed that these cells were capable of more than 70 rounds of replication (Overturf et al., 1997). Such findings are compatible with the theoretical calculation that a single hepatocyte is capable of repopulating an entire mouse liver (Weglarz et al., 2000). Telomere length is important for the replicative potential of hepatocytes. In most somatic cells, cellular proliferation is associated with progressive telomere shortening. Telomeres are specialized high-order chromatin structures that protect chromosome ends against degradation by forming molecular caps. In addition to telomere-stabilizing proteins, telomeres consist of tens of kilo bases of telomeric repeats (Blackburn, 2000; Collins, 2000). After a certain number of cell divisions, replication-associated telomere shortening renders telomeric caps unstable and chromosome ends unprotected. This results in a dramatic upsurge in chromosomal aberrations. Additionally, cells with unstable chromosome ends activate their DNA damage response machinery with entry into cell cycle exit and replicative senescence, a post-mitotic quiescent state (Shay et al., 1991). In contrast to somatic cells, germ and embryonic stem cells are capable of undergoing an infinite number of cell divisions (Kim et al., 1994). In these cells, the enzyme complex telomerase counterbalances telomere shortening by de novo synthesis of telomeric repeats onto chromosome ends (Greider and Blackburn, 1985). Significant increase in telomerase activity was reported in regenerating liver (Wege et al., 2007; Wege et al., 2007). Telomerase deficiency, caused by gene knockouts, impairs DNA synthesis in a subset of cells that have critically short telomeres leading to impaired hepatic regeneration (Rudolph et al., 2000; Satyanarayana et al., 2003).
The regeneration of the liver after PHx is performed by hepatocytes, and does not rely on stem cells. This is distinctly different from other tissues, such as skeletal muscle, in which differentiated myocytes do not replicate, but regeneration after injury can occur through the proliferation of precursor cells (satellite cells) (Michalopoulos, 2007; Tanaka, 2003; Wozniak et al., 2005) or the heart, in which there is little if any proliferation of differentiated myocytes or immature precursors (Mathur and Martin, 2004). Hepatocytes are also the cells that are involved in liver regeneration after acute injury caused by chemicals such as carbon tetrachloride (Farber and El-Mofty, 1975). 

However, cells with stem cell properties may appear in large numbers when mature hepatocytes are inhibited from proliferation (Fausto, 1997; Fausto, 2004; Michalopoulos, 2007). Hepatocytes are unable to replicate in response to certain types of injury. Agents such as dipin, retrorsine, galactosamine or N-acetylaminofluorene inflict liver damage in animals and diminish the replicative capacity of hepatocytes (Best and Coleman, 2007; Ohlson et al., 1998). Under these conditions a population of oval cells proliferates to replace the hepatic parenchyma (Dabeva and Shafritz, 1993; Fausto, 2000; Fausto, 2004; Michalopoulos, 2007). The restricted potential to differentiate into hepatocytes and cholangiocytes qualifies oval cells more as progenitor cells rather than true stem cells (Cantz et al., 2008). The origin of these cells is widely debated in the literature. It is still unclear whether oval cells pre-exist in the tissue (Gleiberman et al., 2005) or develop from other adult cell types after an injury (Braun and Sandgren, 2000; Michalopoulos and DeFrances, 1997; Michalopoulos, 2007). 
Kupffer cells are the liver macrophages predominantly located in the lumen of hepatic sinusoids, where they mainly clear foreign materials from the portal circulation (Naito et al., 2004). Kupffer cells are known to produce a variety of growth- and immuno-modulating mediators which have stimulatory and inhibitory effects on liver regeneration (Granado et al., 2006; Orfila et al., 2005; Ross et al., 2001; Takeishi et al., 1999; Wolf et al., 2006). However, their function in liver regeneration after PH and the underlying mechanisms are not fully understood (Ding et al., 2003; Murata et al., 2008). Boulton and colleagues noted an augmentation of the early phase of liver regeneration following Kupffer cell depletion (Boulton et al., 1998). It has also been reported that Kupffer cell depletion exerts an inhibitory effect on liver regeneration by alteration of hepatic cytokine expression (Meijer et al., 2000; Murata et al., 2008; Naito et al., 2004). 
The hepatocyte cell cycle

Adult hepatocytes are fully differentiated cells with the exceptional metabolic capability. Mitosis is seen in fewer then 0.001% of hepatocytes in the normal liver (Fausto, 1997). However, after 70% partial hepatectomy approximately 95% of hepatocytes rapidly enter cell-cycle in the liver of young animals (Taub, 2004). That proportion drops to about 70% in old animals, in which the restoration of liver mass is considerably slower than in the young (Bucher, 1963). Regardless of the proportion of hepatocytes that replicate during liver regeneration, replication does not start until several hours after partial hepatectomy. Hepatocytes in their quiescent state are in a state known as G0, which indicates that the cells are not cycling. After partial hepatectomy they enter the cell cycle (G1 phase), progress to DNA replication (S phase), and then undergo mitosis (M phase). Typically, the interval between PHx and the initiation of DNA synthesis in hepatocytes is 10 to 12 hours in rats. The first peak of DNA synthesis in hepatocytes occurs at about 24 hours, with a smaller peak between 36 and 48 hours. In mice the peak of DNA replication occurs 36 to 40 hours after the operation and varies between strains (Fausto et al., 2006; Michalopoulos, 2007; Taub, 2004). The differences in the timing of the initiation and peak of hepatocyte replication after PHx reflect the variability in the length of the G1 phase among species.

The timing of DNA replication is an intrinsic property of hepatocytes. Experiments in which rat hepatocytes were transplanted into mouse livers demonstrated that rat hepatocytes replicated earlier than mouse hepatocytes in the resultant chimeric liver despite being placed in the same tissue environment (Weglarz and Sandgren, 2000). These results indicate that the timing of hepatocyte DNA replication after PHx is an autonomous process, primarily guided by intrinsic signals. Data obtained from cultured human hepatocytes suggest that their replication timing is in the same range as that observed in rat and mouse hepatocytes, but there is no information about the replicative timing of human hepatocytes in human partial liver transplants or after hepatic resection. It is also not known to what extent the replicative capacity of human hepatocytes diminishes with aging (Fausto and Riehle, 2005).

Hemodynamic changes after partial hepatectomy
The rapidity with which the onset of regenerative signals occurs after PHx suggests that a powerful initiating signal (or signals) is activated at the time of PHx. Immediately upon ligation of the medial and left lateral lobes of the rat liver, a dramatic hemodynamic effect occurs in the remnant lobes. Total blood flow to the liver after PHx is unchanged, at least initially, thereby resulting an increase in the blood flow-to liver mass ratio. The arterial component of the blood supply per unit of liver tissue does not change after 70% and the portal contribution triples, so the relative proportion of portal to arterial blood also changes (Michalopoulos, 2007).

The direct link between the hemodynamic response and liver regeneration was experimentally established when it was observed that a vascular shunt between the portal vein and the vena cava precluded elevated portal flow to the liver after PHx and prevented liver regeneration as well (Mann, 1940). Little progress was made in elucidating the mechanism by which portal blood flow influences regeneration in the remnant liver until Macedo and Lautt (Macedo and Lautt, 1998) reported that elevated portal blood flows induces shear stress in the liver with the consequent release of nitric oxide (NO) from hepatic endothelial cells. NO may serve as the primary trigger for liver regeneration. Initiation of regenerative signals in the liver by NO has been reported in a non-PHx model in which NO production by Kupffer cells exposed to a variety of toxins results in a proliferative wave in hepatocytes (Barriault et al., 1997). Decreased expression of endothelial nitric oxide synthase (eNOS) may result in reduced-size livers after transplantation of liver fragments (Palmes et al., 2005). Pre-surgical treatment with the NO synthase inhibitor N-nitro-L-arginine methyl ester (L-NAME) affects both hepatic macro- and micro-circulation and impedes regeneration after PHx. Substitution of nitric oxide with molsidomine counteracts the effects of this inhibitor and boosts liver regeneration compared to resected controls (Cantre et al., 2008). 
Another frequently employed hemodynamic model of PHx is portal vein branch ligation (PBL). It involves surgical ligation (without extirpation) of the left branch of the portal vein that supplies the left lateral and medial lobes of the liver. This procedure forces all portal blood through the remaining 1/3 of the liver tissue as does removal of 2/3 of the liver in PHx. PBL causes an increase in portal vein pressure (PVP) similar to that after PHx and, presumably, a similar development of shear stress (Kollmar et al., 2007; Um et al., 1994). Schoen and colleagues (Schoen et al., 2001) compared the regenerative process in PBL in which liver mass is not reduced to PHx in which liver mass is lost. In this study, markers of regeneration included the release of proliferative factors into the plasma at the 4 h time point after surgery and induction of c-Fos mRNA expression, an immediate early gene in the regenerating liver, 15 min after surgery. Shear stress has been shown to induce c-Fos mRNA expression in endothelial cells (Hsieh et al., 1993; Ranjan and Diamond, 1993). The increase in PVP, the induction of c-fos at 15 min after surgery, and release of proliferative factors at 4 h were identical in both models. The ligated lobes in the PVP model, while still receiving blood via the hepatic artery, did not undergo induction of c-fos. Pre-surgical treatment with L-NAME in both PHx and PBL prevented the induction of c-fos while combined treatment with L-NAME and an NO donor, SIN-1 (3-morpholinosydnonimine) reversed the antagonistic effect of L-NAME (Schoen et al., 2001). Even without any surgical treatment injections of SIN-1 reduces portal venous pressure in a dose-dependent manner and affects the arterial and portal blood flow ratio in the liver (Li et al., 2003). 
The studies described above provide support for the hypothesis that a hemodynamic change results in increased shear stress in the liver causing generation of NO, which then triggers the liver regeneration cascade. Downstream regenerative events of hemodynamically induced NO production may include activation of the guanosine 3',5'-cyclic monophosphate (cGMP)/cGMP-dependent protein kinase (PKG) signaling and induction of cytokines (Broderick et al., 2007; Chan et al., 2004; Magrinat et al., 1992). cGMP has been reported to accumulate transiently in the remnant liver 10-20 min after PHx (Miura et al., 1976). PKG signaling induces phosphorylation of CREB (cAMP response element binding) and binding of this transcription factor to CRE (cAMP response element) in the promoter of the c-fos (Chan et al., 2004). c-Fos expression leads to its dimerization with c-Jun to form the AP-1 (activator protein 1). This transcription factor regulates expression of numerous genes important for normal regeneration (Chu et al., 1998; Leu et al., 2001; Stepniak et al., 2006). 
Mueller and colleagues (Mueller et al., 2002) compared the timing of immediate-early gene induction after PHx and PBL in the rat. Expression of the early growth response genes Egr-1, type-1 plasminogen activator inhibitor (PAI-1), and phosphatase of the regenerating liver-1 (PRL-1) followed onset kinetics that were indistinguishable in PBL and PHx rats during the first few hours after the surgery. Portal vein embolization (PVE) in human subjects led to stretch stress rather then shear stress induced by PBL (Mueller et al., 2002). The diameters of the portal branches in the non-embolized lobe increased by 150% and this lobe had noticeably enlarged two weeks after surgery. Within 3 h of PVE, serum IL-6 levels increased while TNF-α and HGF levels were unchanged suggesting that this hemodynamic change (i.e., stretch stress) may trigger the regenerative cascade by stimulation of IL-6 release from hepatic endothelial cells. Nobuoka and colleagues (Nobuoka et al., 2006) demonstrated the relation between portal blood flow and liver regeneration after partial hepatectomy. The blood flow in the remnant liver was reduced by 40% using partial ligation of the portal trunk delaying the regenerative process. Taken together, it appears that some early response events in liver regeneration are directly related to hemodynamic changes. 

Early phase of liver regeneration 
The entry of quiescent hepatocytes into the cell cycle, corresponding to the G0/G1 transition, is often referred to as priming. The priming phase lasts for approximately 4 hours in regenerating rat liver (Fausto, 2000). The “priming” term should include not only preparation for entry into the cell cycle, but also events and strategies of hepatocytes aimed at modifying patterns of gene expression so that they continue to deliver their homeostatic functions (Michalopoulos, 2007). It is a complex process involving the activation of multiple pathways (Figure 1).

[image: image1]
Figure 1. Chronology of key events occurring at the early stages of liver regeneration after partial hepatectomy. Events within similarly colored boxes belong in the same category. The associated horizontal lines for each box delineate the beginning and the duration of each signal (Adapted from Michalopoulos, 2007).

An increase in cytokines such as tumor necrosis factor α (TNF-α) and interleukin 6 (IL-6) is observed in this phase (Fausto, 2000; Mitchell et al., 2005). Simultaneously, liver tissue undergoes matrix remodeling, and levels of hepatocyte growth factor (HGF) and epidermal growth factor (EGF) rise, resulting in activation of EGF and HGF receptors in hepatocytes (Michalopoulos, 2007). Beta catenin (Monga et al., 2001) and the Notch-1 intracellular domain (NICD) (Kohler et al., 2004) appear in hepatocyte nuclei within 15-30 min after PHx. Specific transcription factors, such as nuclear factor kappa B (NF-κB), signal transducer and activator of transcription 3 (STAT-3), CCAAT enhancer-binding protein β (C\EBP-β), and activator protein 1 (AP-1) are rapidly activated in the remnant liver in phase (Cressman et al., 1995; FitzGerald et al., 1995; Greenbaum et al., 1998; Heim et al., 1997; Taub et al., 1999). Activation of transcription factors leads to up-regulation of multiple immediate early genes (Mitchell et al., 2005). Intracellular-signaling pathways that involve mitogen-activated protein kinases (MAPKs), ERKs (extracellular signal-regulated kinases) and Jun amino-terminal kinase (JNK), and receptor tyrosine kinases are rapidly activated after the PH (Taub, 2004).
1.1.1 Matrix remodeling after partial hepatectomy

One of the earliest biochemical changes observed in liver after PHx is an increase in activity of urokinase plasminogen activator (uPA). As seen in early stages of wound healing (Kortlever and Bernards, 2006), there is increase in uPA activity throughout the entire remnant liver starting as early as 5 minutes after PHx (Mars et al., 1995). The relationship between the increase in uPA and the hemodynamic changes is not clear, but an increase of uPA is reported in several cell types including endothelial cells following mechanical stress associated with increased turbulent flow (Sokabe et al., 2004). The increase in uPA activity is accompanied by activation of plasminogen to plasmin (within 10 min) and appearance of fibrinogen degradation products (Kim et al., 1997a). Urokinase is known to activate matrix remodeling, seen both during wound healing and in liver regeneration (Michalopoulos, 2007). Metalloproteinase 9 (MMP9) is activated at 30 min after partial hepatectomy (Kim et al., 2000). Studies from wound healing and tumor biology have shown that matrix remodeling is associated with release of locally bound growth factors and signaling peptides (Swindle et al., 2001). Matrix remodeling is a very important component of liver regeneration and mice with genetic elimination of MMP9 have defective regeneration (Olle et al., 2006). 
1.1.2 Notch and Jagged protein

Notch and Jagged protein family members mediate ligand-receptor interactions between cells in tissues undergoing differentiation and proliferation related changes (Baron et al., 2002; Baron, 2003; Mumm and Kopan, 2000). Notch proteins are considered to be the receptors, but both Notch and Jagged protein family members are anchored on the plasma membrane with a transmembrane domain. Binding of Jagged to Notch leads to a complex cascade of proteolytic events whereby the intracellular domain of Notch (NICD) is cleaved and migrates to the nucleus, where it functions as a transcription factor (co-activator) and mediates expression of several genes related to cell cycle, including Myc and Cyclin D1 (Ronchini and Capobianco, 2001). The genes HES-1 and HES-5 are directly regulated by Notch. As mentioned above, NICD migrates to hepatocyte nuclei at 15 min after PHx (Kohler et al., 2004). HES-1 and HES-5 are also up-regulated within 30 min after PHx. There is increased expression of Notch-1 and Jagged-1 from 3 h to 4 days after PHx, and blocking their expression decreases the regenerative response (Croquelois et al., 2005; Kohler et al., 2004).

1.1.3 Activation of constitutively expressed transcription factors after PHx 

Transcription factors are proteins which bind specific recognition sites in genes to initiate or enhance their activation. A single transcription factor can bind and activate multiple genes. Conversely, single genes bind multiple transcription factors. Thus, transcription factors can propagate signals by activating many different genes while interactions between transcription factors provide another level of regulation for specific genes (Fausto, 2000).
Nuclear factor for the kappa chain of B cells (NF-κB) is a ubiquitously expressed transcription factor activated by a variety of mitogens and cytokines. NF-κB, a heterodimer composed of p50 and p65 proteins is maintained in an inactive state in the cytoplasm of quiescent cells via binding of inhibitory IκB proteins (Okamoto et al., 2007). IκBs are a family of related proteins that have an N-terminal regulatory domain, followed by six or more ankyrin repeats and a PEST domain (a peptide sequence which is rich in proline, glutamine, serine, and threonine) near their C terminus. Although the IκB family consists of IκB-α, IκB-β, IκB-γ, IκB-ε, and Bcl-3, the best-studied and major IκB protein is IκB-α (Hayden and Ghosh, 2004). NF-κB activation is initiated by phosphorylation of IκB protein by its upstream kinase, IKK-β. Phosphorylated IκB has reduced affinity for NF-κB. It dissociates from the complex and is ubiquinated and marked for proteosomal degradation. A NLS (nuclear localization signal) in NF-κB is exposed by IκB dissociation; NF-κB is translocated to the nucleus and transcriptional activation of κB promoters ensues (Brasier, 2006; Hayden and Ghosh, 2004). The promoter region of IκB contains a NF-κB binding sequence; hence, NF-κB is a transcription factor for its own inhibitory protein (Brasier, 2006; Ito et al., 1994). In the regenerating liver, NF-κB activity is induced within 30 min of PHx but its activity is transient and disappears after 4-5 hours (Cressman et al., 1994). 

Signal transducer and activator of transcription 3 (STAT-3) is also activated after partial hepatectomy (Terui and Ozaki, 2005), but the activation is slower than that of NF-κB and the mechanism of activation entirely different. STAT-3 is detectable in the liver l-2 h after partial hepatectomy and the activation lasts for 4-6 h (Greenbaum et al., 1995). STAT-3 is activated mainly by IL-6 type cytokines, a family of proteins that includes oncostatin M, leukemia inhibitory factor (LIF), ciliary neurotrophic factor (CNTF), interleukin 11 (IL-l1) and cardiotrophin (CT), all of which use a common gp130 receptor subunit for signal transduction (Fausto, 2000; Fausto, 2006). Binding of IL-6 causes dimerization of the receptor, activation of intracellular tyrosine kinases (JAKs) which phosphorylate gp130 and create docking sites for STAT-3 binding. STAT-3 is phosphorylated and translocated to the nucleus where it regulates expression of a large number of genes, including those involved in inflammation, the acute phase response and proliferation (Dierssen et al., 2008; Terui and Ozaki, 2005).

1.1.4 Expression of immediate early growth response genes after PHx
PHx induces rapid induction of more than 100 genes not expressed in normal liver (Taub, 1996; Taub, 2004). These genes relate directly or indirectly to preparative events for the entry of hepatocytes into the cell cycle. The precise role of the many genes expressed early in liver regeneration is not always clear. The early changes in gene expression should be viewed as serving both the entry of hepatocytes into the cell cycle as well the orchestration of specific adjustments that hepatocytes have to make, so that they can deliver all essential hepatic functions while going through cell proliferation (Michalopoulos, 2007).

The first phase of gene expression after partial hepatectomy, referred to as the immediate early phase, occurs very rapidly after the operation and lasts for approximately four hours. These genes are activated by normally latent transcription factors at the transition between G0 and G1, before the onset of de novo protein synthesis. The protooncogenes c-fos, c-jun and c-myc were the first genes to be identified in this group (Alcorn et al., 1990; Morello et al., 1990; Thompson et al., 1986). The studies by Taub and her colleagues discovered sets of genes participating in the immediate early response to partial hepatectomy (Haber et al., 1993). These genes do not share a common function. They include transcription factors, tyrosine phosphatases, as well as secreted and intracellular metabolic proteins (Taub, 1996). Today the use of microarray technology expands this list of identified immediate early genes even further (Arai et al., 2003; Kelley-Loughnane et al., 2002; Otu et al., 2007; Su et al., 2002). 

Gluconeogenesis and ureagenesis constitute a major portion of the metabolic load placed on the liver by the body. To maintain these functions after PHx, genes essential to these functions are up-regulated in the remnant liver. Several immediate early genes are related to blood glucose homeostasis. Such genes, as glucose-6-phosphatase (G6Pase), phosphoenolpyruvate carboxykinase (PEPCK), and insulin-like growth factor binding protein 1 (IGFBP-1) are rapidly up-regulated after PHx (Haber et al., 1993; Otu et al., 2007; Su et al., 2002). Inhibition of PEPCK induction after PHx causes severe hypoglycemia and increased lethality (Yang et al., 2001).

A second major class of immediate early genes induced rapidly after PHx includes the genes for the transcription factors c-Fos, c-Jun, and the C/EBP proteins, all of which are associated with the G0-G1 transition. The AP-1 family of transcription factors consists of the Jun proteins (c-Jun, Jun B and Jun D) and the Fos proteins (c-Fos, Fos B, Fra-1 and Fra-2) (Milde-Langosch, 2005). AP-1 protein complexes bind as dimers to promoters of responsive genes and stimulate their transcription. Jun proteins dimerize with Jun proteins and with Fos proteins while Fos proteins form obligate heterodimers with Jun proteins providing an array of different AP-1 complexes (Angel and Karin, 1991; Milde-Langosch, 2005; Raivich and Behrens, 2006). The induction of the Fos and Jun genes after PHx follows different patterns. C-fos mRNA induction peaks 15-30 min after PHx and declines rapidly to basal level 2 hours before rising again by 8 hours (Su et al., 2002; Thompson et al., 1986). The level of c-jun mRNA is elevated at 30 min – 1 h, but unlike c-fos, remains elevated for 4 to 8 hours (Alcorn et al., 1990; Su et al., 2002). In contrast to the transient accumulation of c-jun and c-fos transcripts, the protein levels of AP-1 complexes remain highly elevated well into the G1 phase of the cell cycle (Hsu et al., 1992). Complete AP-1 induction requires two independent pathways in liver regeneration: a TNF-α/IL-6 dependent pathway (TNF-α → NF-κB → IL-6 → STAT-3) that stimulates c-fos expression (Fausto, 2000; Fausto, 2006) and a second mechanism, which has been suggested to be downstream of growth factor receptors, resulting in c-Jun activation, c-Jun positively regulates its own transcription. Potential growth factor candidates for c-Jun activation include the EGF and HGF signaling cascades (Behrens et al., 2002). 
Signaling mechanisms in liver regeneration

The evolution of ideas pertaining to the mechanisms of liver regeneration may be categorized into three phases: (1) the original view that a single humoral agent could function as a key, capable of unlocking all of the events required for liver regeneration; (2) the idea that the activation of one pathway involving multiple components could be responsible for regeneration; and (3) the more recent idea that the activity of multiple pathways is required for liver regeneration (Fausto, 2000; Fausto, 2006; Michalopoulos and DeFrances, 1997; Michalopoulos, 2007; Taub, 2004). Liver regeneration does require the activation of multiple pathways, but these pathways do not act independently of each other. The patterns of interaction between pathways are very complex; they may involve simultaneous and/or sequential modes of operation, may occur in different liver cell types, and may be present only at certain stages of liver regeneration (Fausto, 2006; Michalopoulos, 2007). The recent literature suggests that the essential circuitry required for liver regeneration consists of three types of pathways: cytokine, growth factor, and metabolic networks that link liver function with cell growth and proliferation (Fausto, 2006). Redundancy exists among the intracellular components of each network, and the loss of an individual gene rarely leads to complete inhibition of liver regeneration. Instead, a change in the timing of hepatocyte DNA replication or mortality in only a fraction of the animals carrying the defect is typically seen (Michalopoulos, 2007). No single genetically modified mouse model demonstrates 100% mortality and a complete blockage of both DNA replication and cell proliferation after two-thirds PHx. Thus, using criteria established by genetic studies in other organisms, no single gene can be considered essential for liver regeneration (Fausto, 2006; Michalopoulos, 2007). 
1.1.5 Cytokine signaling 
Cytokines are a category of secreted signalling proteins and glycoproteins that interact with plasma membrane receptors. Like hormones and neurotransmitters, cytokines are used extensively in cellular communication. While hormones are secreted from specific organs to the blood, and neurotransmitters are related to neural activity, the cytokines are a more diverse class of compounds in terms of origin and purpose. They are produced by a wide variety of cell types and can have autocrine, paracrine and endocrine effects, sometimes strongly dependent on the presence of other chemicals. The cytokine family consists mainly of smaller, water-soluble proteins and glycoproteins with a mass between 8 and 30 kDa. Cytokines are critical to the development and functioning of both the innate and adaptive immune response. They are often secreted by immune cells that have encountered a pathogen, thereby activating and recruiting further immune cells to increase the system's response to the pathogen. Cytokines are also involved in the regulation of a wide spectrum of biological processes including cell proliferation, differentiation, and apoptosis (Taub, 2004).
Cytokines are involved in the initiation of liver regeneration. Hepatocytes in the normal liver are quiescent (G0 phase) and exhibit only a minimal response to potent in vitro mitogens; they have to be primed by cytokines to respond to growth factor stimulation (Fausto, 2000; Fausto, 2006). Direct infusion of transforming growth factor α (TGF-α), epidermal growth factor (EGF) and hepatocyte growth factor ( HGF ) into the portal vein is followed by DNA synthesis in less then 10% of liver hepatocytes. However, growth factor infusion into rats preceded by a single tumor necrosis factor (TNF) injection induces replication in up to 40% of hepatocytes in the normal liver (Webber et al., 1994). Although the priming phase is essential for the hepatocyte response to growth factors, this stage is reversible. Without the involvement of growth factors, hepatocytes do not progress through cell cycle and they return to quiescence (Webber et al., 1998).
The main participants in the cytokine network that activates liver regeneration are TNF-α and IL-6 (Cressman et al., 1995; FitzGerald et al., 1995; Iwai et al., 2001). These typically pro-inflammatory molecules participate in the initiation of liver regeneration, and some experiments with knockout mice suggest that the type I TNF receptor (TNFR-1) and IL-6 may be essential for full regeneration (Cressman et al., 1996; Yamada et al., 1997). The cytokine network in the regenerating liver is initiated through the binding of TNF to TNFR-1. Activation of this receptor results in multiple events in liver cells. One such event is activation of NF-κB in nonparenchymal liver cells, which leads to production of IL-6, and activation of STAT-3 in hepatocytes (Figure 2). 
TNF and IL-6 are important mediators of the acute-phase response. However, there is little activation of acute-phase response genes after partial hepatectomy, and no hepatocyte replication occurs in the setting of the acute-phase response without hepatectomy. The differential effects of TNF and IL-6 in these two conditions may depend on the activity of the suppressor of cytokine signaling (SOCS) (Alexander and Hilton, 2004; Krebs and Hilton, 2000). IL-6 leads to STAT-3 activation, and STAT-3 induces SOCS-3 expression at the time of maximal IL-6 and STAT-3 activity in the regenerating liver. SOCS-3 is then presumed to prevent further STAT-3 activation, potentially terminating IL-6 signaling (Campbell et al., 2001; Fausto, 2006; Terui and Ozaki, 2005).[image: image2.emf]
[image: image3.png]Partial Hepatectomy

P '
@ signalin

\ SOCS-3 mMRNA cascade

@

Q

Kupffer Cell

Go/Gy Inflammatory - Cytoprotection
tfransition response




Figure 2. Cytokine pathways in the regenerating liver. After partial hepatectomy, TNF-α is released from Kupffer cells. It then binds to its type I receptor, leading to NF-κB activation. NF-κB regulates the transcription of many genes, including IL-6 in Kupffer cells. IL-6 is secreted and binds its receptor IL-6R on the surface of hepatocytes, which interacts with two subunits of gp130, and activates Janus kinase (JAK). Activated JAK triggers the mitogen-activated protein kinase (MAPK) pathway. JAK also activates STAT-3. STAT-3 regulates expression of multiple genes with diverse functions, including its own inhibitor suppressor of cytokine signaling (SOCS) 3, which interacts with JAK and blocks cytokine signaling.

It was demonstrated that cytokine activation and DNA replication are severely impaired in mice lacking the complement components C3a and C5a (Strey et al., 2003). C3a and C5a, interact with their receptors on Kupffer cells to stimulate IL-6 and TNF-α release. Double knockout mice lacking both C3a and C5a have impaired production of TNF and IL-6 after partial hepatectomy and poor activation of NF-κB and STAT-3 (Mastellos et al., 2001). These data demonstrate that complement components may signal through their receptors at the start of liver regeneration to induce cytokine production (Daveau et al., 2004). However, it is not known which agents may be responsible for the increase in complement components after partial hepatectomy.
1.1.5.1  TNF

Activation of TNF expression is one of the first steps in the initiation of liver regeneration after partial hepatectomy, but signaling mechanisms mediating it are not clear. This increase is suggested to be triggered by endotoxin (lipopolysaccharide or LPS) produced in the gut by Gram-negative bacteria (Fausto et al., 2006), although there is no evidence that LPS plays any role in liver regeneration. LPS, a component of the innate immune system that interacts with the toll-like receptor 4 (TLR-4) on Kupffer cells, promotes the secretion of pro-inflammatory cytokines (Huang et al., 2008). Mice that are poor LPS responders, rats treated with antibiotics to kill intestinal flora, and germ-free rodents have a delayed peak of DNA replication after partial hepatectomy (Cornell, 1985; Cornell et al., 1990). However, a recent study using knockout mice for LPS receptors (toll-like receptors 2, 4) as well as mice deficient in CD14, a molecule that participates in LPS receptor binding, showed no defects in TNF or IL-6 at the initiation of liver regeneration (Campbell et al., 2006). However, defects in these cytokine pathways were found after partial hepatectomy in mice lacking Myd88, a key intracellular molecule in the signaling pathways of LPS and other cytokines (Campbell et al., 2006; Seki et al., 2005).
Using TNF-receptor-1 (TNF-R1) knockout mice it was shown that TNF-α signaling is required for a normal proliferative response after partial hepatectomy (Yamada et al., 1997). This effect seems to be largely mediated by the ability of TNF-α to induce IL-6, as treatment with IL-6 corrects the defect in DNA synthesis that occurs in TNF-R1 knockout mice that have had a hepatectomy. However, the absence of TNF-α does not impair liver regeneration (Fujita et al., 2001). Bone-marrow transplantation studies showed that Kupffer cells produce most of the IL-6 in the liver (Aldeguer et al., 2002), and according to various other studies, TNFα induces the production of IL-6 by up-regulating NF-κB, which activates transcription of IL-6 (Taub, 2004).
1.1.5.2  IL-6 signaling 

During liver regeneration, IL-6 activates two main pathways through the gp130–IL-6R complex — the STAT-3 and MAPK signaling pathways (Figure 2). 
Binding of IL-6 to its receptor IL-6R, which is associated with two subunits of gp130, stimulates the tyrosine-kinase activity of the associated Janus-kinase-family member — usually JAK1 (Heinrich et al., 2003; Levy and Lee, 2002). Activated JAK then phosphorylates the associated gp130 and STAT-3 on a Tyr residue, which results in the dimerization of STAT-3. Dimerized STAT-3 translocates to the nucleus and activates the transcription of target genes (Terui and Ozaki, 2005; Yeoh et al., 2007). One of the STAT-3 targets is SOCS3. SOCS3 is considered to be the physiological negative regulator of IL-6 signaling (Croker et al., 2003). It is induced by 40-fold after partial hepatectomy (Campbell et al., 2001). The absence of SOCS3 in mouse liver in the knockout mice results in greater IL-6-induced STAT-3 phosphorylation and therefore it mimics a mouse model of hyperactive STAT-3 signaling in the liver (Croker et al., 2003; Sun et al., 2005).
Dimerization of gp130 also leads to activation of the extracellular signal-related kinases (ERK-1/2), which are mitogen-activated protein kinases (MAPK) (Yeoh et al., 2007). MAPK signaling is crucial for cellular proliferation (Inui et al., 2001; Talarmin et al., 1999). There is evidence indicating that IL-6 signaling can also directly activate kinases that are involved in cell survival including phosphatidylinositol 3-kinase (PI3K) and AKT (Levy and Lee, 2002).

After partial hepatectomy, liver regeneration is impaired in the livers of IL-6 knockout mice and is characterized by liver necrosis and liver failure, a reduced DNA-synthesis response in hepatocytes, and discrete G1-phase abnormalities, including the lack of STAT-3 activation and selective abnormalities in gene expression (Cressman et al., 1996). The defect is limited to hepatocytes as the DNA-synthesis response seems normal in IL-6 knockout non-parenchymal liver cells (Taub, 2004). Defective liver regeneration can be explained by the large number of gene-activation pathways that are altered in IL-6 knockout livers (Li et al., 2001). About 36% of the immediate-early genes that are activated during liver regeneration are regulated, at least in part, by IL-6 (Fausto et al., 2006). Treatment of IL-6 knockout mice with IL-6 in the absence of partial hepatectomy induces a much smaller set of genes in the liver, which indicates that IL-6 cooperates with other factors that are induced by partial hepatectomy to activate the rest of the up-regulated genes. Stem cell factor (SCF) and oncostatin M (OSM) are 2 molecules that may modulate or enhance the effects of IL-6 during liver regeneration. Regenerative changes in IL-6 knockout mice can be corrected by treatment with SCF (Ren et al., 2003), and administration of OSM can correct the deficient regeneration seen in IL-6 knockout mice after CCl4-induced injury (Nakamura et al., 2004). Conversely, IL-6 cannot restore the defective regeneration after CCl4 that is seen in mice deficient for the OSM receptor. The effects of these cytokines are at least in part redundant, as IL-6, SCF, and OSM can all activate STAT-3 in hepatocytes, but their intracellular signaling pathways must diverge at some point to explain their apparent differences in biological activity (Fausto et al., 2006; Ren et al., 2003; Taub, 2004). 

As the STAT-3-null phenotype is embryonic lethal, liver-specific STAT-3 knockouts were used to test the contribution of STAT-3 to the growth response that is mediated by IL-6. Hepatocyte DNA synthesis in the livers of such animals was impaired after partial hepatectomy, and abnormalities in immediate-early-gene activation largely correlated with, but were not identical to, those seen in IL-6 knockout livers (Li et al., 2002). Normal activation of the MAPK (pERK) pathway in STAT-3 knockout livers supports the idea that not all of the effects of IL-6 on hepatocyte proliferation are mediated by STAT-3. This study provided the first in vivo evidence that STAT-3 promotes cell-cycle progression and cell proliferation under physiological growth conditions, which implies that the separation between growth-factor- and cytokine-regulated pathways is unclear (Fausto and Riehle, 2005).
The studies with IL-6 and STAT-3 knockout mice suggest that conditional knockout of gp130 within the liver should have some impact on hepatocyte DNA synthesis post-hepatectomy. Defects in cyclin-E and -A expression were observed in gp130-deleted livers after the partial hepatectomy, which indicates that gp130 is important for normal cell-cycle progression (Wuestefeld et al., 2003). Another study indicated that IL-6 was primarily required for the survival of the liver after partial hepatectomy (Blindenbacher et al., 2003). In these studies mitogenesis was impaired in IL-6 knockout livers at 40 hours post-hepatectomy, as was demonstrated in the study by Cressman and colleagues (Cressman et al., 1996). 
Over-expression of IL-6 in the liver also supports the proposed role of IL-6 as a main regulator of hepatocyte proliferation, although the concentrations of IL-6 in these studies were elevated beyond the physiological range (Galun et al., 2000; Peters et al., 2000). Studies in which soluble IL-6R was also over-expressed support the importance of this receptor in hepatic growth that is mediated by IL-6 (Galun et al., 2000; Maione et al., 1998). The delivery of high concentrations of IL-6 over a two-week period, even in the absence of excess IL-6R, resulted in massive hepatocyte proliferation, which indicates that the need for further growth factors can be overcome by high concentrations of IL-6 (Zimmers et al., 2003a). Taken together, these results indicate that IL-6 clearly has pleiotrophic effects in the liver, and is required for a normal integrated response to partial hepatectomy that requires the inflammatory and stress response, suppression of apoptosis, and induction of hepatocyte proliferation (Zimmers et al., 2003b). 
1.1.6 The role of growth factors in liver regeneration
Cytokines prime hepatocytes to respond to growth factors. There are at least three factors that are of major importance for liver regeneration: hepatocyte growth factor (HGF), transforming growth factor-alpha (TGF-α), and heparin-binding epidermal growth factorlike growth factor (HB-EGF) (Fausto et al., 2006; Taub, 2004). Both HGF and TGF-α are potent stimulators of hepatocyte replication in culture (Fausto and Riehle, 2005). HGF is produced by nonparenchymal cells in the liver and other tissues and may act on hepatocytes by paracrine or endocrine mechanism (Masumoto and Yamamoto, 1991; Masumoto and Yamamoto, 1993; Pediaditakis et al., 2001). HGF is stored in the extracellular matrix of various tissues in a bound, inactive form, and can be released through the activity of proteases. In the regenerating liver, both release of preformed HGF and enhanced gene transcription appear to occur. Inactive, single-chain HGF bound to hepatic biomatrix is locally released during hepatocyte matrix remodeling and activated to its active heterodimeric form by urokinase-type plasminogen activator (uPA), and, as described above, increase in uPA activity is one of the first changes occurring in the remnant liver after PHx (Mars et al., 1993, Mars et al., 1995). Metalloproteases and tissue inhibitor of metalloproteases (TIMP) levels are important in the regulation of release of HGF and its availability for activation during regeneration (Mohammed et al., 2005). Studies with hepatocytes in culture suggest that TNF may play a role in this process by inducing expression of MMP9 by hepatocytes (Haruyama et al., 2000).

HGF is involved in multiple processes in multiple cell types, including motility and tissue development (Fausto et al., 2006). HGF signals through the c-met receptor (Stolz et al., 1999) (Figure 3). Using mice with a conditional defect of this receptor Huh and colleagues showed that HGF/c-met signaling plays an important role in cell survival after PH (Huh et al., 2004). Other work done with a similar system indicated that signaling through c-met leads to the activation of the MAP kinases ERK1/2 (Borowiak et al., 2004). The strong survival and mitogenic effects of HGF were explored for therapeutic effects in liver injury and fibrosis (Ido et al., 2004). 
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Figure 3. Growth factors and possible connections to cytokine pathways. HGF is stored in the extracellular matrix of various tissues in a bound, inactive form After partial hepatectomy it is released by matrix metalloproteinases (MMPs) and activated by uPA. HGF binds its receptor c-Met on the surface of hepatocytes to activate MAP kinases, ultimately leading to cell proliferation. Membrane-bound TGF-α is also cleaved by metalloprotease TACE (tumor necrosis factor-α converting enzyme), which is activated by TNF-α, thereby forming a link between cytokine and growth factor pathways. Soluble TGF-α binds to the EGFR, also leading to MAP kinase activation and hepatocyte.
TGF-α and HB-EGF are members of the epidermal growth factor (EGF) family of ligands, and both signal through EGF receptors, which are known to activate a phosphorylation cascade that leads to DNA replication (Bor et al., 2006). TGF-α is produced by hepatocytes and functions through an autocrine mechanism, as hepatocytes both produce the ligand and contain the appropriate receptors for binding (Mead and Fausto, 1989). Although TGF-α can have effects on cell motility and vascularization, its main effect in the liver is that of promoting hepatocyte proliferation (Fausto et al., 2006). Although expression of TGF-α mRNA, which is very low in normal liver, increases after partial hepatectomy before the onset of DNA replication, TGF knockout mice have no defects in liver regeneration probably because of the overlap between various ligands of the EGF family (Russell et al., 1996). TGF-α is found in a precursor form anchored to the cell membrane, from which it can be released through the effect of metalloproteinases. It is not known whether this posttranslational mechanism for the release of TGF-α is activated after partial hepatectomy, although it has been demonstrated to occur in cultured cells (Argast et al., 2004). 

The expression of HB-EGF is increased in the regenerating liver after partial hepatectomy (Kiso et al., 1995; Kiso et al., 2003), preceding the transcriptional increase of HGF and TGF-α. Recent data suggest that HB-EGF links the priming and progression phases of liver regeneration (Mitchell et al., 2005). A 30% PHx does not result in coordinated DNA replication, despite activation of the cytokine cascade. A single injection of HB-EGF 24 hours after 30% PH can override this blockage between priming and cell cycle progression, eliciting a wave of DNA replication. This effect cannot be accomplished by similarly injecting HGF or TGF (Mitchell et al., 2005). HB-EGF is also anchored in the cell membrane as a precursor molecule, but to date only the transcription of the HB-EGF gene, and not posttranslational modifications of the protein, have been examined in the regenerating liver (Fausto and Riehle, 2005). Despite the partial overlap between TGFα and HB-EGF functions, knockout mice deficient in HB-EGF have a delayed time-course of DNA replication after partial hepatectomy. Thus, it is likely that HGF, TGFα, and HB-EGF have unique effects in hepatocyte replication and survival, and all are required for optimal regeneration. In humans, serum TGF-α levels have been used for evaluating regeneration after hepatectomy (Tomiya et al., 1997).

1.1.7 Growth factors with paracrine effects 

In addition to its effects on hepatocytes, TGF-α may be part of the mitogenic signals synthesized by hepatocytes leading adjacent endothelial cells into proliferation about 24 hours after proliferation of hepatocytes (Michalopoulos and DeFrances, 1997). TGF-α is a mitogen for endothelial cells. In addition to TGF-α, other growth factors that may have paracrine effects on endothelial cells are also produced by regenerating hepatocytes, such as acidic fibroblast growth factor (FGF) and vascular endothelial growth factor (VEGF) (Mochida et al., 1996). Production of these growth factors may be part of a programmed set of events that aim to restore normal histology. The absence of FGF does not impair liver regeneration. Liver regeneration dynamics in FGF-2 knockout mice were comparable with wild type controls, potentially due to a functional substitution of FGF by VEGF (Sturm et al., 2004). 

The role of angiogenesis has been extensively studied in various diseases, but its impact on physiological processes, such as control of organ mass is less well known (Greene et al., 2003). Regenerating liver, in analogy to rapidly growing tumors, must synthesize new stroma and blood vessels. This is achieved by using the same angiogenic signals used by tumors, many of which also secrete TGF-α, acidic FGF, and VEGF. VEGF belongs to the most potent angiogenic factors (Ferrara et al., 2003). An increase of VEGF production by hepatocytes correlates with an increase in VEGF receptor expression on endothelial cells after PH. Furthermore, an increased expression of VEGF and its receptors induces the proliferation of endothelial cells (Kraizer et al., 2001; Shimizu et al., 2001). Blockage of endogenous VEGF before PHx resulted in slower liver regeneration and delayed induction of several immediate early genes (Bockhorn et al., 2007).

Hepatic stimulator substance (HSS) is a known liver-specific but species-nonspecific growth factor (Margeli et al., 2002). It has been reported that HSS exerts a protective effect on acute liver failure induced by various toxic agents in experimental animals and in models of suppressed hepatocyte proliferation (Liatsos et al., 2003; Margeli et al., 2003; Tzirogiannis et al., 2005). A factor similar to HSS described as augmentor of liver regeneration (ALR) was cloned and sequenced by Hagiya and collegues (Hagiya et al., 1994). ALR, acting as a hepatotrophic growth factor, specifically stimulated proliferation of cultured hepatocytes as well as hepatoma cells in vitro, promoted liver regeneration and recovery of damaged hepatocytes and rescued acute hepatic failure in vivo (Gatzidou et al., 2006).
1.1.8 The growth factor – cytokine interaction

The coordinated pattern of gene expression in the regenerating liver suggests that cytokines, growth factors, and metabolic signals that regulate gene expression must interact. HGF and TNF-α–IL-6 signaling are necessary for liver regeneration, but other signals and transcription factors are involved in the liver-regeneration response that have not yet been linked to any one growth factor or cytokine (Fausto et al., 2006). Multiple signal-transduction molecules (for example, ERK and JNK), transcription factors (for example, AP-1 and CCAAT-enhancer-binding protein β (C/EBP-β) and other molecules (for example, insulin-like-growth-factor-binding protein 1 (IGFBP-1) seem to be regulated by both growth factors and cytokines (Fausto and Riehle, 2005; Taub, 2004). The combination of cytokine and growth-factor signals might be required for liver regeneration and repair after injury. For example, both TNF-α and HGF can activate JNK and MAPK–ERK; they can also induce cell proliferation and the expression of cyclin D1, which is an important checkpoint protein in hepatic growth (Diehl and Yang, 1994a; Fujita et al., 2001; Schwabe et al., 2003). 

The IL-6– TNF-α and HGF pathways both up-regulate the activity of the various homo- and heterodimeric AP-1 transcription factors, including the Jun–Fos heterodimer. AP-1 activity is required for the activation of a number of proteins that are involved in the growth response (Behrens et al., 2002). The cooperation of AP-1with STAT-3 amplifies the expression of genes in the liver that results in an adaptive response during liver regeneration (Peters et al., 2000). Another possible point of intersection between HGF and IL-6 signals could be the regulation of the IGFBP-1 gene. IGFBP-1 encodes a pro-mitogenic and hepatoprotective protein that, in vivo, is up-regulated by IL-6 (Leu et al., 2001) as well as, potentially, by HGF — as indicated by in vitro studies (Weir et al., 1994). Insulin-like-growth-factor-binding protein 1 (IGFBP-1) is one of the most rapidly and highly induced genes in regenerating liver. Its secreted protein product can modulate cell growth through IGF pathways, or can signal by IGF-independent mechanisms that involve the activation or suppression of integrin signaling (Leu et al., 2001). Its transcription is partly regulated by IL-6, which accounts for ~50% of IGFBP-1 gene induction after partial hepatectomy. Although IGFBP-1 knockout mice develop normally, liver regeneration after partial hepatectomy is impaired (Leu et al., 2003; Schwabe et al., 2003) and is characterized by liver necrosis and reduced and delayed DNA synthesis in hepatocytes. This abnormal regenerative response is also associated with the reduced activation of MAPK–ERK and the reduced expression of C/EBP-β — a transcription factor that is linked to cytokine regulated pathways. The cell-cycle abnormalities are observed in both hepatectomized C/EBP-β and IGFBP-1 knockout mice. The expression of the S-phase cyclins A and B1 is delayed and reduced. Treatment of IGFBP-1 knockout mice with a pre-operative dose of IGFBP-1 induces MAPK–ERK activation and C/EBP-β expression, which indicates that IGFBP-1 might support liver regeneration by affecting MAPK–ERK and C/EBP-β activities. IGFBP-1 binds insulin-like growth factor (IGF) and modulates its bioavailability (Crissey et al., 1999), but since IGF receptors are not important regulators of hepatocyte growth, the predominant, but untested, hypothesis is that IGFBP-1 stimulates hepatocytes growth through IGF-independent pathways, perhaps by modulating integrin signaling (Taub, 2004).

Both C/EBP-β and IL-6 are involved in cytokine-activation pathways during the acute-phase response in the liver. However, studies of C/EBP-β and IGFBP-1 knockout animals did not reveal a positive correlation between IL-6 and C/EBP-β levels. IL-6 levels were elevated in C/EBP-β knockout animals and further treatment with IL-6 worsened the outcome after partial hepatectomy (Wang et al., 2002). Similar to IL-6 knockout mice, liver regeneration is impaired in C/EBP-β knockout mice, but the genes and pathways that are affected are distinct from those regulated by IL-6 (Wang et al., 2002). 
1.1.9 Signaling through adenine nucleotides

The rapid changes in energy state of the liver after PHx can also contribute to early signaling events associated with the onset of liver regeneration (Crumm et al., 2008). A marked decline in ATP occurs almost immediately (within 15 seconds) after PHx, and is maintained throughout the prereplicative period. However, increase in energy demand is not the major determinant of the ATP decline. The ATP decrease was not reflected in corresponding increases in adenosine diphosphate (ADP) and adenosine monophosphate (AMP), resulting in a marked decline in total adenine nucleotides (TAN). No evidence of mitochondrial damage or uncoupling of oxidative phosphorylation was found. The decline in TAN was not caused by increased energy demand, but by ATP release from the liver in response to upstream stress signals. Fasting or hyperglycemia, conditions that greatly alter energy demand for gluconeogenesis, affected the ATP/ADP decline but not the loss of TAN. Conditions that prevented the loss of adenine nucleotides or that inhibited purinergic receptor activation suppressed regenerative signaling responses and expression of immediate-early gene expression associated with the priming phase. Pre-surgical treatment with the α-adrenergic antagonist phentolamine completely prevented loss of TAN, although changes in ATP/ADP were still apparent. Pretreatment with the purinergic receptor antagonist suramin also partly suppressed early regenerative signals, but without preventing TAN loss (Crumm et al., 2008).
1.1.10 Metabolic pathways and liver regeneration

Liver regeneration after PHx is a perfectly calibrated response to a defect in liver function. Nutrient-sensing mechanisms in mammalian cells appear to modulate cell growth, depending on the availability of nutrients. After PHx, the liver needs to regulate systemic nutrient homeostasis while its own cells are undergoing cell growth and proliferation. The increased metabolic demands imposed on the remnant liver after PHx are likely connected with activation of the machinery directly involved in DNA replication (Fausto et al., 2006). 
The administration of an amino acid mixture to intact rats induces a wave of hepatocyte replication, and protein deprivation blocks liver regeneration after PHx (Mead et al., 1990). More recent studies have shown that amino acids regulate hepatocyte proliferation through cyclin D1 expression (Nelsen et al., 2003) The initiation of protein translation is a critical control point that may integrate nutrient and energy levels with mitogenic signals (Martin and Blenis, 2002). After PHx, the activity of p70 S6 kinase increases, and the activation of 4E-BP1 (a translational repressor) decreases, leading to an increase in translation. Both of these proteins are thought to be downstream effectors of mTOR (mammalian target of rapamycin), which is part of a complex that senses nutrient or energy status, and also integrates growth factor signals, resulting in the regulation of protein translation and cell growth (Avruch et al., 2005; Kim and Sabatini, 2004). The importance of translation in liver regeneration has been illustrated by a study of PHx in S6 knockout mice, in which a near complete loss of hepatocyte DNA replication was demonstrated (Volarevic et al., 2000). The mTOR complex may regulate liver regeneration by modulating cell growth and proliferation in response to the energy demands of the remaining liver, given that rapamycin, an inhibitor of mTOR, inhibits DNA replication after PHx (Goggin et al., 2004; Jiang et al., 2001; Volarevic et al., 2000).

1.2 Liver mass and regeneration capacity
In rodents and humans there is a relationship between liver growth and body mass. In rodents, removal of up to 30% of the liver fails to cause a synchronized wave of hepatocyte proliferation after the operation, although the liver eventually regains its mass (Fausto and Riehle, 2005). Even small resections (<10%) are followed by eventual restoration of the liver to full size (Michalopoulos and DeFrances, 1997). In resections involving the removal of 40%–70% of the liver, there is a linear relationship between the amount of tissue resected and the extent of hepatocyte proliferation (Bucher, 1963), but resections >70% result in increased mortality (Cai et al., 2000). In liver transplantation in animals and humans, a small liver transplanted into a large recipient grows until an optimal liver mass/body mass set point is reached (Florman and Miller, 2006). Conversely, a large liver transplanted into a small recipient does not grow. However, there are limits to the growth capacity of small transplants, so that transplanted livers that represent less than 0.8%–1% of body mass (“small for size”) fail to grow, and cause severe morbidity and high mortality (Fausto and Riehle, 2005). 

Data obtained from experiments in rodents may be relevant to this problem. It has been demonstrated that in mice a 30% hepatectomy elicits the priming reaction, but fails to induce cell-cycle progression (Mitchell et al., 2005). However, cell proliferation can be induced by a single injection of HB-EGF. Thus, HB-EGF appears to play a critical role in the transition from priming to cell cycle progression in the regenerating liver, and could perhaps be used clinically to enhance transplant growth (Mitchell et al., 2005). 

Other data which are particularly relevant to the “small for size” transplant problem in humans demonstrated that the high mortality occurring in mice after a 85% hepatectomy could be greatly improved by blockage of the receptor for advanced glycation end-products (RAGE). Blockage of RAGE in these animals increased TNF and IL-6 production, enhanced the expression of the anti-inflammatory cytokine IL-10, increased NF-κB activation, and increased hepatocyte DNA replication (Cataldegirmen et al., 2005). It is possible that a combination of HB-EGF infusion with RAGE blockade might be effective in promoting the growth of “small for size” transplants. 

With the recent advent of cadaveric split and living-donor liver transplantation, the opportunity to study liver regeneration in humans more closely has arisen. Interestingly, several reports have shown that the residual liver of the donor in living-donor transplantation grows more slowly than the transplanted portion, and ultimately reaches only approximately 85% of the mass of the donor’s original liver (Humar et al., 2004; Kamel et al., 2003; Nadalin et al., 2004; Pomfret et al., 2003). The reasons for this discrepancy in growth are unknown. Liver function is completely restored in the donor by 1 month after transplantation, and this may cause a lack of growth stimulatory signals, since additional mass is not required to sustain normal hepatic function. It is also likely that although it is capable of functioning adequately under normal conditions, the incompletely regenerated donor liver may have a deficit in its reserve capacity. However, no available data fully explain how the precise equilibrium between liver mass and body mass is achieved, and how the maintenance of this equilibrium relates to metabolic and proliferative pathways in the liver (Fausto and Riehle, 2005).

Maintaining liver functions during regeneration

The liver is a vital organ and it must continue to function as liver regeneration occurs. In most cells, such as the haematopoietic lineages, proliferation is not compatible with the function of differentiated cells, but the liver maintains its functions while undergoing regeneration (Taub, 2004). Approximately one third of immediate-early genes are highly expressed, or are expressed specifically, in proliferating liver cells. Both hepatocytes and the non-parenchymal cells of the remnant liver express most of these genes, but the expression of a subset of genes is limited to hepatocytes (Arai et al., 2003; Haber et al., 1993; Su et al., 2002). Several of these liver-restricted immediate-early genes encode enzymes and proteins that are involved in regulating the gluconeogenic response of the liver. Gluconeogenesis results in the net production of glucose by the liver, which increases the serum glucose level and can also be used to produce glycogen, glycoproteins and other sugars (Taub, 2004). 

The induction of gluconeogenic genes by partial hepatectomy represents an adaptive response of the liver whereby the remaining third of the liver compensates to produce sufficient glucose for the whole organism (Haber et al., 1995; Rosa et al., 1992). In fed rats after PHx liver glycogen is rapidly depleted and blood glucose reaches characteristic fasting levels after 3 hours (Crumm et al., 2008). Liver-specific transcription factors have an important role in determining liver-specific functions, including the level of glucose production, by regulating the expression of genes that encode liver-specific enzymes and liver-specific secreted proteins. The adaptive response of the liver during regeneration, which allows for the maintenance of metabolic homeostasis, is generated by the interplay between different sets of transcription factors. It involves transcription factors that are induced by the regenerative response, and those that are normally expressed in the liver, to regulate the differentiated functions of the hepatocytes (Costa et al., 2003; Leu et al., 2001). 

Modulation of the relative levels of the key hepatic transcription factor C/EBP provides part of the explanation for the ability of the damaged liver to maintain hepatic glucose production. The C/EBP-α isoform is anti-proliferative and is down-regulated during liver regeneration, whereas the C/EBP-β isoform, an important effector of growth signals, is up-regulated (Diehl, 1998; Friedman et al., 2004; Skrtic et al., 1997). Both C/EBP-α and β are able to protect against hypoglycaemia, and the up-regulation of C/EBP-β during regeneration allows for proliferation and metabolic homeostasis to be maintained in the remnant hepatocytes (Diehl and Yang, 1994a; Greenbaum et al., 1995; Mischoulon et al., 1992). 

Expression of many liver-specific genes — such as those which encode IGFBP-1, glucose 6-phosphatase and α-fibrinogen — is regulated in the basal state by hepatic nuclear factor-1 (HNF-1), a homeodomain-containing liver-specific transcription factor. The level of HNF-1 protein does not change appreciably during liver regeneration. However, the transcriptional activity of HNF-1 is up-regulated, which is accomplished by binding of HNF-1 to the growth-induced transcription factors STAT-3 and AP-1 (Leu et al., 2001). Together these two types of transcription factors — growth-induced (STAT-3 and AP-1) and tissue-specific (HNF-1) — provide an adaptive response to liver injury and amplify the expression of hepatic genes that are important for the homeostatic response during organ repair. Such mechanisms enable the liver to maintain metabolic function, despite the loss of two thirds of its functional mass (Taub, 2004).
1.3 Proliferation and apoptosis in hepatocytes: reactive oxygen species
TNF activates several intracellular pathways to regulate inflammation, cell death, and proliferation. In the liver, TNF is not only a mediator of hepatotoxicity but also contributes to the restoration of functional liver mass by driving hepatocyte proliferation and liver regeneration (Schwabe and Brenner, 2006). Signaling for all of these diverse biological outcomes is initiated by the binding of TNF to TNFR-1. In healthy hepatocytes these processes are in balance. Although TNF by itself can initiate liver regeneration, it does not cause apoptosis (Wullaert et al., 2007). TNF induces hepatocyte apoptosis only if given in conjunction with drugs such as actinomycin D or cycloheximide which suppress the ability to up-regulate transcription of essential protective genes (Leist et al., 1994). As described above, in the proliferative scenario TNF binding to TNF-R1 leads to the activation of NF-κB and the initiation of MAPK cascade (Fausto and Riehle, 2005; Michalopoulos, 2007; Taub, 2004). Triggering TNF-R1 can also lead to hepatocyte apoptosis by recruiting the adapter proteins TRADD and FADD to its cytoplasmic domain (Wullaert et al., 2007). FADD contains a death effector domain by which it subsequently recruits pro-caspase-8, thus constituting the death-inducing signaling complex (DISC) where clustering of pro-caspase-8 results in its auto-activation. The active caspase-8 is then able to proteolytically activate several effector caspases resulting in apoptosis. In the case of hepatocytes, only a small amount of active caspase-8 is formed at the DISC, which has only a minor contribution to TNF-induced hepatocyte cell death. A second and more important apoptotic pathway in hepatocytes involves the release of numerous apoptogenic factors from the mitochondrial intermembrane space into the cytosol, including cytochrome c (Bai et al., 2004; Imao et al., 2006; Osawa et al., 2001). TNF-induced DISC formation leads to caspase-8 mediated cleavage of Bid resulting in its active truncated form, tBid, which translocates to the mitochondria disrupting the integrity of the mitochondrial membrane and induces the release of cytochrome c into the cytosol (Wullaert et al., 2007). Cytochrome c, Apaf-1, deoxy-ATP, and pro-caspase-9 form the apoptosome, a high-molecular weight protein complex that activates caspase-9. Activated caspase-9 then proteolytically activates effector caspases, which in turn amplify the apoptotic signal by activating pro-caspase-8 and -9; eventually resulting in cell death. 

Both in its proliferative and apoptotic effects, TNF generates an excess of reactive oxygen species (ROS) (Goossens et al., 1995; Schwabe and Brenner, 2006). In TNF-induced apoptosis tBid-mediated mitochondrial dysfunction results in the generation of reactive oxygen species (ROS). TNF-induced mitochondrial dysfunction leads to a rapid decrease in the mitochondrial membrane potential due to disruption of the electron transport chain. This causes the escape of electrons from the respiratory chain, which contributes to the formation of ROS (Wullaert et al., 2007). Because deletion of Bid impairs the majority of this ROS generation, the mitochondria seem to be the major source for TNF-induced ROS during hepatocyte cell death (Ding et al., 2004). The critical role for ROS in TNF-induced hepatocyte apoptosis was shown in studies using antioxidants, which alleviate hepatocyte cell death induced by TNF both in vitro and in vivo (Ding et al., 2004; Okuyama et al., 2003; Wu et al., 2004). Mitochondrial ROS might contribute to apoptosis by promoting peroxidation of outer mitochondrial membrane lipids, leading to cristae reorganization and thus augmenting cytochrome c release (Ding et al., 2004).

After PHx injury-related cytokines regulate the transcription of many anti-apoptotic hepatocyte genes, including inducible nitric oxide synthase (iNOS), the enzyme that catalyzes the formation of NO from arginine (Hierholzer et al., 1998). PHx may provoke liver injury, rather than regeneration, when induction of iNOS is prevented (Hortelano et al., 2007). Liver regeneration in iNOS knockout mice was impaired due to an increase in hepatocyte apoptosis 24 h after PH, suggesting that NO might be an important hepatoprotective factor in the regenerating liver (Rai et al., 1998); similar results were obtained after pharmacological inhibition of iNOS (Zeini et al., 2004). It has been shown that NO prevents TNF-mediated activation of the proapoptotic caspase 3 and protects hepatocytes from cytokine-mediated death (Bohlinger et al., 1995) by S-nitrosylating pro-caspases and active caspase enzymes (Kim et al., 1997b).
AKT, activated by TNF as well as by growth factors in regenerating liver, promotes cell survival both directly and indirectly. AKT directly protects mitochondria from pro-apoptotic stimuli. AKT phosphorylates pro-apoptotic BAD, making it dissociate from the Bcl-2/Bcl-XL complex and freeing these anti-apoptotic proteins (Song et al., 2005). AKT also activates NF-κB via regulating IκB kinase (IKK), resulting in transcription of pro-survival genes (Dan et al., 2008).

NF-κB also has important protective functions in the liver. It induces several antiapoptotic genes, such as the caspase-8 inhibitor c-FLIP, the Bcl-2 family members Bcl-xL and A1/Bfl-1, X-linked inhibitor of apoptosis (XIAP), and the simultaneous up-regulation of TRAF1, TRAF2, cellular inhibitor of apoptosis (c-IAP)1, and c-IAP2 (Chen et al., 2000; Micheau et al., 2001; Opipari et al., 1992; Stehlik et al., 1998; Wang et al., 1998; Zong et al., 1999). These proteins interfere with TNF-induced apoptosis at various levels in the signaling pathways leading to caspase activation (Wullaert et al., 2007). The protective effects of NF-κB activation in TNF-induced cytotoxicity are also mediated by regulating TNF-induced activation of pro-apoptotic JNK (Wullaert et al., 2007). JNK-1 was shown to induce proteasomal degradation of the caspase-8 inhibitor c-FLIP; NF-κB-deficient embryos, which normally die due to hepatocyte apoptosis, were shown to survive longer when the gene encoding JNK-1 was also deleted (Chang et al., 2006). JNK2 is critical for activation of the mitochondrial death pathway, as in JNK-2 mice Bid cleavage and mitochondrial translocation and cytochrome c release are markedly decreased (Liedtke and Trautwein, 2006; Wang et al., 2006). 

In the regenerating liver, ROS release is increased by TNF, but excess ROS production is blocked after a few hours, stimulating proliferation and preventing apoptosis (Lee et al., 1999). In the normal hepatocyte, excess ROS is dissipated primarily through the action of glutathione and other thiols. In addition, ROS are directed towards the activation of NF-κB, a component of the proliferative pathway, by acting on the IKK enzymes (Maeda et al., 2005).
1.3.1 Concluding remarks

Partial hepatectomy triggers complex and well coordinated response mechanism which allows hepatocytes to maintain most of their homeostatic functions and proliferate at the same time. Despite multiple studies, many aspects of this mechanism remain to be further understood. Studies with transgenic and knockout mice help providing better understanding the role of specific signaling molecules and the mechanisms of individual pathways in the regenerating liver. Usage of microarray technology demonstrates that partial hepatectomy triggers changes in expression levels of gene responsible for a broad range of cellular processes, affecting almost every aspect of cell functioning. However, it is still not clear, how these gene expression changes relate to the upstream signaling events, and the following study tries at least in part to address this issue.
2 Materials and Methods

2.1 Materials

All chemical reagents were purchased from Sigma (St. Louis, MO), unless otherwise specified. 
2.2 Animal protocols

2.2.1 Animals and diet

Male Sprangue-Dawley rats purchased from Harlan (Indianapolis, IN) and weighting 175-200 grams were maintained on a 12 hours light-dark cycle (7:00 am-7:00 pm) and had ad libitum access to standard rat chow (60% carbohydrate, 12% fat, 28% protein) and water pre- and post-operatively. 

2.2.2 Surgical procedure

Surgeries were conducted between 8:30 and 10:30 am to reduce the influence of diurnal variations. Chow fed rats weighting 275-300 grams were anesthetized with 3% (v/v) isofluorine in oxygen, subjected to partial hepatectomy operation and allowed to recover for various times up to 6 hours. Seventy percent partial hepatectomy was achieved by ligation and extirpation of the medial and left lateral lobes according to the method of Higgins and Anderson (1931). Liver sections removed by hepatectomy operation were collected and used as controls (time=0) in our experiments. The abdomen was sutured immediately with 3-0 silk (internal) and surgical staples (outside). At 1-6 hours after PHx rats were again anesthetized, and the abdominal cavity opened to excise the liver. The survival rate for PHx surgery was 100%. Sham-operated animals were treated similarly, except that livers were palpated for 30 seconds without removing liver tissue.

For adenine nucleotide signaling inhibition study suramin (100 mg/kg body weight) and phentolamine (10 mg/kg) were injected intraperitoneally 30 minutes before surgery and tissues were harvested 30 minutes after surgery. 

Liver samples intended for RNA isolation were freeze-clamped using aluminum clamps (7.5 cm diameter) pre-cooled in liquid nitrogen. Freeze-clamping was completed within 4-10 seconds of excision of the liver. The frozen tissue wafers (thickness<1.0 mm and weight = 2-3 g) were stored at -80 ºC. Liver samples collected for nuclear extract preparation were processed immediately after the surgery without freezing.
2.3 RNA isolation
Total RNA was extracted from all collected rat tissues by using the TRIzol reagent (Invitrogen, Carlsbad, CA) according to the manufacturer’s protocol. Briefly, 500 mg of liver tissue was homogenized using a glass-teflon homogenizer in 5 ml of TRIzol Reagent. The homogenized samples were incubated for 5 minutes at room temperature to permit the complete dissociation of nucleoprotein complexes. The insoluble materials were removed from the homogenate by centrifugation at 12,000 × g for 10 minutes at 4 °C. The cleared homogenate solution containing RNA was transferred to a fresh tube and 1 ml of chloroform was added. The content of the tube was mixed by shaking for 15 seconds and incubated at room temperature for 3 minutes. The samples were spun at 12000 × g for 15 minutes at 4 °C. The aqueous phase containing RNA was transferred to a fresh tube and the RNA was precipitated by mixing with 1.25 ml of isopropyl alcohol and 1.25 ml of high salt precipitation solution (0.8 M sodium citrate and 1.2 M NaCl). The samples were incubated at room temperature for 10 minutes and spun at 12000 × g for 10 minutes at 4 °C. The RNA pellet was washed once with 5 ml of 75% ethanol. At the end of the procedure, the RNA pellet was briefly air-dried and re-dissolved in RNase-free water. The purity and quantity of RNA was determined by spectrophotometer. The RNA concentrations were adjusted to approximately 5 (g/(l. The RNA samples were stored at -80 °C.

2.4 Microarray fabrication

Frozen glycerol stocks of Escherichia coli containing individual sequence verified rat cDNA clones were purchased from Research Genetics (Huntsville, AL). cDNA clone inserts were amplified by PCR (polymerase chain reaction) directly from the clones in culture with primers specific to the vector sequences flanking the insert cDNA. The success of PCR was verified by analyzing the PCR products in a 1% agarose gel. 5 μl (150 – 350 ng) of amplified PCR product were re-suspended in equal volume of DMSO. The array-ready cDNAs were printed on polylysine-coated glass microscope slides (Full Moon Biosystems, Sunnyvale, CA) using MicroGrid II microarrayer (Biorobotics Inc., Woburn, MA). The whole array contains 8785 target clones spotted in duplicate and 56 blank controls (no DNA spotted). The microarray is divided into 48 subarrays; each contains 380 spots (19 × 20). After printing, the slides were allowed to dry. Spotted DNA was bound to the surface of the slide by baking at 80 (C for 2 hours. Slides were stored in an airtight box until hybridization was performed.

2.5 Probe preparation

2.5.1 Vector RNA probe
All cDNA clones spotted on the microarray are generated by PCR using GF200 primer pairs, therefore all clones contains 110 bps vector sequence on their GF200 forward primer end and 87 bps on their GF200 reverse primer side (Khan et al., 2006). Using the same primer to amplify the vector sequence on an empty pT7T3Pac vector can be used as a universal reference for all clones as a control for cDNA on the microarray. 110 bps vector sequences were generated using the GF200 forward primer in RT reaction.

GF200 forward primer sequence: 

5’-CTG CAA GGC GAA TAA AGT TGG GTA AC -3’

GF200 reverse primer sequence:

5’-AAC ATT TTC ACA CAG GAA ACA G-3’

Vector sequence amplification
 PCR rection:

pT7T3Pac vector


1 ng

10 μM GF200 forward primer
5 μl

10 μM GF200 reverse primer

5 μl

H2O (make up to 50 μl)

39 μl

Qiagen HotStart Taq Master Mix
50 μl

Thermal cycler program:

95 ºC 15 min

Cycle for 39 times:

95 ºC 30 sec

57 ºC 30 sec

72 ºC 45 sec

72 ºC 10 min 

After PCR reaction product was purified using PCR purification column (Qiagen, Valencia, CA). 1 μl of 3 M sodium acetate (pH 5.2) was added to the PCR reaction to decrease pH for better binding to the membrane. The sample was mixed with 500 μl of PB buffer and added to a minispin column then spun at maximum speed in a microcentrifuge for 30 seconds. The column was washed once with 750 μl of PE buffer and spun for 30 seconds. The flow-trough was discarded and column was spun for another minute. The minispin column was transferred to a new microfuge tube. The PCR product was eluted by adding 50 μl of H2O and spinning at maximum speed for 1 minute. The elution process was repeated two more times with the total yield about 3 μg.

In vitro transcription to generate vRNA
vRNA was generated by in vitro transcription using T7 polymerase and vector PCR DNA as template. Because of the presence of vector plasmid DNA in the PCR products only 100 ng of PCR product can be used for in vitro transcription reaction. Higher PCR product concentration could produce non-specific RNA that will reduce probe specificity. The yield from the reaction should be 100-200 μg RNA.

Messenger AMP kit (Ambion, Austin, TX) was used to generate vRNA.

In vitro transcription reaction:

Template PCR DNA 

100 ng in 16μl volume

75 mM ATP


4 μl

75 mM CTP


4 μl

75 mM GTP


4 μl

75 mM UTP


4 μl

T7 Enzyme Mix

4μl

The mix was incubated at 37 ºC for 15 hours. After in vitro transcriptions 2 μl of RNase-free DNase I was added to the mix and the incubation continued at 37 ºC for 15 minutes. 

The RNA was purified using the Ambion Messenger AMP kit. RNase free H2O was warmed to 50 ºC for 10 minutes. After adding 100 μl of RNA binding buffer the RNA column was incubated at the room temperature for 5 minutes. The in vitro transcription reaction was diluted with 58 μl of RNA elution buffer and mixed with 350 μl of RNA binding buffer and 250 μl of 100% ethanol then transferred into the pre-wet RNA column. The content of the column was spun at 10000 × g for 1 minute. The column was washed with 650 μl of RNA wash buffer and spun for 1 minute. After discarding the flow-trough the column was transferred to a fresh collection tube and the RNA was eluted by adding 50 μl of the pre-warmed H2O to the column and spinning at maximum speed for 1 minute. The elution process was repeated once more. The typical yield is about 100 – 200 μg of RNA.
vRNA labeling

RT reaction: 

vRNA




2 μg

10 μM GF200 forward primer
6 μl

20 mM dNTP-dTTP


3 μl

2 mM dTTP 



3 μl

2 mM aa-dUTP


3 μl

H2O 




to 24 μl

The mixture was heated to 65 ºC for 5 minutes then chilled on ice. 8.0 μl of 5× First Strand Buffer for Superscript II (Invitrogen, Carlsbad, CA) and 4.0 μl of 0.1 M DTT were added to the reaction tube. The samples were incubated at room temperature for 10 minutes, then at 42 ºC for 5 minutes. 2 μl of Superscript II (Invitrogen, Carlsbad, CA) were added and the samples were incubated at 42 ºC for 2 more hours. The reaction was heated to 95 ºC for 5 minutes to inactivate the enzyme, and chilled on ice. The remaining RNA was then hydrolyzed by addition of 8 μl of 1 M NaOH and by heating the reaction mixture at 65 (C for 15 minutes. 8 μl of 1 M HCl and 4 μl of 1 M HEPES buffer (pH 7.0) were added to neutralize the solution.

The degraded RNA and unincorporated nucleotides were removed by passing through a Microcon column (Millipore, Bedford, MA). The column was pre-wet with 500 μl of water and spun at 8000 × g for 9 minutes. The flow-through was discarded and the tube was re-used. 438 μl of H2O and sample (~62 μl) were applied to the column and spun at 14000 × g for 15 minutes. The flow-through was discarded and the column was washed twice with 500 μl H2O to remove all traces of free aa-dUTP. The sample reservoir was placed upright into a clean collection tube. 10 μl of H2O was pipetted onto the membrane surface. After 1 minute the reservoir was inverted the in the tube and spun at 14000 × g for 2 minutes. The obtained sample was split it into two tubes. 3 μl of 0.3 M sodium bicarbonate (pH 9.0) and 2 μl of Cy3 reactive dye were added to each tube and incubated in the dark at room temperature for 1 hour.

The PCR purification column (Qiagen, Valencia, CA) was treated with 500 μl of PB buffer and after 5 minutes it was spun down at 14000 × g for 30 seconds. The flow-through was discarded. After the labeling reaction, 1μl of 3 mM sodium acetate (pH 5.2) was added to the tube. The reaction volume was brought to 600 μl by adding 90 μl of water and 500 μl of PB buffer to the labeled sample. The solution was applied to the column and spun at 14000 × g for 30 seconds and the flow-through was discarded. The flow-through was discarded and this wash step was performed two more times. The column was spun for another minute to ensure the membrane was dry. The minispin column was transferred to a new microfuge tube. The labeled product was eluted by adding 50 μl of H2O and spinning after 5 minutes at maximum speed for 1 minute. This step was repeated two more times. 15 μl of 3 M sodium acetate, 1.5 μl of glycogen and 750 μl of 95% ice cold ethanol were added to the collected sample and the labeled cDNA was precipitated at -20 ºC overnight. The sample was spun at 14000 × g for 30 minutes at 4 ºC. The pellet was washed with 500 μl of 70% ethanol, spun down at maximum speed for 15 minutes at 4 ºC. The pellet was air-dried in the dark and re-suspended in 35 μl of water. The Cy3 absorbance was measured on ND-1000 UV-Vis Spectrophotometer (Nanodrop, Wilmington, DE) using the microarray sample function. The Cy3 absorbance was around 1 pmol/μl. 3 μl of Cy3 labeled vector DNA was used for the hybridization with rat liver samples.

2.5.2 Rat liver total RNA samples

Total RNA labeling

Fluorescently labeled probes were prepared using modified Toronto indirect cDNA labeling protocol (http://www.microarrays.ca).

RT reaction:

Oligo dT mRNA primer (100 pmol/μl)


1.5 μl

Nanomers (100 pmol/μl) 




2.0 μl

20 mM dTP-dTTP (6.7 mM each of dATP, dCTP, dGTP) 
3.0 μl

2 mM dTTP






3.0 μl

2 mM AA-dUTP (Sigma)




3.0 μl

total RNA 






20 μg

RNase-free water





to 26 μl

RT reaction and labeling procedure were carried out and the fluorescent probes were purified as described above (section 2.5.1).
2.6 Slide preparation and scanning

Pre-treating the slides

Pre-hybridization solution was prepared by mixing 6.25 ml of 20 × SSC, 250 μl of 10% SDS, 0.25 g of BSA, 18.5 ml of H2O and pre-warmed to 42 ºC. The slides were incubated in this solution at 42 ºC for 45 minutes then rinsed in water and spun dry at 1000 × g for 5 minutes. 

Hybridization

For each hybridization reaction 50 μl of DIG Easy Hyb solution (Roche, Indianapolis, IN), 2.5 μl of yeast tRNA (10 mg/ml) and 2.5 μl of calf thymus DNA (10 mg/ml) were combined in 1.5 ml tube. The mixture was incubated at 65 ºC for 2 minutes then cooled to the room temperature. 45 μl of this mixture was added to each pooled pair of Cy5 and Cy3 labeled cDNA (50 μl total). The solution was incubated at 65 ºC for 2 minutes and cooled to room temperature. The hybridization mix was applied to microarray slide and covered with the cover-slip avoiding air bubbles. The slides were placed into hybridization chambers (Corning, Corning, NY) and incubated on a level surface in a 37 ºC hybridization oven for 16 hours.

Washing

The cover-slips were flush off with 1 × SSC/0.1% SDS pre-warmed to 50 ºC. The slides were rinsed in 1 × SSC/0.1% SDS once for 1 minute at room temperature, then three more times in 1 × SSC. The slides were rinsed with water, spun dry at 1000 × g for 5 minutes and stored in the dark until scanned.

Scanning 

Prepared slides were scanned using a ScanArray 5000 fluorescent scanner (PerkinElmer, Waltham, MA). The resulting images were quantified by using ScanArray Express v2.2 software using the Adaptive Threshold segmentation (PerkinElmer, Waltham, MA). 

2.7 Data normalization 

Raw quantitated array data was normalized using the print-tip lowess and scale normalization algorithms (Yang et al., 2002). MIAME compliant microarray data are deposited at http://www.ncbi.nlm.nih.gov/geo, accession # GSE7415 (PHx) and GSE9137 (sham).
2.8 ANOVA response model 
The normalized gene expression data was analyzed using a mixed-effects ANOVA response model for each gene using the statistical software package in R following Pavlidis (Pavlidis, 2003) and Scholtens et al (Scholtens et al., 2004). The effects of the two relevant variables and their interactions on the gene expression levels in the regenerating liver were examined: (1) partial hepatectomy (PHx or control), (2) time following PHx (1, 2, 4, and 6 hours). These variables are considered as fixed effects, while the biological variability (animal-to-animal effects) is considered as a random effect in the ANOVA response model. The parameters were estimated in the ANOVA response model to these fixed- and random-effect variables and genes with statistically significant parameters were sought. For each gene, the statistical significance of the observed expression was evaluated against the null hypothesis that PHx has no effect on the gene expression at any of the four time points. Multiple testing was accounted for with the false discovery rate (FDR) controlling procedure of Benjamini and Hochberg (1995). 
2.9 Cluster analysis
To cluster the temporal expression profiles of the differentially regulated genes Partitioning Around Mediods (PAM: Chapter 2 of Kaufman and Rousseeuw, 1990) clustering algorithm was employed; Pearson Correlation was used as the distance metric. This partitioning scheme relies on medioids and hence is robust to outliers, if any, in the data. The number of desired clusters is specified as an input parameter to the algorithm. We have investigated a range of clusters from 2 to 10 in number and evaluate the quality of the clustering results using a Computational Negative Control (CNC) approach (Keller et al., 2006; Pearson et al., 2004). Typically, a cluster quality metric called silhouette coefficient (SC) is utilized to assess the quality of the clustering results: the closer the SC is to 1, the better the quality. Our CNC approach takes this a step further and assesses the performance of the clustering results by comparing SC from clustering original data with that from the randomly permuted data (destroying any inherent structure): the larger the difference between the quality metric between the original data clustering vs. randomized data clustering, the higher the confidence in the resulting clusters. This information was utilized to explore different parameters in the clustering algorithm, e.g., number of clusters specified in k-means or PAM. The largest number of meaningful clusters that were distinct from random was determined. 
2.10 Quantitative reverse transcription polymerase chain reaction
cDNA preparation

cDNA was synthesized from the total RNA samples used in microarray experiments. RT reaction was assembled as follows:

Oligo dT mRNA primer (100 pmol/μl)


1.5 μl

Nanomers (100 pmol/μl) 




2.0 μl

20 mM dTNP(5 mM each of dATP, dCTP, dGTP, dTTP) 
9.0 μl

total RNA 






20 μg

RNase-free water





to 26 μl

The mixture was heated to 65 ºC for 5 minutes then chilled on ice. 8.0 μl of 5× First Strand Buffer (Superscript III, Invirogen, Carlsbad, CA) and 4.0 μl of 0.1 M DTT were added to the reaction tube. The samples were incubated at room temperature for 10 minutes, then at 42 ºC for 5 minutes. 1.5 μl of Superscript III (Invitrogen, Carlsbad, CA) was added and the samples were incubated at 42 ºC for 2 hours. The reaction was heated to 95 ºC for 5 minutes to inactivate the enzyme, and chilled on ice. The remaining RNA was then hydrolyzed by addition of 8 μl of 1 M NaOH and by heating the reaction mixture at 65 (C for 15 minutes. 8 μl of 1 M HCl and 4 μl of 1 M HEPES buffer (pH 7.0) were added to neutralize the solution.
cDNA probes were purified as described above (section 2.5.1). The prepared cDNA was quantified on ND-1000 (NanoDrop Technologies, Wilmington, DE).
Table 1. Primers used in qRTPCR.
	Gene Name
	Symbol
	Primer Sequence

	B-cell translocation gene 2
	Btg2
	Forward
	5'-GCTCTGTGGTTCTGCCATTTC-3'

	
	
	Reverse
	5'-CAAAGCTGTGAATCGCTCCAG-3'

	Actin, beta


	Actb


	Forward
	5'-TCGCTGACAGGATGCAGAAG-3'

	
	
	Reverse
	5'-ACATCTGCTGGAAGGTGGACA-3'

	Heme oxygenase 2


	Hmox2


	Forward
	5'-TCAGTTTTCCAGGCCTTTTG-3'

	
	
	Reverse
	5'-TTAGAGTGCTGTGGCAGGTG-3'

	G0/G1 switch gene 2


	G0s2


	Forward
	5'-CCCAGAGCTCAGATGGAAAG-3'

	
	
	Reverse
	5'-ACTAGACCGAGCACCACACC-3'

	FXYD domain-containing ion transport regulator 1
	Fxyd1


	Forward
	5'-GCAGGAACCAGATCCATTCA-3'

	
	
	Reverse
	5'-CCCAGTTCTCTGCTGTTGGT-3'

	CCAAT/enhancer binding protein (C/EBP), beta
	Cebpb


	Forward
	5'-GGGTTGTTGCTGTTGATGTTT-3'

	
	
	Reverse
	5'-CGAAACGGAAAAGGTTCTCA-3'

	Endothelial differentiation G-protein-coupled receptor, 2
	Edg2
	Forward
	5'-CCATGAACGAACAACAGTGC-3'

	
	
	Reverse
	5'-AGCATGATGAACACGCAGAC-3'

	Insulin-like growth factor binding protein 1
	Igfbp1


	Forward
	5'-GCCAGGGAGCCTGTGTACTA-3'

	
	
	Reverse
	5'-AGCAGCTGTTCCTCTGTCA-3'

	Superoxide dismutase 2, mitochondrial
	Sod2
	Forward
	5'-tctgtgggagtccaaggttc-3'

	
	
	Reverse
	5'-acacatcaatccccagcagt-3'

	Annexin A5


	Anxa5


	Forward
	5'-ctgcctaccttgcagagacc-3'

	
	
	Reverse
	5'-cgtggcgaagttcttcctaa-3'

	Hepatocyte growth factor activator
	Hgfac
	Forward
	5'-tgagtcgacctcaactgcac-3'

	
	
	Reverse
	5'-agccgttcccaatgtagatg-3'

	Mitogen activated protein kinase 1
	Mapk1
	Forward
	5'-cctacggcatggtttgttct-3'

	
	
	Reverse
	5'-tctcatgtctgaagcgcagt-3'

	Pre-B-cell colony enhancing factor 1
	Pbef1


	Forward
	5'-ctgttcctgagggctctgtc-3'

	
	
	Reverse
	5'-ttgtggccactgtaattgga-3'

	Tubulin, alpha 4


	Tuba4
	Forward
	5'-aggagatcatcgacccagtg-3'

	
	
	Reverse
	5'-acagaaagccgttccatcag-3'

	B-cell translocation gene 1, anti-proliferative
	Btg1
	Forward
	5'-gaggatggctccatctgtgt-3'

	
	
	Reverse
	5'-ttttggaagggcttgttctg-3'

	Cathepsin L


	Ctsl
	Forward
	5'-caaagaccggaacaaccact-3'

	
	
	Reverse
	5'-cactcagagacgggtttggt-3'

	General transcription 

factor 2i
	Gtf2i
	Forward
	5'-gggatggctagcaaaatcaa-3'

	
	
	Reverse
	5'-cgaacggtagaggtctgagg-3'

	FBJ osteosarcoma oncogene
	c-Fos
	Forward
	5’-AACGGAGAATCCGAAGGGAA-3’

	
	
	Reverse
	5’-ATTGGCAATCTCGGTCTGC-3’

	Glyceraldehyde-3-phosphate dehydrogenase
	Gapdh
	Forward
	5'-AGTTCAACGGCACAGTCAAG-3'

	
	
	Reverse
	5'-GTGGTGAAGACGCCAGTAGA-3'


Determining changes in gene expression levels

qRT-PCR (quantitative reverse transcription PCR) was performed on ABI Prism 7000 Sequence Detection System (Applied Biosystems, Foster City, CA) using 2× SYBR Green master mix (Applied Biosystems, Foster City, CA). Absolute Quantification protocol was used. All samples were run in triplicate.

The reaction was assembled as follows:

2× SYBR Green master mix 

12.5 μl 

cDNA




10 ng

forward primer 


10 pmol

reverse primer 


10 pmol

H2O 




to 25 μl

Thermal conditions were as follows:

50 ºC for 2 min

95 °C for 10 min

Cycle 40 times: 

95 °C for 15 seconds 

60 °C for 1 minute 
Primers were designed using an online primer design tool (GenScript, Piscataway, NJ) and synthesized at Integrated DNA Technologies (Coralville, IA). The complete list and sequences of primers used in this analysis is presented in Table 1.
2.11 Functional annotation 

Functional categories were assigned to the annotated differentially expressed genes based on Gene Ontology (Ashburner et al., 2000) (http://www.geneontology.org), following a manually curated assignment process. 
2.12 Transcriptional regulatory network analysis
PAINT v3 (Gonye et al., 2007; Vadigepalli et al., 2003) was employed to identify common regulatory elements in the gene groups derived from the cluster analysis of the gene expression time series data. Differentially expressed genes were mapped to unique promoters and transcription factor (TF) binding sites were identified and analyzed in PAINT using TRANSFAC® Profession v.10.1 database and associated MATCH® tool (Matys et al., 2003). In each gene group, the over-representation (‘enrichment’) of TF binding site frequency on multiple promoters was assessed using Fisher’s Exact Test and corrected for multiple testing using a False Discovery Rate estimate (Benjamini and Hochberg, 1995). The over-representation p-value computed was based on the probability of occurrence of the observed TF binding site frequency in a random sample compared to a reference. The promoters corresponding to all the genes in the microarray were used as the reference in order to correctly account for the selection bias as our microarrays do not span the entire set of genes in the Ensembl database. Binding sites were mapped to the corresponding TFs based on the data column ‘Factor Name’ in the results from MATCH® tool. PAINT is available at http://www.dbi.tju.edu/dbi/tools/paint.

2.13 Nuclear extract preparation 

Nuclear Extract Kit (Active Motif, Carlsbad, CA) was used to prepare nuclear extract from liver samples. 

1 g of fresh liver tissue was diced into approximately 0.5 mm3 pieces using a clean razor blade. The pieces were collected in a pre-chilled, clean homogenizer. On ice, 3 ml of ice-cold 1× Hypotonic Buffer supplemented with DTT and detergent (3 µl of the provided 1 M DTT and 3 µl of the provided detergent) was added and the tissue was homogenized and incubated on ice for 15 minutes. The homogenate was centrifuged for 10 minutes at 850 × g at 4 °C. The supernatant was discarded.
The cells were re-suspended in 500 µl of 1× Hypotonic Buffer by pipetting up and down several times. They were transferred to a pre-chilled microcentrifuge tube and incubated for 15 minutes on ice. 25 µl of detergent was added and mixture was vortexed for 10 seconds at the highest setting. The suspension was centrifuged for 30 seconds at 14000 × g in a microcentrifuge pre-cooled at 4 ºC. The supernatant, containing the cytoplasmic fraction, was discarded. Nuclear pellet was re-suspended in 50 µl of Complete Lysis Buffer by pipetting up and down. The suspension was vortexed for 10 seconds at highest setting and incubated for 30 minutes on ice on a rocking platform set at 150 rpm. The suspension was vortexed 30 seconds at highest setting and centrifuged for 10 minutes at 14000 × g in a microcentrifuge pre-cooled at 4 ºC. The supernatant (nuclear fraction) was transferred into a pre-chilled microcentrifuge tube. Aliquots of 25 μl were made and stored at –80 ºC. 
2.14 Protein quantification

The protein concentration of prepared nuclear extract was determined using ProStain™ Protein Quantification Kit (Active Motif, Carlsbad, CA). 
A BSA standard curve was set up in duplicate using the following concentrations: 10.0, 5.0, 2.5, 1.25, 0.63, 0.32, 0.15 and 0.0 µg/ml. For protein determination of nuclear extract, a series of dilutions (1:50, 1:100 and 1:200) with the Dilution Buffer was prepared in duplicate. 100 µl of prepared dilutions were pipetted into each well. 100 µl/well of Dye Reagent Working Solution was added and mixed by pipetting up and down. The plate was incubated for 30 minutes at room temperature without agitation. 

After incubation the fluorescence was measured on Synergy HT Multi-Detection Microplate Reader (BioTek, Winooski, VT) (excitation: 488 nm, emission: 635 nm). The BSA standard curve (fitted with the function y = Ax + B) was used to calculate the protein concentrations of the nuclear extract samples.
The duplicate readings were averaged for each standard and sample and the value obtained from the zero standards was subtracted. The fluorescence for the standards was plotted against the protein concentration of the stan​dards and the fit curve was drawn. To quantify the amount of protein in the samples, the fluorescence value for each sample was found on the y-axis and a horizontal line was extended to the standard curve. At the intersection point a vertical line was extended to the x-axis giving the corresponding standard value. The values read from the standard curve were multiplied by the dilution factor.

2.15 Transcription factor activation assays 

Activation of HNF-1, NFκB, STAT-3, CREB, GATA-1 CEBP/α and CEBP/β was identified as changes in DNA binding activity of the transcription factors in nuclear extracts using TransAM kits (Active Motif, Carlsbad, CA). AP-2α and PAX-6 activity was assessed using the TransFactor Universal Colorimetric Kit (Clontech, Mountain View, CA) with biotinylated oligos containing binding sequence 5’-ACC GCC TGA GGC GTT A-3’ (AP-2α) 5’-CTG ACC TGG AAC T-3’ (PAX-6) and AP-2α and PAX-6 antibodies (Santa Cruz Biotechnology, Santa Cruz, CA).

2.15.1 TransAM assay

40 µl Complete Binding Buffer was added to each well. 10 µl (2 μg/μl) of nuclear extract diluted in Complete Lysis Buffer was added per well for sample wells. Positive control wells: 1 µg of the provided control nuclear extract diluted in 10 µl of Complete Lysis Buffer per well was added to the positive control wells. 10 µl of Complete Lysis Buffer only per well was added to each “blank” well. The plate was sealed with an adhesive cover and incubated for 1 hour at room temperature with mild agitation (100 rpm on a rocking platform). Each well was washed 3 times with 200 µl 1× Wash Buffer. 
100 µl of diluted specific transcription factor antibody (1:1500 dilution in 1× Antibody Binding Buffer) was added to all wells. The plate was sealed and incubated for 1 hour at room temperature without agitation. The wells were washed 3 times with 200 µl 1× Wash Buffer.

100 µl of diluted anti-rabbit HRP-conjugated antibody (1:1000 dilution in 1× Antibody Binding Buffer) was added to all wells. The plate was covered and incubated for 1 hour at room temperature without agitation. The wells were washed 4 times with 200 µl 1× Wash Buffer.

100 µl of Developing Solution was added to all wells. The plate was incubated for 10 minutes at room temperature protected from direct light. During this incubation the blue color develops in the sample and positive control wells. After the incubation 100 µl of Stop Solution was added to each well. In presence of the acid, the blue color turns yellow.  The absorbance was read on Synergy HT Multi-Detection Microplate Reader (BioTek, Winooski, VT) within 5 minutes at 490 nm.
2.15.2 TransFactor universal colorimetric assay

For each assay 25 µl of water (for blanks) or 25 µl (2 μg/μl) of nuclear extract (for sample wells) and 1 µl of Poly dIdC were mixed with 2 pmol of biotinylated oligo; the mixture was diluted to final volume of 50 µl with 1× TransFactor/Blocking Buffer (1.8 ml 1× TransFactor Buffer supplemented with 0.06 g Blocking Reagent per assay). The samples were incubated on ice for 15 min. 

150 µl of 1× TransFactor/Blocking Buffer was added to each well, incubated for 15 min at room temperature and discarded. 50 µl of sample was added to the wells. The plate was sealed with an adhesive cover and incubated for 1 hour at room temperature with mild agitation (100 rpm on a rocking platform). Each well was washed 3 times with 150 µl 1× TransFactor/Blocking Buffer. 

100 µl of diluted specific transcription factor antibody (1:1000 dilution in 1× TransFactor/Blocking Buffer) was added to all wells. The plate was sealed and incubated for 1 hour at room temperature without agitation. The wells were washed 4 times with 200 µl 1× Wash Buffer.

100 µl of diluted anti-rabbit HRP-conjugated antibody (1:1000 dilution in 1× TransFactor/Blocking Buffer) was added to all wells. The plate was covered and incubated for 30 minutes at room temperature without agitation. The wells were washed 4 times with 250 µl 1× TransFactor Buffer.

100 µl of TMB (tetramethyl benzidine) substrate was added to all wells. The plate was incubated for 10 minutes at room temperature protected from direct light. During this incubation the blue color develops in the sample and positive control wells. After the incubation 100 µl of 1 M H2SO4 was added to each well. The absorbance was read on Synergy HT Multi-Detection Microplate Reader (BioTek, Winooski, VT) within 5 minutes at 490 nm.

2.16 Chromatin immunoprecipitation assay

Chromatin immunoprecipitation (ChIP) was performed using Magna ChIP G kit (Millipore, Bedford, MA) and Enzymatic Shearing kit (Active Motif, Carlsbad, CA). ChIP grade rabbit polyclonal antibody to NF-κB and normal rabbit IgG (Abcam, Cambridge, MA) were used in this assay. NF-κB binding sites in promoter regions of individual genes were identified using TRANSFAC® Professional v.10.1 database. Primers (Table 2) were designed using an online primer design tool (GenScript, Piscataway, NJ) and synthesized at Integrated DNA Technologies (Coralville, IA).
2.16.1 Chromatin crosslinking

200 mg aliquots (containing ~4.5×107 cells) of frozen rat liver tissue were homogenized using a glass-teflon homogenizer in 6 ml of 1% formaldehyde solution in 1×PBS supplemented with 10 μl of PIC (protease inhibitor cocktail, Sigma-Aldrich, St. Louis, MO). The homogenate was incubated at room temperature for 15 minutes with mild agitation (100 rpm on a rocking platform). 850 μl of 1 M glycine was added to quench formaldehyde and the sample was incubated at room temperature for 5 minutes. Cells were pelleted for 10 minutes at 3000 × g at 4 ºC. The pellet was washed with 10 ml of ice cold 1×PBS supplemented with 14 μl of PIC and stored at –80 ºC.

2.16.2 Chromatin shearing

Enzymatic Shearing kit (Active Motif, Carlsbad, CA) was used to generate 200-1000 bp chromatin fragments according to the supplier’s protocol.

The croslinked cells were thawed and re-suspended in 1 ml ice-cold Lysis Buffer supplemented with 5 μl of PIC and 5 μl of PMSF. The sample was incubated on ice for 1 hour and centrifuged at 2400 × g for 10 minutes at 4 °C to pellet the nuclei. The supernatant was removed. The nuclei pellet was re-suspended in 1 ml Digestion Buffer (supplemented with 5 μl of PIC and 5 of μl PMSF) and incubated at 37 ºC for 5 minutes. 50 μl of the working stock of Enzymatic Shearing Cocktail (0.5 μl of Enzymatic Shearing Cocktail and 49.5 μl of 50% glycerol solution in H20) was added to the pre-warmed nuclei. The sample was vortexed to mix and incubated at 37 ºC for 12 minutes. The reaction was stopped by adding 20 μl of ice-cold EDTA and chilled on ice for 10 minutes. The sheared chromatin samples were spun at 14000 × g at 4 ºC. The supernatant, containing the sheared chromatin was collected and stored at –80 ºC.

2.16.3 Immunoprecipitation reaction 

50 μl of the sheared crosslinked chromatin (containing ~2×106 cell equivalent of chromatin) was transferred into 1.7 ml siliconized tube (Fisher Scientific, Pittsburgh, PA) and mixed with 450 μl of Dilution Buffer supplemented with 2.25 μl of PIC II. 20 μl of fully suspended Protein G magnetic beads and 4 μg of antibody (anti-NFκB or normal IgG for background control) were added, and the reaction was incubated overnight at 4 ºC with rotation. 10 μl of the sheared crosslinked chromatin was saved for input control.

DNA/Protein G magnetic beads were pelleted with the magnetic separator, and the supernatant was removed completely. The Protein G bead-antibody/chromatin complex was washed by resuspending the beads in 0.5 ml each of the cold buffers in the order listed below and incubating for 3-5 minutes on a rotating platform followed by magnetic clearance and careful removal of the supernatant fraction:

Low Salt Immune Complex Wash Buffer, one wash; 

High Salt Immune Complex Wash Buffer, one wash; 

LiCl Immune Complex Wash Buffer, one wash;

TE Buffer, one wash. 

2.16.4 DNA purification

100 μl of ChIP Elution Buffer supplemented with 1 μl Proteinase K was added to each immunoprecipitation (IP) and input control tube. The samples were incubated at 62 ºC for 2 hours with shaking, then transferred to 95 ºC for 10 minutes and cooled down to room temperature. Beads were separated using a magnet and the supernatant was transferred to a new tube. 500 μl of Bind Reagent “A” was added to each DNA sample tube (IP and input controls) and mixed well. The sample/Bind Reagent “A” mixture was transferred to the spin filter in collection tube and centrifuge for 30 seconds at 14000 × g. The liquid was discarded, and the spin filter was replaced into the same collection tube. 500 μl of the Wash Reagent “B” was added to the column, and it was centrifuged for 30 seconds at 14000 × g. The liquid was discarded, and the spin filter was replaced into the same collection tube and centrifuged for an additional 30 seconds at 14000 × g. The collection tube was discarded. The spin filter was put into a clean collection tube.50 μl of Elution Buffer “C” was added directly onto the center of the white spin filter membrane. The column was centrifuged for 30 seconds at 14000 × g. Eluted purified DNA was collected and stored at -20 ºC.

2.16.5 Analysis of DNA fragments
Purified DNA was analyzed by qPCR (quantitative PCR)performed on ABI Prism 7000 Sequence Detection System (Applied Biosystems, Foster City, CA) using 2×SYBR Green master mix (Applied Biosystems, Foster City, CA). Absolute Quantification protocol was used. All samples were run in triplicate.

The reaction was assembled as follows:

2× SYBR Green master mix 


10 μl 

Purified DNA (from IP or input samples)
5 μl
forward primer 



10 pmol

reverse primer 



10 pmol

H2O 





to 20 μl

Thermal conditions were as follows:

50 ºC for 2 min

95 °C for 10 min

Cycle 40 times: 

95 °C for 15 seconds 

60 °C for 1 minute 
The complete list and sequences of primers used in this analysis is presented in Table 2.

Table2. Primers used in ChIP.
	Gene Name
	Symbol
	Primer Sequence
	Binding Sites in Target Sequence

	Superoxide dismutase 2
	Sod2
	Forward
	5’-AGGCATCCAGGTTGAGTCTG-3’
	V$NFKB_Q6_01, V$NFKAPPAB65_01

	
	
	Reverse
	5’-GGCATTAACGGCTGGTTTTA-3’
	

	Metallothionein 1a
	Mt1a
	Forward
	5’-GCTTCCCGGAGGAAAGTC-3’
	V$NFKB_Q6_01, V$NFKAPPAB_01

	
	
	Reverse
	5’-CCTCTGCCTGTGAGCTACAAT-3’
	

	CCAAT/enhancer binding protein, β
	Cebpb
	Forward
	5’-AGGAAATCTTGGAGGGCTTC-3’
	V$NFKB_Q6_01

	
	
	Reverse
	5’-CAGTGCTCCCTATTCCCTCA-3’
	


3 Results

3.1 Identification of temporally regulated genes during liver regeneration
Differences in gene expression in rat liver were analyzed at 1, 2, 4 and 6 h after PHx corresponding to the transition from G0 and the early G1 phase in hepatocytes (Fausto, 2000; Michalopoulos, 2007). In order to study subtle and broadly distributed biological effects like partial hepatectomy-induced gene expression changes in the liver, it is essential to identify the method-related factors and to separate them from biologically significant responses. In classical two-color microarray experiment design two samples labeled with different dyes are co-hybridized on the same slide. This allows comparing samples without slide-to-slide variations, but introduces dye bias related problems. Typically one dye produces weaker signal intensities than the other; this results in different signal intensities for biologically identical samples. The use of a common reference probe helps to correct for slide to slide variation and avoid dye bias related problems (Khan et al., 2006). In this study sample (vRNA) derived from the parental EST clone vector of all clones printed on an array was used as a universal reference. The use of vRNA provides means for quality control of microarray printing and PCR product quality, detection of hybridization anomalies. Such reference sample produces strong signal for all spots on the array. Maximizing detectable spots on the reference image channel also decreases the variability of microarray data allowing for reliable detection of smaller differential gene expression changes. In this analysis log2 intensities were used, which has the advantages of both greatly reducing the dynamic range of the data and reducing its distributional asymmetry. 
In a typical analysis of high-throughput gene expression data, the choice of false discovery rate (FDR) threshold is not objective, i.e., it represents an arbitrary balance between missing relevant genes due to a highly restrictive threshold, and a less restrictive threshold resulting in an increasing number of differentially-expressed genes with more false positives. In contrast, within a certain local fdr range, the number of differentially expressed genes is relatively insensitive to the choice of a particular fdr threshold (Aubert et al., 2004). Thus, the local fdr represents a robust metric of the opportunity cost (in specificity) of considering additional genes as differentially expressed (see Figure 4 for the relationship between false discovery rate estimates and the number of differentially expressed genes in our data set). 
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Figure 4. Relationship between overall FDR, local fdr, and the number of predicted differentially expressed genes. 30% local fdr has been chosen as a threshold resulting in 309 differentially expressed genes (corresponding to a 21.4% overall FDR). Additional genes selected would be at a higher ‘opportunity cost’ as the local fdr is higher than 30% for the next 100 genes.
Analysis of the gene expression time series data using ANOVA resulted in a total of 309 genes significantly up- or down-regulated at any of the four time points at a 30% local false discovery rate threshold which corresponded to ~20% false discovery rate (FDR) threshold (Figure 4) (See Table 3 for detailed gene expression data and the Materials and Methods section for accession information to deposited raw data). This means that 20% of genes identified as differentially expressed potentially are false positives, but setting stricter FDR rate gives much higher percentage of false negatives – the large portion of genes that are changing their expression would not be identified.
Sham-operated animals showed only 16 genes that were significantly up-or down-regulated at 1 hour compared to control tissues (Table 4). Notably, the differences in gene expression found after sham surgery or between control samples did not overlap with the genes found to be responsive to PHx, suggesting that these represent random differences reflecting multiple testing error or biological variability.

Table 3. Liver regeneration associated changes in gene expression revealed by cDNA microarray analysis. Significant up- or down regulation is highlighted.
	GeneBank Accession Number
	Gene Name
	Official Symbol
	ANOVA P Value
	Log2 Intensity Ratio
	Cluster

	
	
	
	
	1h
	2h
	4h
	6h
	

	Signal transduction  

	CK842947
	Anti-Mullerian hormone type 2 receptor
	Amhr2
	0.00455
	-0.1
	0.1
	-0.2
	1.5
	3

	BI296778
	CDC-like kinase 3
	Clk3
	0.00050
	-0.1
	0.2
	-0.3
	1.6
	3

	AA818983
	Diacylglycerol kinase, beta
	Dgkb
	0.00514
	-0.1
	-0.1
	-0.3
	0.7
	3

	AA819366
	Dual specificity phosphatase 6
	Dusp6
	0.00671
	0.2
	0.8
	0.0
	1.1
	4

	BI285473
	Extracellular matrix protein 1
	Ecm1
	0.00066
	0.2
	0.1
	0.0
	0.6
	3

	BF545611
	Endothelial differentiation, lysophosphatidic acid G-protein-coupled receptor, 2
	Edg6
	0.00141
	0.3
	0.5
	0.2
	-0.9
	5

	AI071705
	GH3 domain containing
	Ghdc
	0.00707
	-0.1
	0.2
	-0.4
	0.1
	3

	BG379318
	G protein-coupled receptor 83
	Gpr83
	0.00372
	-0.1
	0.0
	-0.3
	1.6
	3

	BE119649
	Hepatocyte growth factor activator
	Hgfac
	0.00281
	0.1
	-0.2
	0.1
	0.7
	3

	AI454643
	Insulin-like growth factor binding protein 1
	Igfbp1
	0.00139
	1.5
	1.6
	0.6
	0.2
	2

	AA818337
	Inositol 1,4,5-triphosphate receptor 1
	Itpr1
	0.00417
	-0.1
	-0.2
	-0.3
	0.7
	3

	CK842366
	Latent transforming growth factor beta binding protein 3
	Ltbp3
	0.00605
	0.0
	-0.1
	0.0
	1.0
	3

	BG380475
	Mitogen activated protein kinase kinase 5
	Map2k5
	0.00114
	0.3
	0.3
	0.1
	1.0
	4

	BF555997
	Mitogen activated protein kinase 1
	Mapk1
	0.00590
	-0.1
	-0.1
	-0.1
	0.8
	3

	BI290194
	Non-catalytic region of tyrosine kinase adaptor protein 1 
	Nck1
	0.00657
	-0.1
	0.0
	-0.4
	0.9
	3

	AI044491
	Olfactomedin-like 2B 
	Olfml2b
	0.00417
	0.0
	-0.2
	0.6
	-1.7
	6

	AI501164
	Oncostatin M specific receptor
	Osmr
	0.00161
	0.3
	0.1
	0.0
	-1.2
	5

	BG371888
	Phosducin
	Pdc
	0.00888
	-0.1
	-0.1
	-0.7
	1.7
	3

	BI275649
	Phosducin-like 3
	Pdcl3
	0.00202
	0.1
	0.0
	-0.2
	1.3
	3

	AI071374
	Platelet derived growth factor receptor, beta polypeptide
	Pdgfrb
	0.00639
	-0.1
	0.2
	-0.1
	-0.5
	6

	AA818100
	Protein phosphatase 2a, catalytic subunit, alpha isoform
	Ppp2ca
	0.00395
	0.2
	0.0
	-0.1
	0.8
	3

	AI059606
	Protein phosphatase 4, regulatory subunit 1
	Ppp4r1
	0.00070
	-0.1
	0.0
	-0.2
	1.0
	3

	AI044238
	Protein kinase C, delta
	Prkcd
	0.00823
	0.2
	0.1
	0.3
	-1.1
	6

	BI274659
	Prolactin-like protein N
	Prlpn
	0.00166
	0.0
	-0.1
	-0.4
	1.0
	3

	AI071249
	Protein tyrosine phosphatase 4a1
	Ptp4a1
	0.00000
	0.7
	1.4
	0.7
	0.6
	2

	AI555816
	Rhomboid, veinlet-like 7 
	Rrhbdl7
	0.00624
	-0.2
	-0.1
	0.2
	-0.6
	6

	CK839738
	V-ros UR2 sarcoma virus oncogene homolog 1 
	Ros1
	0.00424
	-0.3
	-0.3
	-0.2
	0.8
	3

	BE101082
	Sclerostin
	Sost
	0.00313
	-0.2
	0.5
	0.4
	-0.2
	2

	AA956939
	Spleen tyrosine kinase
	Syk
	0.00517
	0.0
	-0.1
	0.3
	1.2
	3

	Neural signaling 

	BE119983
	Gamma-aminobutyric acid A receptor, alpha 5
	Gabra5
	0.00074
	0.3
	-0.5
	-0.3
	1.8
	3

	BE109632
	GRIP1 associated protein 1
	Gripap1
	0.00296
	0.0
	-0.2
	-0.2
	1.2
	3

	BF391593
	Homer homolog 1 
	Homer1
	0.00376
	0.1
	-0.5
	0.2
	-0.8
	6

	BF549707
	Islet cell autoantigen 1
	Ica1
	0.00505
	-0.1
	0.0
	-0.3
	0.6
	3

	BI289803
	Polycystic kidney disease 1 homolog
	Pkd1
	0.00553
	0.0
	0.1
	-0.2
	1.3
	3

	CK840699
	Proopiomelanocortin, beta (endorphin, beta)
	Pomc
	0.00504
	-0.1
	-0.1
	0.0
	-0.5
	6

	BI298288
	Syntaxin 1A 
	Stx1a
	0.00562
	0.0
	0.0
	0.0
	-1.6
	6

	Blood pressure regulation

	BI276266
	Angiotensin 1 converting enzyme
	Ace
	0.00326
	-0.1
	0.1
	-0.2
	0.7
	3

	Stress/immune response

	AA955106
	Aldehyde dehydrogenase family 1, member A1
	Aldh1a1
	0.00298
	0.4
	0.1
	-0.1
	0.7
	4

	BF546771
	Aldehyde dehydrogenase family 1, subfamily A2
	Aldh1a2
	0.00090
	0.2
	0.0
	0.0
	-0.5
	5


Table 3 (continued).

	GeneBank

Accession  Number
	Gene Name
	Official Symbol
	ANOVA P Value
	Log2 Intensity Ratio
	Cluster

	
	
	
	
	1h
	2h
	4h
	6h
	

	AA957411
	Ankyrin repeat domain 24 
	Ankrd17
	0.00514
	0.3
	0.0
	0.0
	-0.5
	5

	CK839422
	Arsenic (+3 oxidation state) methyltransferase
	As3mt
	0.00289
	0.3
	-0.1
	-0.2
	1.2
	3

	AA858513
	Complement component 1, q subcomponent binding protein
	C1QBP
	0.00365
	0.1
	0.0
	0.0
	1.1
	3

	AW522819
	Complement component 5, receptor 1
	C5r1
	0.00815
	-0.2
	0.0
	0.0
	0.4
	3

	BE106615
	Cd200 antigen
	Cd200
	0.00068
	-0.2
	-0.1
	-0.3
	2.0
	3

	BF405160
	Cold inducible RNA binding protein
	Cirbp
	0.00052
	-0.2
	0.0
	-0.3
	1.0
	3

	BG373643
	Cytochrome P450, 4a12
	Cyp4a12
	0.00615
	0.0
	-0.2
	0.1
	1.2
	3

	AA957658
	Cytochrome P450, 4b1
	Cyp4b1
	0.00888
	0.5
	-0.2
	0.0
	-0.2
	5

	CK841564
	Flavin containing monooxygenase 2
	Fmo2
	0.00007
	0.1
	0.0
	-0.2
	2.2
	3

	BE113034
	HesB protein
	HesB
	0.00323
	-0.4
	0.0
	0.2
	0.7
	3

	BF521858
	Heme oxygenase (decycling) 2
	Hmox2
	0.00647
	0.0
	0.0
	0.0
	-0.7
	6

	BF551538
	Histidine-rich glycoprotein
	Hrg
	0.00188
	-0.3
	-0.4
	-0.3
	-1.1
	6

	BF549866
	Heat shock factor 2
	Hsf2
	0.00483
	-0.2
	0.2
	0.1
	1.6
	3

	BG380317
	Heat shock protein 1
	Hspd1
	0.00482
	0.0
	0.0
	0.0
	1.0
	3

	AW535223
	K-kininogen
	Kngk
	0.00606
	0.1
	0.6
	0.2
	2.1
	4

	BF543953
	Mast cell antigen 32 
	Mca32
	0.00254
	-0.4
	-0.1
	-0.1
	-0.4
	1

	AA900218
	metallothionein 1A
	Mt1A
	0.00004
	1.1
	1.5
	1.0
	1.6
	2

	BF556086
	metallothionein 3
	Mt3
	0.00121
	-0.3
	0.9
	1.2
	1.8
	4

	AA996887
	Nitrogen fixation cluster-like 
	NifU
	0.00494
	0.2
	-0.1
	-0.2
	0.3
	3

	BF555573
	NAD(P)H dehydrogenase, quinone 1
	Nqo1
	0.00742
	0.1
	-0.2
	-0.2
	1.4
	3

	BF552706
	NAD(P)H dehydrogenase, quinone 2
	Nqo2
	0.00203
	-0.2
	-0.2
	-0.8
	0.9
	3

	AI705421
	RT1 class I, CE16
	RT1-CE16
	0.00460
	0.0
	-0.2
	-0.1
	1.4
	3

	AI535132
	RT1 class I, CE7
	RT1-CE7
	0.00833
	0.1
	0.0
	-0.1
	-0.5
	6

	BF550957
	Superoxide dismutase 2, mitochondrial
	Sod2
	0.00719
	0.1
	0.2
	0.3
	0.8
	4

	CK842049
	Thrombomodulin
	Thbd
	0.00686
	0.3
	0.5
	0.0
	1.2
	4

	CK840114
	Transformation related protein 53 binding protein 1
	Trp53bp1
	0.00032
	0.9
	0.8
	0.2
	0.4
	2

	BI290005
	Uncoupling protein 3
	Ucp3
	0.00579
	-0.1
	-0.2
	1.0
	-1.8
	6

	BE107282
	Ischemia related factor vof-16
	Vof16
	0.00448
	0.0
	-0.1
	-0.1
	0.6
	3

	AA899151
	Zinc finger protein 36 
	Zfp36
	0.00004
	0.6
	1.0
	0.4
	0.2
	2

	Cell cycle/cell proliferation

	BF565994
	A disintegrin-like and metalloprotease with thrombospondin type 1 motif, 1
	Adamts1
	0.00321
	0.5
	0.6
	0.0
	0.7
	4

	BI286150
	Breast cancer metastasis-suppressor 1
	Brms1
	0.00093
	0.0
	-0.2
	-0.1
	1.5
	3

	BG377456
	CTF18, chromosome transmission fidelity factor 18 homolog 
	Chtf18
	0.00719
	-0.2
	-0.1
	-0.2
	-0.2
	1

	BI287277
	Cullin 7 
	Cul7
	0.00020
	0.2
	0.1
	-0.4
	1.0
	3

	AI029014
	Cysteine and glycine-rich protein 2
	Csrp2
	0.00638
	0.2
	0.2
	0.0
	0.6
	4

	BF522722
	DNA polymerase epsilon subunit 3
	Pole3
	0.00545
	-0.2
	-0.2
	-0.1
	1.3
	3

	BF406636
	G0/G1 switch gene 2
	G0s2
	0.00068
	-0.4
	-1.0
	-0.6
	-1.2
	1

	BF542233
	M-phase phosphoprotein
	Mpp8 
	0.00426
	0.3
	0.2
	0.1
	-1.3
	5

	BF556565
	Neuroblastoma, suppression of tumorigenicity 1
	Nbl1
	0.0512
	0.0
	0.2
	-0.7
	0.4
	3

	AW527882
	Neurofibromatosis 2
	Nf2
	0.00052
	-0.1
	-0.1
	-0.3
	1.5
	3

	BI275165
	NHP2-like protein 1 (High mobility group-like nuclear protein 2 homolog 1) 
	Nhp2l1
	0.00026
	0.0
	0.0
	-0.1
	0.3
	3

	AA926158
	Pre-B-cell colony enhancing factor 1
	Pbef1
	0.00056
	0.4
	0.5
	0.6
	1.0
	4

	AA926158
	Pre-B-cell colony enhancing factor 1
	Pbef1
	0.00056
	0.4
	0.5
	0.6
	1.0
	4

	AI113008
	Proteoglycan 4
	Prg4
	0.00368
	0.0
	0.1
	-0.3
	1.0
	3

	BI292639
	Prothymosin alpha
	Ptma
	0.00094
	-0.1
	-0.2
	-0.3
	1.0
	3


Table 3 (continued).

	GeneBank

Accession Number
	Gene Name
	Official Symbol
	ANOVA P Value
	Log2 Intensity Ratio
	Cluster

	
	
	
	
	1h
	2h
	4h
	6h
	

	AI454691
	Telomeric repeat binding factor 2 
	Terf1
	0.00000
	-0.8
	-0.2
	0.0
	-0.1
	1

	AI602197
	Ubiquitin-conjugating enzyme E2S
	Ube2i
	0.00847
	0.1
	-0.3
	0.1
	1.0
	3

	AA964763
	UTP20, small subunit processome component, homolog
	Utp20
	0.00000
	-0.1
	-0.2
	0.4
	2.4
	3

	AA819392
	B-cell translocation gene 1, anti-proliferative
	Btg1
	0.00268
	0.4
	0.5
	0.5
	1.3
	4

	AI146192
	B-cell translocation gene 2, anti-proliferative
	Btg2
	0.00011
	1.0
	2.6
	1.0
	1.0
	2

	Cell death

	BG372706
	Amyloid beta (A4) precursor protein-binding, family B, member 3
	Apbb3
	0.00105
	0.3
	0.1
	0.1
	1.5
	4

	AA818665
	Amyloid beta (A4) precursor-like protein 2
	Aplp2
	0.00164
	0.1
	0.1
	0.0
	0.9
	3

	BE110683
	Annexin A5
	Anxa5
	0.00053
	0.4
	-0.2
	-0.3
	1.5
	3

	AI385294
	BCL2/adenovirus E1B 19 kDa-interacting protein 3
	Bnip3
	0.00637
	0.5
	0.5
	0.2
	0.3
	2

	AI044631
	CD3 antigen, gamma polypeptide
	Cd3g
	0.00205
	0.3
	0.2
	0.1
	-0.5
	5

	BF552914
	Feminization 1 homolog b 
	Fem1b
	0.00324
	0.1
	-0.1
	0.2
	-0.6
	6

	AW534133
	Transformation related protein 53 inducible nuclear protein 1
	Trp53inp1
	0.00391
	0.4
	0.6
	0.2
	0.2
	2

	AI113283
	Transmembrane protein 23
	Tmem23
	0.00429
	0.3
	0.3
	0.3
	0.0
	2

	AA957270
	Tumor necrosis factor receptor superfamily, member 12a
	Tnfrsf12a
	0.00569
	0.1
	0.5
	0.4
	0.3
	2

	BE113431
	Tumor necrosis factor superfamily, member 5-induced protein 1 
	Tnfsf5ip1
	0.00141
	-0.1
	-0.2
	0.0
	-0.7
	6

	BF558799
	Tumor necrosis factor, alpha-induced protein 8 
	Tnfaip88
	0.00343
	-0.3
	0.0
	0.1
	0.8
	3

	Cell development/differentiation

	AA965204
	Complement component 1, s subcomponent
	C1s
	0.00661
	0.2
	-0.1
	0.0
	0.9
	3

	BF554418
	COP9 (constitutive photomorphogenic) homolog, subunit 2 
	Cops2
	0.00535
	-0.2
	0.0
	-0.1
	0.4
	3

	BF544850
	COP9 (constitutive photomorphogenic) homolog, subunit 7a 
	Cops7a
	0.00415
	0.0
	-0.1
	-0.2
	0.5
	3

	AA955549
	Delta-like 3 
	Dll3
	0.00259
	0.0
	-0.5
	0.3
	1.0
	3

	BE107225
	Disabled homolog 2
	Dab2
	0.00715
	0.0
	0.1
	-0.4
	0.6
	3

	BF557660
	Microrchidia
	Morc
	0.00792
	0.0
	-0.2
	0.0
	1.1
	3

	AI576682
	neuronal guanine nucleotide exchange factor
	Ngef
	0.00865
	0.0
	-0.1
	-0.1
	1.1
	3

	AI059154
	Notchless gene homolog
	Nle1
	0.00181
	0.2
	0.0
	-0.1
	-0.5
	5

	BF403834
	Numb gene homolog
	Numb
	0.00170
	-0.3
	0.0
	-0.1
	1.1
	3

	AI045342
	Pecanex-like 3
	Pcnxl3
	0.00332
	0.0
	-0.2
	0.0
	-0.6
	6

	BF554026
	Vang, van gogh-like 1 
	Vangl1
	0.00149
	0.0
	0.0
	0.3
	-0.8
	6

	AI044919
	Wingless-type MMTV integration site family, member 2B
	Wnt2b
	0.00491
	0.4
	0.1
	-0.2
	-0.6
	5

	CK838531
	Yip1 domain family, member 3
	Yipf3
	0.00490
	0.2
	0.7
	0.8
	0.6
	2

	Chromosome organization

	AA819782
	H3 histone, family 3B
	Hh3f3b
	0.00158
	0.3
	0.9
	0.6
	0.4
	2

	BF525152
	Histone cluster 2, H2aa1
	Hist2h2aa1
	0.00700
	0.0
	-0.2
	0.0
	1.8
	3

	AA964338
	SMC4 structural maintenance of chromosomes 4-like 1 
	Smc4l1
	0.00858
	-0.4
	0.0
	-0.1
	0.8
	3

	BF544108
	SMC6 structural maintenance of chromosomes 6-like 1 
	Smc6l1
	0.00268
	-0.4
	0.0
	0.1
	1.3
	3

	Transcription

	BI282081
	Activating transcription factor 4
	Atf4
	0.00068
	0.3
	0.6
	0.7
	0.7
	4

	AI059385
	Activating transcription factor 6 
	Atf6
	0.00564
	0.4
	0.0
	0.0
	-0.4
	5

	AI072185
	Ankyrin repeat and SOCS box-containing protein 2
	Asb2
	0.00201
	-0.1
	-0.1
	-0.1
	-0.5
	6

	AI030166
	Basic transcription element binding protein 1 (Kruppel-like factor 9)
	Klf9
	0.00711
	0.1
	0.4
	0.0
	1.0
	4


Table 3 (continued).

	GeneBank

Accession  Number
	Gene Name
	Official Symbol
	ANOVA P Value
	Log2 Intensity Ratio
	Cluster

	
	
	
	
	1h
	2h
	4h
	6h
	

	BI289386
	BCoR protein (BCL-6 corepressor)
	Broc
	0.00000
	0.0
	0.0
	-0.3
	2.1
	3

	AW529356
	CCAAT/enhancer binding protein (C/EBP), beta
	Cebpb
	0.00046
	0.4
	0.6
	0.2
	0.5
	2

	CK841018
	Cofactor required for Sp1 transcriptional activation, subunit 3
	Crsp3
	0.00458
	0.0
	-0.2
	-0.4
	1.5
	3

	AA900368
	Core promoter element binding protein (Kruppel-like factor 6)
	Klf6
	0.00029
	0.0
	0.7
	0.6
	1.6
	4

	AI059856
	Cryptochrome 2 (photolyase-like)
	Cry2
	0.00796
	-0.5
	-0.4
	0.3
	-1.4
	6

	AI112834
	D site albumin promoter binding protein
	Dbp
	0.00790
	-0.4
	0.0
	-0.1
	0.6
	3

	AI029203
	DNA-damage inducible transcript 3
	Ddit3
	0.00001
	0.1
	0.1
	-0.2
	1.1
	3

	BF550577
	Elongation factor RNA polymerase II 2 
	Ell2
	0.00537
	0.5
	0.9
	0.9
	0.7
	2

	BF546918
	FBJ osteosarcoma oncogene B
	Fosl2
	0.00840
	-0.3
	-0.1
	0.0
	1.2
	3

	AI111628
	Forkhead box E1 (thyroid transcription factor 2)
	Foxe1
	0.00403
	0.2
	-0.1
	-0.1
	-0.6
	5

	BE111515
	Forkhead box O1A
	Foxo1a
	0.00783
	-0.1
	-0.1
	-0.1
	0.6
	3

	AI070190
	General transcription factor 2 I
	Gtf2i
	0.00199
	0.2
	0.0
	0.0
	-0.6
	5

	BE112211
	GLIS family zinc finger 2
	Glis1
	0.00464
	0.1
	-0.2
	0.1
	-0.2
	6

	AA955827
	Homeo box A5 
	Hoxa5
	0.00239
	-0.1
	0.0
	-0.2
	0.6
	3

	AI044131
	Jun-B oncogene
	Junb
	0.00077
	0.4
	0.8
	0.4
	0.1
	2

	BF546577
	Kruppel-like factor 3 
	Klf3
	0.00657
	0.1
	-0.1
	0.2
	-0.6
	6

	AI602501
	LIM and cysteine-rich domains 1 
	Lmcd1
	0.00472
	0.0
	-0.1
	0.0
	0.9
	3

	BF523563
	LPS-induced TNF factor
	Litaf
	0.00454
	0.4
	0.4
	0.1
	-0.2
	2

	BE109596
	Mixed lineage leukemia gene homolog 2 protein
	Mll2
	0.00720
	0.6
	-0.1
	-0.3
	1.2
	3

	BE101385
	Myelocytomatosis viral oncogene homolog 
	Myc
	0.00269
	0.5
	0.7
	0.2
	0.2
	2

	BE110651
	Putative DNA/chromatin binding motif
	Plu1
	0.00636
	0.1
	-0.1
	-0.3
	1.6
	3

	AA996525
	POU domain, class 3, transcription factor 4
	Pou3f4
	0.00285
	-0.2
	-0.1
	-0.1
	-0.6
	1

	BI285687
	Pre-mRNA processing factor 8
	Prpf8
	0.00441
	-0.1
	-0.1
	-0.4
	0.9
	3

	AI059832
	RD RNA-binding protein
	Rdbp
	0.00483
	0.2
	-0.2
	0.1
	-0.5
	5

	BF559853
	Ring finger protein 10
	Rnf10
	0.00107
	-0.1
	0.1
	0.0
	0.9
	3

	AI059580
	Ring finger protein 141
	Rnf141
	0.00791
	-0.2
	-0.2
	0.2
	1.0
	3

	BF566561
	RIO kinase 2
	Riok2
	0.00688
	-0.2
	0.0
	-0.2
	0.5
	3

	BF556538
	RNA binding motif protein 14
	Rbm14
	0.00399
	0.0
	0.1
	-0.4
	0.9
	3

	BF550542
	Scm-like with four mbt domains 1
	Sfmbt1
	0.00100
	-0.1
	0.0
	-0.2
	1.3
	3

	CK839299
	SERTA domain containing 1
	Sertad1
	0.00873
	0.0
	-0.1
	-0.2
	-0.7
	6

	AI045179
	Signal transducer and activator of transcription 3
	Stat3
	0.00208
	-0.4
	0.2
	0.5
	0.5
	4

	BE110739
	Small optic lobes homolog 
	Solh
	0.00850
	0.0
	-0.1
	-0.4
	1.1
	3

	BE104767
	Splicing factor, arginine/serine-rich 12
	Sfrs12
	0.00081
	0.3
	0.4
	0.7
	1.5
	4

	AA998705
	Topoisomerase I binding, arginine/serine-rich 
	Topors
	0.00011
	0.2
	-0.1
	1.4
	2.0
	4

	BI283445
	Tripartite motif-containing 27
	Trim27
	0.00405
	-0.2
	0.0
	0.1
	1.1
	3

	CK842675
	Zinc finger protein 180
	Zfp180
	0.00291
	0.3
	0.2
	-0.7
	1.5
	3

	CK843606
	zinc finger protein 324
	Zfp324
	0.00719
	-0.2
	-0.3
	0.0
	0.9
	3

	Cell structure/cytoskeleton

	AA900769
	Actin, alpha
	Acta
	0.00553
	-0.1
	0.8
	0.9
	0.6
	2

	AI070848
	Actin, beta
	Actb
	0.00738
	0.3
	0.8
	1.0
	0.6
	2

	BI297592
	Rho GTPase activating protein 17 
	Arhgap17
	0.00235
	-0.3
	-0.2
	-0.2
	0.9
	3

	AI029319
	Calmodulin regulated spectrin-associated protein 1
	Camsap1
	0.00001
	0.2
	-0.1
	-0.3
	-0.9
	6

	AA963841
	Centaurin, delta 2
	Centd2
	0.00216
	0.0
	-0.2
	-0.1
	1.4
	3

	CK840357
	Dynactin 3 
	Dctn3
	0.00040
	-0.1
	-0.1
	0.0
	0.8
	3

	AA998140
	Dynactin 4
	Dctn4
	0.00176
	0.1
	0.0
	-0.2
	1.7
	3

	AA957145
	Destrin
	Dstn
	0.00026
	0.1
	0.2
	0.1
	0.5
	4


Table 3 (continued).

	GeneBank

Accession  Number
	Gene Name
	Official Symbol
	ANOVA P Value
	Log2 Intensity Ratio
	Cluster

	
	
	
	
	1h
	2h
	4h
	6h
	

	BF544124
	Dystrobrevin, beta
	Dtnb
	0.00709
	0.0
	0.1
	0.3
	-0.7
	6

	CK840640
	EBNA1 binding protein 2
	Ebna1bp2
	0.00798
	0.1
	0.0
	-0.6
	1.9
	3

	BI292191
	Keratin complex 1, acidic, gene 19
	Krt1-19
	0.00337
	0.0
	0.1
	-0.3
	1.3
	3

	CK845362
	Microtubule-associated protein 4
	Map4
	0.00242
	0.1
	0.2
	-0.1
	1.6
	3

	AI703855
	PDZ domain containing 3
	Pdzk3
	0.00247
	0.1
	-0.1
	-0.1
	1.0
	3

	BE108510
	Polyamine modulated factor 1 binding protein 1
	Pmfbp1
	0.00843
	0.1
	-0.2
	-0.2
	1.7
	3

	CK842227
	Ras homolog gene family, member G 
	RhoG
	0.00734
	0.1
	-0.2
	-0.2
	1.0
	3

	BI289636
	Ras homolog gene family, member J
	RhoJ
	0.00031
	-0.2
	0.2
	0.8
	-1.3
	6

	BF559046
	Related RAS viral oncogene homolog 2
	RRAS2
	0.00218
	1.7
	2.5
	1.3
	0.7
	2

	BF414279
	Septin 2
	Sept2
	0.00626
	-0.3
	0.0
	-0.2
	1.5
	3

	AA964924
	Septin 4
	Sept4
	0.00284
	0.0
	-0.1
	-0.5
	0.4
	3

	AA875313
	Septin 9
	Sept9
	0.00311
	0.4
	0.1
	0.0
	0.9
	4

	AA964882
	Sarcoglycan, 
	Sgcb
	0.00632
	-0.3
	0.0
	-0.2
	0.9
	3

	AA818246
	Small membrane protein 1 
	Smp1
	0.00605
	0.2
	-0.3
	0.0
	0.9
	3

	BG381575
	Stathmin-like 3
	Stmn3
	0.00057
	0.2
	-0.2
	0.1
	-0.2
	5

	BF395575
	Tubulin, alpha 4
	Tuba4
	0.00003
	-0.1
	-0.2
	0.0
	1.1
	3

	CK840796
	Vezatin
	Vezt
	0.00701
	0.0
	-0.1
	-0.3
	1.3
	3

	BF547727
	Vimentin
	Vim
	0.00103
	0.4
	0.2
	0.3
	0.4
	4

	Cell adhesion 

	BF562140
	Adhesion regulating molecule 1
	Adrm1
	0.00150
	0.0
	-0.2
	-0.3
	0.9
	3

	BF549190
	Myelin protein zero-like 1
	Mpzl1
	0.00405
	0.0
	0.4
	0.1
	1.1
	4

	BE097213
	Sparc/osteonectin, cwcv and kazal-like domains proteoglycan 1
	Spock1
	0.00204
	0.0
	0.0
	-0.2
	1.1
	3

	BF556916
	Spondin 2, extracellular matrix protein
	Spon2
	0.00122
	0.1
	-0.1
	-0.3
	0.9
	3

	AA819385
	Syndecan 4
	Sdc4
	0.00468
	0.8
	0.5
	0.3
	0.8
	4

	Transport 

	CK839239
	Dynein, cytoplasmic, heavy chain 1
	Dync1h1
	0.00034
	0.2
	0.0
	-0.3
	1.2
	3

	BF395685
	FXYD domain-containing ion transport regulator 1
	Fxyd1
	0.00708
	-0.5
	-0.3
	0.3
	-1.9
	6

	AI113133
	Leucine rich repeat and sterile alpha motif containing 1
	Lrsam1
	0.00497
	0.0
	-0.1
	0.1
	-0.7
	6

	BI288790
	Lysosomal-associated protein transmembrane 4A
	Laptm4a
	0.00407
	0.1
	-0.1
	-0.2
	1.2
	3

	AA900609
	Matrix metalloproteinase 23
	Mmp23
	0.00549
	0.0
	0.1
	-0.7
	0.4
	3

	BF525130
	Potassium voltage-gated channel, subfamily H, member 2
	Kcnh2
	0.00170
	0.2
	-0.1
	-0.2
	0.9
	3

	BG381311
	Solute carrier family 13 (sodium-dependent citrate transporter), member 5
	Slc13a5
	0.00093
	0.2
	0.4
	0.2
	1.0
	4

	AA859020
	Solute carrier family 2 (facilitated glucose transporter), member 4
	Slc2a4
	0.00370
	0.3
	-0.2
	-0.1
	0.7
	3

	AA957759
	solute carrier family 22 (organic cation transporter), member 18 
	Slc22a18 
	0.00410
	-0.1
	-0.1
	-0.1
	1.0
	3

	BE103366
	Solute carrier family 25 (mitochondrial carrier, phosphate carrier), member 25
	Slc25a25
	0.00005
	0.8
	1.1
	0.3
	0.4
	2

	AA963102
	Solute carrier family 38, member 2
	Slc38a2
	0.00040
	0.5
	0.9
	0.3
	0.5
	2

	BF390320
	Solute carrier family 4, member 3
	Slc4a3
	0.00441
	0.0
	0.0
	-0.1
	1.2
	3

	BF566991
	Solute carrier family 6 (neurotransmitter transporter, taurine), member 6
	Slc6a6
	0.00705
	0.3
	0.1
	-0.1
	1.1
	3

	BF567888
	Transient receptor potential cation channel, subfamily M, member 3
	Trpm3
	0.00723
	-0.1
	0.1
	-0.3
	1.3
	3

	BF559886
	Translocase of outer mitochondrial membrane 20 homolog 
	Tomm20
	0.00445
	0.2
	0.4
	0.2
	0.5
	4

	BF420146
	Translocase of outer mitochondrial membrane 22 homolog
	Tomm22
	0.00008
	-0.2
	-0.2
	-0.4
	1.4
	3

	BI297863
	Transthyretin 
	Ttr
	0.00444
	-0.1
	-0.3
	0.1
	-1.1
	6


Table 3 (continued).

	GeneBank

Accession  Number
	Gene Name
	Official

Symbol
	ANOVA P Value
	Log2 Intensity Ratio
	Cluster

	
	
	
	
	1h
	2h
	4h
	6h
	

	AA858662
	Tyrosine 3-monooxygenase/tryptophan 5-mono-oxygenase activation protein, zeta polypeptide
	Ywhaz
	0.00021
	-0.2
	-0.1
	0.0
	1.6
	3

	AI070424
	Zinc finger, DHHC domain containing 3 
	Zdhhc3
	0.00668
	0.0
	-0.1
	0.1
	-0.5
	6

	Vesicle-mediated transport  

	BG378061
	ADP-ribosylation factor 3
	Arf3
	0.00781
	0.0
	-0.2
	-0.2
	0.8
	3

	BF558595
	ADP-ribosylation factor 6
	Arf6
	0.00879
	0.0
	-0.1
	0.0
	1.0
	3

	CK839304
	ATPase, H+ transporting, V1 subunit G isoform 2 
	Atp6v1g2
	0.00438
	0.4
	0.0
	-0.2
	0.1
	5

	BF555071
	N-ethylmaleimide sensitive fusion protein attachment protein alpha
	Napa
	0.00523
	0.2
	0.0
	0.0
	-0.6
	5

	CK843306
	RAB2, member RAS oncogene family-like
	Rab2l
	0.00754
	0.0
	0.1
	-0.1
	1.5
	3

	AA997773
	Ras and Rab interactor 3 
	Rin3
	0.00713
	-0.3
	0.0
	-0.1
	1.1
	3

	AA957824
	RER1 homolog
	Rer1
	0.00106
	0.1
	-0.1
	0.4
	-0.5
	6

	BE113797
	Synaptogyrin 1
	Syngr1
	0.00091
	0.1
	-0.1
	-0.2
	-0.7
	6

	BE106583
	Synaptotagmin 2
	Syt2
	0.00865
	-0.5
	0.3
	0.2
	-0.3
	1

	BI304063
	Vacuolar protein sorting 4b 
	Vps4b
	0.00635
	-0.4
	-0.1
	-0.2
	0.7
	3

	Translation/protein processing 

	AA818636
	Beta galactoside alpha 2,6 sialyltransferase 1
	St6gal1
	0.00858
	0.3
	0.2
	0.2
	1.5
	4

	AA819336
	Cathepsin H
	Ctsh
	0.00215
	0.0
	-0.1
	-0.2
	1.1
	3

	AA859498
	Cathepsin L
	Ctsl
	0.00146
	0.3
	0.4
	1.1
	1.4
	4

	BF561675
	Eukaryotic translation elongation factor 1 epsilon 1
	Eef1e1
	0.00120
	0.1
	0.2
	-0.1
	1.1
	3

	AA955540
	Eukaryotic translation initiation factor 1A
	Eif1a
	0.00413
	0.3
	0.6
	0.0
	0.5
	2

	BF556406
	Heterogeneous nuclear ribonucleoproteins methyltransferase-like 2 
	Hrmt1l2
	0.00825
	0.2
	0.0
	-0.2
	1.1
	3

	BF556843
	IBR domain containing 1 
	Ibrdc1
	0.00022
	-0.2
	0.1
	-0.3
	1.3
	3

	BG380542
	Mahogunin, ring finger 1
	Mgrn1
	0.00196
	-0.1
	-0.1
	0.1
	1.3
	3

	BF415014
	Mitochondrial ribosomal protein L38
	mrpl38
	0.00680
	-0.2
	-0.2
	0.2
	-1.3
	6

	BF558495
	N6-DNA-methyltransferase isoform 1 
	N6amt1
	0.00582
	0.7
	1.4
	0.5
	0.1
	2

	AA956005
	Poly(rC) binding protein 3
	Pcbp3
	0.00647
	-0.1
	-0.1
	-0.1
	1.1
	3

	BF556843
	IBR domain containing 1 
	Ibrdc1
	0.00022
	-0.2
	0.1
	-0.3
	1.3
	3

	BG380542
	Mahogunin, ring finger 1
	Mgrn1
	0.00196
	-0.1
	-0.1
	0.1
	1.3
	3

	BF415014
	Mitochondrial ribosomal protein L38
	mrpl38
	0.00680
	-0.2
	-0.2
	0.2
	-1.3
	6

	BF556843
	IBR domain containing 1 
	Ibrdc1
	0.00022
	-0.2
	0.1
	-0.3
	1.3
	3

	BF556843
	IBR domain containing 1 
	Ibrdc1
	0.00022
	-0.2
	0.1
	-0.3
	1.3
	3

	BG380542
	Mahogunin, ring finger 1
	Mgrn1
	0.00196
	-0.1
	-0.1
	0.1
	1.3
	3

	BF415014
	Mitochondrial ribosomal protein L38
	mrpl38
	0.00680
	-0.2
	-0.2
	0.2
	-1.3
	6

	BF558495
	N6-DNA-methyltransferase isoform 1 
	N6amt1
	0.00582
	0.7
	1.4
	0.5
	0.1
	2

	AA956005
	Poly(rC) binding protein 3
	Pcbp3
	0.00647
	-0.1
	-0.1
	-0.1
	1.1
	3

	AI454578
	Polyadenylate-binding protein-interacting protein 2
	Paip2
	0.00074
	0.1
	-0.3
	-0.2
	0.5
	3

	BI300697
	Proteasome subunit, beta type 2
	Psmb2
	0.00044
	-0.2
	0.0
	-0.2
	0.7
	3

	BI284687
	Protein Tyr phosphatase
	Ptp
	0.00305
	-0.1
	-0.3
	-0.1
	0.9
	3

	BI296229
	Proteosome subunit, beta type 9
	Psmb9
	0.00608
	0.1
	0.1
	0.3
	-1.3
	6

	AA874997
	Ribosomal protein S8
	Rps8
	0.00449
	0.5
	0.2
	0.1
	0.7
	4

	AW433845
	Ribosomal protein, large P2
	Rplp2
	0.00834
	0.2
	0.0
	-0.1
	0.4
	3

	AA957307
	Seryl-aminoacyl-tRNA synthetase 1
	Sars1
	0.00576
	0.1
	0.0
	0.1
	-0.6
	6

	AA957708
	SUMO/sentrin specific protease 2
	Senp2
	0.00519
	-0.1
	0.0
	0.0
	0.7
	3

	BE109655
	Translation factor sui1 homolog 
	Sui1
	0.00146
	0.1
	0.0
	0.1
	1.1
	3

	BF567853
	Ubiquitin specific protease 33
	Usp33
	0.00185
	0.1
	-0.3
	-0.1
	1.4
	3

	AA818673
	Argininosuccinate lyase
	Asl
	0.00386
	0.6
	0.7
	0.8
	1.2
	4


Table 3 (continued).

	GeneBank

Accession  Number
	Gene Name
	Official

Symbol
	ANOVA P Value
	Log2 Intensity Ratio
	Cluster

	
	
	
	
	1h
	2h
	4h
	6h
	

	Amino acid metabolism 

	BI295687
	Gamma-glutamyltransferase-like 3
	Ggtl3
	0.00283
	-0.1
	-0.1
	0.0
	1.1
	3

	BF555631
	Glutamate oxaloacetate transaminase 1
	Got1
	0.00196
	0.7
	1.3
	0.5
	1.8
	4

	BF549503
	Leucine carboxyl methyltransferase 2
	Lcmt2
	0.00126
	0.2
	0.2
	-0.1
	-0.3
	5

	BF555192
	Methionine adenosyltransferase I, alpha
	Mat1a
	0.00376
	0.7
	0.2
	0.0
	1.3
	4

	AA818680
	Ornithine aminotransferase
	Oat
	0.00142
	0.1
	0.0
	-0.3
	0.8
	3

	BF418848
	Phosphoserine phosphatase
	Psph
	0.00023
	-0.1
	0.0
	-0.1
	1.4
	3

	CK845109
	Procollagen-lysine, 2-oxoglutarate 5-dioxygenase 3
	Plod3
	0.00880
	-0.2
	-0.2
	0.2
	1.1
	3

	BF556588
	Protoporphyrinogen oxidase 
	Ppox
	0.00166
	0.0
	0.1
	0.1
	-0.4
	6

	BE121281
	Spermidine/spermine N1-acetyl transferase 
	Sat
	0.00018
	0.0
	1.0
	1.6
	1.6
	4

	BE115543
	Sulfatase 1
	Sulf1
	0.00508
	0.0
	-0.1
	-0.4
	1.6
	3

	AA818350
	Tryptophan 2,3-dioxygenase
	Tdo2
	0.00016
	0.3
	0.6
	0.3
	0.6
	4

	BF524147
	Tyrosinase (albino coat color) 
	Tyr
	0.00334
	-0.3
	0.0
	-0.1
	0.1
	3

	Nucleic acid metabolism 

	AA964867
	Guanine deaminase
	Gda
	0.00134
	-0.5
	-0.2
	-0.3
	1.3
	3

	Lipid metabolism 

	BI277600
	Adiponutrin
	Adpn
	0.00126
	0.0
	0.0
	-0.1
	1.7
	3

	BE108576
	Lipid phosphate phosphatase-related protein type 2 
	Lppr2
	0.00393
	0.0
	-0.1
	-0.5
	0.9
	3

	BF554387
	Myotubularin related protein 9
	Mtmr9
	0.00393
	0.1
	0.0
	0.1
	-0.5
	6

	BF553121
	Phosphatidylserine synthase 2 
	Ptdss2
	0.00098
	0.2
	-0.1
	-0.1
	-0.5
	5

	Carbohydrate metabolism

	BF559000
	Alpha glucosidase 2, alpha neutral subunit
	Ganab
	0.00303
	0.7
	0.0
	0.2
	1.0
	4

	BF553404
	Phosphogluconate dehydrogenase 
	Pgd
	0.00380
	0.0
	-0.1
	0.1
	-0.4
	6

	AA874837
	Phosphoglycerate mutase 
	Pgam
	0.00480
	0.1
	0.2
	0.1
	1.3
	3

	Mitochondria metabolism

	AI045119
	Dihydrolipoamide dehydrogenase
	Dld
	0.00221
	0.4
	-0.2
	0.1
	-0.4
	5

	AA875221
	Isocitrate dehydrogenase 3, gamma
	Idh3g
	0.00151
	0.0
	0.0
	-0.3
	1.2
	3

	BE108941
	Mitochondrial intermediate peptidase
	Mipep
	0.00519
	0.0
	-0.1
	-0.2
	1.4
	3

	AI576526
	Thiamine triphosphatase
	Thtpa
	0.00800
	-0.1
	0.0
	-0.6
	0.7
	3

	Cofactor metabolism

	BI276995
	Phosphohistidine phosphatase 1
	Phpt1
	0.00243
	0.0
	0.0
	0.0
	-0.6
	6

	Unknown function

	BF555938
	2810036L13Rik 
	—
	0.00280
	-0.1
	-0.1
	0.0
	0.8
	3

	BF566412
	B430201G11Rik
	—
	0.00236
	-0.1
	-0.1
	-0.3
	1.2
	3

	AI763611
	BC019806 
	—
	0.00349
	0.0
	-0.1
	-0.2
	0.7
	3

	BF556937
	CG15118-PB 
	—
	0.00063
	0.0
	-0.1
	-0.3
	1.2
	3

	BI284785
	CG9646-PA
	—
	0.00530
	-0.1
	-0.1
	-0.1
	1.2
	3

	BF524632
	D930015E06 
	—
	0.00296
	0.4
	-0.2
	-0.1
	1.0
	3

	CK845633
	LOC290635
	—
	0.00052
	-0.2
	0.1
	-0.5
	1.4
	3

	AA926035
	LOC305525
	—
	0.00147
	0.2
	0.0
	0.1
	1.7
	3

	AW522894
	LOC308556
	—
	0.00242
	0.1
	0.0
	-0.3
	1.6
	3

	AI137525
	LOC308911
	—
	0.00088
	-0.1
	0.1
	0.6
	-1.3
	6

	AI044607
	LOC360987
	—
	0.00133
	0.2
	0.0
	0.2
	-0.7
	6

	BF552836
	LOC362065
	—
	0.00107
	-0.1
	0.3
	0.1
	-1.1
	6

	AI137544
	LOC362592
	—
	0.00209
	0.1
	-0.1
	0.0
	-0.8
	6

	BF420607
	LOC364514
	—
	0.00118
	0.1
	0.0
	-0.1
	-0.4
	5

	BF547761
	LOC364805
	—
	0.00015
	-0.1
	0.0
	-0.5
	1.8
	3


Table 3 (continued).

	GeneBank

Accession  Number
	Gene Name
	Official

Symbol
	ANOVA P Value
	Log2 Intensity Ratio
	Cluster

	
	
	
	
	1h
	2h
	4h
	6h
	

	BI290610
	LOC382585
	—
	0.00318
	0.0
	0.0
	-0.4
	1.0
	3

	AA818617
	LOC497835
	—
	0.00444
	0.2
	0.0
	-0.4
	0.9
	3

	AA955382
	LOC71177
	—
	0.00800
	0.1
	-0.2
	-0.1
	0.6
	3

	BE118161
	RGD1304622
	—
	0.00310
	0.0
	-0.1
	-0.3
	1.9
	3

	BF547600
	RGD1305440
	—
	0.00464
	-0.1
	-0.2
	-0.2
	0.9
	3

	AA874936
	RGD1305809
	—
	0.00862
	-0.1
	0.1
	-0.1
	-0.4
	6

	CK843842
	RGD1306500
	—
	0.00249
	-0.3
	0.0
	-0.1
	-0.5
	1

	BI282882
	RGD1306660
	—
	0.00132
	0.1
	-0.1
	-0.1
	0.6
	3

	BF406560
	RGD1309651
	—
	0.00753
	-0.3
	0.1
	-0.1
	0.6
	3

	AA955989
	RGD1309735
	—
	0.00299
	-0.1
	0.0
	0.0
	1.0
	3

	BF557643
	RGD1310320
	—
	0.00573
	0.4
	-0.1
	0.1
	-0.6
	5

	AI555302
	RGD1310480
	—
	0.00685
	0.5
	0.0
	-0.2
	-0.6
	5

	BI294925
	RGD1310609
	—
	0.00223
	-0.2
	0.0
	-0.3
	2.2
	3

	BF556143
	RGD1310953
	—
	0.00366
	0.1
	-0.2
	-0.3
	0.6
	3

	CK840913
	RGD1311634
	—
	0.00567
	0.2
	-0.2
	-0.3
	1.6
	3

	AA997115
	RGD1311859
	—
	0.00756
	0.3
	-0.2
	-0.4
	-0.3
	5

	BG373502
	RGD1311899
	—
	0.00730
	-0.2
	-0.1
	-0.3
	-0.1
	1

	AI045518
	RGD1561029
	—
	0.00810
	0.3
	0.0
	0.1
	-0.7
	5

	CK840551
	RGD1561311
	—
	0.00598
	-0.1
	-0.1
	0.2
	0.5
	3

	BI277158
	RGD1562200
	—
	0.00733
	-0.1
	-0.3
	0.3
	-0.8
	6

	BG374630
	RGD1562884
	—
	0.00215
	0.0
	-0.3
	0.0
	0.7
	3

	AA963656
	RGD1563633
	—
	0.00144
	0.3
	1.0
	0.6
	0.9
	2

	BI289288
	RGD1564778
	—
	0.00067
	-0.2
	0.1
	-0.1
	0.6
	3

	AI059837
	RGD735112
	—
	0.00650
	0.2
	0.0
	0.0
	-0.3
	5

	AI575918
	Transcribed locus
	—
	0.00197
	0.0
	-0.3
	-0.3
	0.6
	3

	AI029979
	Transcribed locus
	—
	0.00229
	0.3
	0.1
	-0.2
	1.5
	3

	CK838606
	Transcribed locus
	—
	0.00173
	0.5
	0.2
	0.7
	1.1
	4


Table 4. Changes in gene expression in sham operated animals (1h time-point) revealed by cDNA microarray analysis.
	GeneBank

Accession  Number
	Gene Name
	Official Symbol
	ANOVA P Value
	Log 2 Intensity Ratio

	
	
	
	
	

	BF394132
	RGD1307554
	—
	0.00619
	-0.8

	BI288673
	Leucine zipper, putative tumor suppressor 2
	Lzts2
	0.00489
	-0.7

	BI299340
	COMM domain containing 10
	Commd10
	0.00216
	-0.6

	BG377481
	Pregnancy specific beta-1-glycoprotein 4
	Psg4
	0.00908
	-0.5

	BF555139
	Granulin
	Grn
	0.00294
	-0.5

	BG373037
	Glutamic pyruvic transaminase 1, soluble
	Gpt1
	0.00109
	-0.5

	AI454106
	GIY-YIG domain containing 2
	Giyd2
	0.00702
	-0.5

	BI276707
	GTP binding protein 6 (putative)
	Gtpbp6
	0.00548
	-0.4

	BI290169
	Serine (or cysteine) peptidase inhibitor, clade A

 (alpha-1 antiproteinase, antitrypsin), member 10
	Serpina10
	0.00243
	-0.4

	BI302711
	Vacuolar protein sorting 35
	Vps35
	0.00819
	-0.4

	BF542263
	N-myristoyltransferase 1
	Nmt1
	0.00963
	0.4

	AI136569
	Phosphatase and tensin homolog
	Pten
	0.00356
	0.4

	BF555222
	Poliovirus receptor-related 2 (herpesvirus entry mediator B)
	Pvrl2
	0.00625
	0.4

	BF557229
	Calcium channel, voltage-dependent, beta 2 subunit
	Cacnb2
	0.00269
	0.5

	CK845092
	PHD finger protein 5A
	Phf5a
	0.00494
	0.7

	AI712625
	RGD:735106
	—
	0.00431
	0.8


3.2 Identification of co-regulated clusters of differentially expressed genes
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The 309 differentially regulated genes were clustered according to their expression profiles following the Computational Negative Control (CNC) approach detailed in the Materials and Methods section. While partitioning into two clusters provided the best performance in terms of highest silhouette coefficient and largest difference compared to random, results shown in Figure 5 also indicate that there is valuable information in the temporal patterns up to six clusters that are well distinguishable from randomized data partitioning. Six clusters provided maximum information on distinct temporal patterns and were well distinguishable from randomized data partitioning. Partitioning beyond six clusters reduces the confidence in the clustering result, as the performance is closer to that of randomized data (Figure 5).

[image: image6]Figure 5. Assessment of the gene expression clustering results using the Computational Negative Control approach. (A) For each specified number of clusters, the cluster quality metric, silhouette coefficient (SC), is evaluated and compared to that from the randomly permuted data. (B) Difference in SC multiplied by number of clusters shows a marked decrease at more then six clusters indicating that SC is no longer distinct from the randomized data.
It should be noted that there might be additional informative temporal patterns in the data than are represented by the six clusters considered here. One limitation of the clustering algorithm employed here is that the number of clusters is user-specified, and hence, there could be genes that are considered as ‘incorrectly clustered’ for a given number of partitions. We have attempted to overcome this limitation by scanning a range of user-specified numbers of clusters and choosing the maximum number of patterns that are well distinguishable from clustering randomized data. The expression profiles corresponding to the six clusters are shown in Figure 6. Approximately half of the differential regulation is comprised of up-regulation of a number of genes at the 6 hour time point (cluster 3). Several genes are also down-regulated by 6 hours (clusters 5 and 6). The early up-regulated genes are represented in clusters 2 and 4, and to some extent in cluster 5. 
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Figure 6. Cluster analysis of the differential expression temporal profiles. 309 differentially expressed genes were clustered using Partitioning Around Medoids using Pearson Correlation as the distance metric and with k = 6 (optimal number obtained from the results shown in Figure 5). Each row corresponds to a gene and each column corresponds to one of the four time points (1, 2, 4, 6 hours post partial hepatectomy). The lines demarcate the cluster boundaries. Numbers of genes in each cluster is shown. Four biological replicates per time-point were used. Gene expression fold change is presented in log2 scale and pseudo-colored.

3.3 Validation of microarray data with qRT-PCR

qRT-PCR was performed to validate the differential expression of key genes across all the observed gene expression clusters. Expression profiles of 17 genes were tested. At least one gene was selected form each of the six clusters. The findings, shown in Figure 7, indicate a good concordance of the temporal profiles between the microarray and quantitative qRT-PCR results. The difference in scale between the two sets of results is typical, owing to multiple methodological factors (Morey et al., 2006; Wurmbach et al., 2003).
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Figure 7. Comparison of qRT-PCR and cDNA microarray data on 17 genes differentially expressed at 1, 2, 4 or 6h after partial hepatectomy (PHx). Each row corresponds to a gene and each column corresponds to one of the four time points (1, 2, 4, 6 hours post PHx). The lines demarcate the expression cluster boundaries. The clusters correspond to the data in Figure 6. Three (for qRT-PCR) or four (microarray) biological replicates per time-point were used. Gene expression fold change is presented in log2 scale and pseudo-colored.

3.4 Interference with purine nucleotide signaling affects c-fos expression

One of first genes to be induces after partial hepatectomy is c-fos (Haber et al., 1993). Its expression normally peaks within 15 to 30 minutes after PHx, and is often used as a marker of the early stage in liver regeneration studies. Conditions that interfere with the early events in the regenerating liver, such as the loss of adenine nucleotides or purinergic receptor activation, suppress regenerative signaling responses and immediate-early gene expression associated with the priming phase (Crumm et al., 2008). In this study the effects of the α-adrenergic antagonist phentolamine and purinergic receptor antagonist suramin on the expression of c-fos were tested using qRT-PCR. After PHx, phentolamine completely prevents loss of ATP in hepatocytes and inhibits early signaling events associated with the priming stages of liver regeneration. Pre-surgical treatment with phentolamine suppressed the expression of c-fos (Figure 8). Pretreatment with suramin, which does not prevent adenine nucleotide loss, but interferes with early signaling events (Crumm et al., 2008), also partly suppressed c-fos expression.
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Figure 8. Effect of phentolamine or suramin treatment on c-fos expression levels. qRT-PCR was performed to compare changes in mRNA levels in samples from PHx and sham surgeries (fold change); gapdh was used as a housekeeping gene. Samples were obtained 30 minutes after PHx or sham surgery. Error bars (standard error of the mean) are based on replicate data from three animals. **P < 0.01, *P < 0.05.

3.5 Liver regeneration function-relevant gene expression 

Functional categories were assigned to the 267 annotated differentially expressed genes based on Gene Ontology terms (Ashburner et al., 2000) (http://www.geneontology.org), following a manually curated assignment process (Table 3). Transcription related genes formed the most numerous category and were present in all clusters (Figure 9). We also observed rapid up-regulation of genes associated with stress response, signal transduction, and cell structure. A large number of cell proliferation-related genes were up-regulated at the 6 h time-point (clusters 3 and 4). Genes in the category Metabolism were absent from cluster 2, which shows an early increase that is maintained or declines at later times. The range of functions observed is expected at the initial stage of liver regeneration (Otu et al., 2007; Su et al., 2002). It should be noted that we did not find GO-based functions that were over-represented (after multiple testing correction) among the differentially expressed genes. Hence, we only report the relative frequency of the functional categories (Figure 9). 
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Figure 9. Distribution of gene functional categories in differentially expressed clusters. Bars correspond to the relative frequency of various gene functions in the differential expression clusters; the clusters are indicated with different fill patterns. Cluster 1 data were omitted in view of the small number of genes involved.
3.5.1 Transcription related genes
During liver regeneration, liver cells are exposed to stresses associated with functional deficiency, and these stresses ultimately lead to cell proliferation. In this study we identified 41 transcription-related genes that are differentially regulated during the priming phase (Table 3). Those genes include transcription factors, activators and repressors of transcription, many of which are previously reported immediate-early genes (Cressman et al., 1996; Leu et al., 2001; Li et al., 2002; Otu et al., 2007; Su et al., 2002; Taub et al., 1999). Immediate-early transcription factors generated in response to PHx represent a critical step in controlling the proliferation of hepatocytes within a regenerating liver. We observed rapid increase in mRNA levels of such immediate-early transcription factors as JunB, Myc, C/EBP-β, and increased expression level of stat3 at later time-points. We also observed changes in expression level of several Kruppel-like factors. Core promoter element binding protein (KLF-6) gene expression was up-regulated at 2-6 h after PHx. KLF-6 is a zinc-finger protein broadly involved in differentiation and development, growth-related signal transduction, cell proliferation, apoptosis, and angiogenesis (Cho et al., 2005). Several studies reported its tumor suppressor activity (Chen et al., 2003; Cho et al., 2006). Although the specific function of KLF-6 in liver regeneration is unknown, this factor is involved in regulation of expression levels of several genes previously implicated in hepatocyte priming, such as c-myc, p21 and IGF-I receptor (IGF-1R) (DiFeo et al., 2006; Narla et al., 2007; Rubinstein et al., 2004). The up-regulation of p21 was previously reported 4 h after PHx (Su et al., 2002), although we did not detect a significant increase in our samples. The expression profile of Igf1r after PHx is not known, but liver regeneration is impaired in mice with liver-specific IGF-1R knockout (Desbois-Mouthon et al., 2006). Basic transcription element binding protein1 (KLF-9) gene expression was up-regulated at the 6 h time-point. This factor is known to interact with members of the JNK family to mediate the expression of growth-associated genes, such as p21 and Igfbp2 (Simmen et al., 2002). Basic Kruppel-like factor (KLF-3) acts to repress transcription (Perdomo et al., 2005; Turner and Crossley, 1999). Expression level of this gene decreased at 6 h after PHx.
Activating transcription factor 4 (ATF-4) was induced starting at 2 h after PHx. ATF-4 reportedly directly interacts with Jun proteins to mediate transcription regulatory specificity (Chinenov and Kerppola, 2001; Horisawa et al., 2004). ATF-4 was reported to be involved in up-regulation of insulin-like growth factor binding protein-1 (IGFBP-1) in hepatic endoplasmic reticulum (ER) stress conditions (Marchand et al., 2006). In our samples, the expression of Igfbp1, which is known to be up-regulated during the initial phase of liver regeneration, peaked at 2 h and returned to basal level by 6 h after PHx. Hence, the transcription profile we observed suggests that increased expression of ATF-4 is not required for up-regulation of IGFBP-1 in the initial phase of liver regeneration. Expression of the activating transcription factor 6 (ATF-6) gene decreased by the 6 h time-point. ATF-6 also is an ER stress-regulated transcription factor that activates the transcription of ER stress proteins. Specific ER stress signaling transmitted by ATF-6 promotes apoptosis in developmental processes (Nakanishi et al., 2005). ATF-6 also plays a part in maintaining homeostasis of lipids and glucose (Zeng et al., 2004). 

3.5.2 Signal transduction related genes
We observed differential regulation of multiple genes related to signal transduction. Notably, expression of several genes of the mitogen-activated protein kinase (MAPK) cascades and related pathways occurs at 6 hours after PHx. MAPKs act as an integration point for multiple biochemical signals, and are involved in proliferation, differentiation, transcription regulation and development (Gerits et al., 2007). The mRNA level of MAPK-1, also known as extracellular signal-regulated kinase 2 (ERK-2) increases at the 6 h time-point. MAPK kinase 5 (MAP2K5) is a dual specificity protein kinase that belongs to the MAPK kinase (MKK) family. This kinase specifically interacts with and activates MAPK-7 and thereby affects cell proliferation (Cameron et al., 2004). The signal cascade mediated by this kinase is involved in growth factor stimulated cell proliferation and cell differentiation. Map2k5 may be one of the STAT-3-regulated genes (Song et al., 2004).
Dual specificity phosphoatase 6 (DUSP-6), also known as MAP kinase phosphatase 3 (MKP-3) is up-regulated at 6h after PHx. The protein encoded by this gene is a member of the dual specificity protein phosphatase subfamily that dephosphorylates both the phosphoserine/threonine and phosphotyrosine residues on their target MAPK proteins. Different members of the family of dual specificity phosphatases show distinct substrate specificities for various MAP kinases. DUSP-6 protein dephosphorylates the active form of MAPK-1, generating a feedback loop to control MAPK-1 activity (Furukawa et al., 2005; Karlsson et al., 2004).

We observed up-regulation of Ppp2ca at the 6 h time-point. This gene encodes the protein phosphatase 2A (PP2A) catalytic subunit. PP2A consists of a common heteromeric core enzyme, which is composed of a catalytic subunit and a variety of regulatory subunits. PP2A is one of the four major classes of Ser/Thr phosphatases, and is implicated in the negative control of a wide variety of signaling pathways with function in metabolic regulation, cell growth and division (Ofek et al., 2003). PP2A may also contribute to the regulation of MAPK signaling pathway by inactivating MAP kinases (Avdi et al., 2002).

The protein tyrosine phosphatase family member PRL-1 (Ptp4a1) was transiently up-regulated with the peak at the 2 h time-point. PRL-1 is an immediate-early gene that is up-regulated both in liver regeneration and in mitogen-stimulated cells in vitro (Diamond et al., 1994). PRL-1 plays a role in normal tissue homeostasis (Dumaual et al., 2006). It regulates activity of Rho family GTPases (Fiordalisi et al., 2006).
3.5.3 Cell proliferation and cell cycle related genes 

Consistent with the expression of both pro- and antiproliferative transcription factors, we observe the differential regulation of genes that stimulate and inhibit cell-cycle entry starting at 1 h after PHx. Overall, we detected the differential regulation of 19 cell proliferation related genes during the time course of hepatocyte priming. Several of these genes are checkpoint genes at major cell-cycle transitions that can act to inhibit the cell cycle. 

Pre-B cell colony-enhancing factor (PBEF-1) is a secreted cytokine-like protein associated with cell cycle regulation (Kitani et al., 2003) and is regulated via IL-6 trans-signaling (Nowell et al., 2006). The same protein has also been identified as an insulin-mimetic hormone visfatin, which binds to and activates the insulin receptor and affects glucose tolerance (Fukuhara et al., 2005; Revollo et al., 2007; Wang et al., 2006). More recently, intracellular functions of PBEF-1 were identified. The enzyme mediates the rate-limiting step in NAD biosynthesis from nicotinamide, is required for vascular smooth muscle cell maturation, and is associated with activation of SIRT-1 and regulation of longevity (Pilz et al., 2007; Revollo et al., 2007). 

B-cell translocation gene 1 (BTG-1) and B-cell translocation gene 2 (BTG-2), members of the anti-proliferative gene family that regulates cell growth and differentiation, were rapidly induced after PHx. The levels of BTG-2 mRNA, a p53-dependent growth arrest gene that inhibits the G1/S transition (Guardavaccaro et al., 2000), reached maximum levels by 2 hours after PHx. The induction of this gene is reported as early as 10 minutes after PHx (Su et al., 2002). BTG-2 promotes cell differentiation and is required for survival of terminally differentiated cells (el-Ghissassi et al., 2002; Morel et al., 2003). Induction of Btg1 was somewhat slower; its expression was up-regulated starting at 2 h and increasing until 6 h after PHx. A negative correlation between Btg1 expression and cell proliferation is observed both in vitro and in vivo (Corjay et al., 1998; Rouault et al., 1992). BTG-1 is also involved in cell differentiation and organogenesis (Iwai et al., 2004; Sakaguchi et al., 2001). Btg1 is strongly expressed in the G0/G1 phases of the cell cycle, and then down-regulated during the later phases (Rouault et al., 1992). Both BTG-1 and BTG-2 may participate in transcription regulation (Prevot et al., 2001). They act as co-activators for nuclear receptors and myogenic factors (Busson et al., 2005).
3.5.4 Stress and inflammatory response related genes 

Inflammatory responses have been implicated in the priming of liver and other types of tissue repair (Li et al., 2001; Piehl and Lidman, 2001). We do not see changes in mRNA levels of such liver regeneration associated cytokines as IL-6, IL-2, IL-3, IL-4, IL-5, TNFα, TNFβ in our samples, indicating that if induction of these genes occurred, it was below our detection limit. For instance, activation of cytokine synthesis in non-parenchymal cells in the liver probably would not be detected owing to the fact that parenchymal cells are the predominant cell type represented in liver tissue (approximately 70% of liver cell number and 90% of liver cell mass). However, expression of several pro- and anti-inflammatory proteins was increased in our experiments. In accordance with recent studies (Strey et al., 2003), we observed induction of several complement-related genes at 6 h after PHx, such as complement component 1, q subcomponent binding protein (C1QBP) and complement component 5, receptor 1 (C5r1). Kininogen (KNG) was up-regulated at 2-6 hours after PHx. KNG is pro-inflammatory protein that induces production of IL-6 and IL-8 (Huang et al., 2003; Zhu et al., 2003). Zinc finger protein 36 (Zfp36), also known as tristetraprolin (TTP), was rapidly induced after PHx. Initially discovered as a gene that could be induced rapidly by the stimulation of fibroblasts with growth factors and mitogens, it is now known that TTP can bind to AU-rich elements in mRNA, leading to the removal of the poly(A) tail from that mRNA and increased rates of mRNA turnover (Carrick et al., 2004). By binding to and destabilizing mRNAs, TTP down-regulates expression of such pro-inflammatory genes as IL-2 and TNF (Cao et al., 2007; Hau et al., 2007; Ogilvie et al., 2005). Expression levels of TTP increase in response to tissue damage. In damaged muscle TTP is induced 30 minutes after injury (Sachidanandan et al., 2002). Production of pro-inflammatory cytokines is up-regulated after PHx and TTP may play a part in controlling their expression levels.

Reactive oxygen species (ROS) are able to mediate cell growth arrest and activate proteins that inhibit the cell cycle. ROS production may have a negative impact on liver regeneration (Horimoto et al., 2004). Induction of several oxidative stress response genes was observed in our experiments. For example, superoxide dismutase 2 (SOD-2) was rapidly up-regulated after PHx. SOD-2 is a member of the iron/manganese superoxide dismutase family. It encodes a mitochondrial protein that forms a homotetramer and binds one manganese ion per subunit. This protein binds to the superoxide byproducts of oxidative phosphorylation and converts them to hydrogen peroxide and diatomic oxygen. Oxidative damage to proteins and DNA is increased in Sod2-deficient cells (Friedman et al., 2004; Van Remmen et al., 2003). The expression level of Sod2 is regulated by NF-κB. Binding of NF-κB to the SOD-2 gene leads to the induction of SOD-2 mRNA and protein levels, leading to subsequent protection against oxidative stress related injury (Murley et al., 2006; Sompol et al., 2006). The expression level of flavin containing monooxygenase 2 (FMO-2) mRNA also increased after PHx. Flavin-containing monooxygenases are NADPH-dependent enzymes that catalyze the oxidation of many drugs and xenobiotics (Alfieri et al., 2008). In addition, we observed rapid up-regulation of metallothionein (MT) isoform Mt1a after partial hepatectomy followed by a slower response of Mt3. MT is a low molecular weight protein with high cysteine content and high affinity for divalent essential metals, such as zinc and copper, and nonessential metals, such as cadmium and mercury. Its functions include protection against certain metal toxicity, DNA damage, radiation and oxidative injury, and a zinc-donating role for several metalloproteins, transcription factors, and enzymes (Cherian and Kang, 2006). Several studies demonstrated defective liver regeneration after injury in MT-knockout mice (Oliver et al., 2005; Oliver et al., 2006).
3.6 Transcriptional Regulatory Network Analysis

3.6.1 Candidate TFs in the onset of liver regeneration

The Promoter Analysis and Interaction Network Tool (PAINT) is a software program designed to identify transcription factor binding sites in the promoter region of coordinately regulated genes (Gonye et al., 2007; Vadigepalli et al., 2003). PAINT analysis identified 22 TF binding sites enriched (FDR<30%) in individual clusters with distinct temporal gene expression patterns. The transcriptional regulatory network obtained from the PAINT analysis is shown in Figure 10. Binding sites for several TFs are significantly enriched (or, more infrequently, underrepresented) in each of the different gene expression clusters. Some of these TFs, e.g., NF-кB, HNF-1, CREB, ATF, GATA, and C/EBP are known to be involved in the early phase of liver regeneration from previous studies (Hosoya-Ohmura et al., 2006; Leu et al., 2001; Plumpe et al., 2000; Servillo et al., 2002), whereas others (AP-2α, LEF-1, PAX-6) are known to contribute to the regulation of cellular processes related to proliferation and differentiation (Rodger et al., 2006; Sasaki et al., 2003; Zhang et al., 1996). 
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Figure 10. Six temporal gene expression clusters (A) were analyzed for over-represented TF binding sites in the corresponding promoters using PAINT (B). The representative interaction matrix is shown. The rows represent the promoters and columns represent TFs. Each binding site for a TF on a promoter is marked red or grey, depending whether the frequency of that binding site in that cluster is statistically significant or not, respectively. Binding sites for several TFs known to be relevant in liver development and regeneration are enriched in distinct expression clusters. Some of the salient TFs are indicated here. The lines indicate the mapping between the gene groups in the expression map and the corresponding promoter sets in the regulatory interaction matrix. 
It should be noted that PAINT cannot differentiate between different C/EBP isoforms, which have highly conserved bZIP domains and interact with identical recognition sequences in the promoter of target genes (see below). The binding site for ATF was enriched in the group of genes that are up-regulated at the 6 h time-point (cluster 3). As for C/EBP isoforms, it is not possible to identify any specific ATF component candidate based on binding site information alone, since all members of the ATF family bind to the same consensus DNA sequence (TGACGTCA). ATF-3, also known as liver-regenerating factor-1 (LRF-1) is known to be highly expressed after PHx in mice (Su et al., 2002); however, this gene was not present on our array. Our microarray analysis identified two differentially expressed members of ATF family, namely ATF-4 and ATF-6. The temporal expression profile of these two transcription factors suggests their potential role regulating expression of genes in clusters 3 and 6. The binding sites for paired box gene 6 (PAX-6) and brain-2 class III POU-domain protein (BRN-2) were both highly enriched in cluster 2 genes. These factors are classically involved in neurogenesis and retinal development and recently PAX-6 expression was reported in hepatic oval cells under conditions where trans-differentiation into islet cells was promoted (Leite et al., 2007). However, neither BRN-2, nor PAX-6 has previously been implicated in liver regeneration. The distribution of binding sites in our dataset suggests a role for these transcription factors as possible regulators contributing to the immediate early gene response. Binding sites for myogenin, a transcription factor involved in cell differentiation (de Luna et al., 2006; Konig et al., 2004; Kosek et al., 2006), were enriched in cluster 6. The early response gene BTG1 identified in our microarray analysis increases activity of myogenin (Busson et al., 2005). As mentioned above, expression of btg1 was up-regulated starting at 2 h after PHx.

3.6.2 Activation of transcription factors 
In order to corroborate the TRNA genetic hypothesis, we obtained time series data on the DNA binding activity detected in nuclear extracts from remnant livers for several of the transcription factors implicated by our PAINT analysis (Figure 11). We selected both transcription factors that had previously been reported to play a role in liver regeneration after partial hepatectomy (NF-κB, HNF-1, CREB, C/EBP-α and C/EBP-β) and others (AP-2α, PAX-6 and GATA) that were not known to be involved in this process. The regulatory dynamics we observe is generally consistent with the differential gene expression pattern between 1h and 6h post partial hepatectomy (Figure11). 
In particular, the temporal patterns of NF-κB and GATA-1 activity are consistent with the expression pattern of cluster 4 in which the NF-κB and GATA binding sites were found to be enriched in our computational analysis. The early changes in PAX-6 activity also confirmed the potential role of this transcription factor in regulation of some of the immediate-early gene expression (cluster 2 genes). In agreement with earlier reports, an early transient activation of NF-κB, HNF-1 and C/EBP-β was observed (Diehl, 1998; Flodby et al., 1993; Friedman et al., 2004; Greenbaum et al., 1998). By contrast, C/EBP-α activity rapidly declined. Interestingly, C/EBP-α is suppressed by AP-2α (Jiang et al., 1998), and the increase in the level of active AP-2α we detected at 4h after partial hepatectomy may have contributed to that effect. The differential response of C/EBP-α and C/EBP-β after PHx has been documented before and is known to play a critical role in the onset of proliferation under the differentiated conditions of the adult liver (Diehl and Yang, 1994b; Flodby et al., 1993; Friedman et al., 2004; Greenbaum et al., 1998; Rana et al., 1995). Such a response is consistent with the temporal expression pattern of genes in cluster 5, in which binding sites for C/EBP were enriched. The transient nature of the C/EBP-β response observed in our samples differs from some earlier reports (Diehl and Yang, 1994b; Diehl, 1998; Greenbaum et al., 1998; Rana et al., 1995). However, multiple different isoforms of C/EBP-β contribute to its DNA binding activity that have differential temporal response patterns (Lekstrom-Himes and Xanthopoulos, 1998; Luedde et al., 2004; Rana et al., 1995) and our analysis may be biased towards complexes exhibiting a more transient response. 

It is notable that for many of the transcription factors analyzed that show an early transient increase, we observed a significant resurgence in the DNA-binding activity between 4 hours and 6 hours. Such a profile has been observed previously in time course studies of TF activation. For instance, Rudnick et al. (Rudnick et al., 2001) reported a temporal response of phospho-CREB after PHx that exactly matches the CREB DNA binding profile shown in Figure 11, with a further increase in phospho-CREB by 12 hours. Similarly, an early, but transient activation of NF-κB followed by a later resurgence was reported by Diaz-Guerra et al. (Diaz-Guerra et al., 1997). The resurgence phase coincides with the gene expression profile that suggests a broad range of functional changes occurring between 4 and 6 hours after PHx. The initial 4 hour period after PHx has been attributed to the emergence of hepatocytes from G0 and the transition to the G1 phase of the cell cycle (Fausto, 2000) and the 6 hour time point eflects the onset of the cell cycle progression. 
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Figure 11. Activation of select transcription factors after partial hepatectomy. Transcription factor activity was monitored at different time points after PHx using TransAm NF-κB p65, HNF-1, STAT-3, CREB, GATA family and C/EBP-α/β kits (Active Motif, Carlsbad, CA) or TransFactor Universal Colorimetric Kit (Clontech, Mountain View, CA). In each case, 20-50 µg of nuclear extract was added per well with immobilized oligonucleotides based on the corresponding transcription factor binding site sequence. The primary antibodies were used to detect transcription factors bound to their target DNA. Addition of HRP-conjugated secondary antibody provided a colorimetric readout for quantification by spectrophotometry. At each time point, the data is normalized against a blank control sample. Error bars (standard error of the mean) are based on replicate data from three animals. *P < 0.05.

In addition to the transcription factors identified by our PAINT analysis, we also monitored activation of STAT-3. The activation of this transcription factor after PHx was reported in the literature (Cressman et al., 1995; Leu et al., 2001; Li et al., 2001; Li et al., 2002). Although enrichment of the binding sites for this transcription factor was not identified by PAINT analysis, we observed a continuous increase in the level of active STAT-3 in the nuclear extract at 1-6h after PHx. In addition, the microarray analysis showed a substantial increase in STAT-3 mRNA level at 4-6h after PHx. Interestingly stat-3 is one of the GATA target genes. 

3.6.3  Binding of NF-κB to Sod2, Mt1a and Cebpb promoters

Chromatin immunoprecipitation (ChIP) assay was performed to examine the binding of NF-κB to the promoter regions of Sod2, Mt1a and Cebpb. For all of these promoters qPCR produced one specific product (see Figure 12 for melting curves). The signal in samples precipitated with NF-κB was clearly distinguishable from background (IP with normal IgG) (Figure 13). 

  
[image: image10]
Sod2 was rapidly up-regulated after PHx. This stress response gene is recognized as a direct target of NF-κB (Murley et al., 2006; Sompol et al., 2006). Mt1a is another stress related immediate–early response gene in liver regeneration, but there is no data regarding its transcriptional regulation. Based on expression after PHx Sod2 was assigned to cluster 4 in which the NF-κB binding sites were found to be enriched in our computational analysis. Both Mt1a and Cebpb are cluster 2 genes. Multiple genes in this cluster have NF-κB binding sites, but there’s no statistically significant enrichment compared to other clusters. We see increased NF-κB binding to both Sod2 and Mt1a promoter regions. However, there was no significant change at Cebpb promoter (Figure 14), although it did have an NF-κB binding site.
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Figure 14. Changes in NF-κB binding to the promoter regions of selected genes at 1h after PHx. ChIP assays were performed to examine the binding of NF-κB to Sod2, Mt1a and Cebpb promoters in control (0h) and 1h PHx samples. Precipitated DNA fragments were analyzed using qPCR. Data for each IP sample was normalized against the corresponding input control sample; for each gene, the increase in NF-κB binding at 1h after PHx compared to the samples obtained from the liver sections removed by hepatectomy operation from the same animal. Error bars (standard error of the mean) are based on replicate data from three animals. *P < 0.05.
3.6.4 Functional gene categories regulated by transcription factors
Further insight into the functional consequences of the transcriptional regulatory network is obtained from Figure 15, which illustrates how the transcriptional regulators relate to functional annotations of differentially expressed gene categories in individual clusters (see also Table 5). The strength of the interactions (relative number of genes in different categories with promoters possessing binding sites for each transcription factor) is shown by thickness of the connecting arrows, and the predominance of individual categories in each cluster (relative number of genes in that category) is indicated by the thickness of the borders of each oval. 


[image: image12]
Figure 15. Transcriptional regulatory networks of differentially expressed functional gene categories Candidate transcription factors are shown in rectangular boxes and functional categories of genes are in ovals. The strength of the connections between TFs and functional gene categories are illustrated as arrows of different shade/thickness, corresponding to the number of genes in each functional category that have binding sites for specific TFs (grey, 1(2) genes; thin black, 2(3) -3(4) genes; heavy black, >3(4) genes, numbers in parentheses refer to cluster 3 only). The shade/thickness of borders on the ovals represents the number of genes in that category relative to the total number of genes in the cluster (thick, >15%; thin, 10-15%; grey, <10%). Open ovals are categories not associated with any significantly enriched transcription factor binding site in that cluster. Cluster 1 was omitted in view of the small number of genes involved. 

Table 5. Distribution of TFs binding sites in the functional differentially expressed gene categories. Number of genes in each functional category that have binding site for TFs enriched in specific gene expression cluster in shown. 
	Transcription factor
	Metabolism
	Cell structure/

cytoskeleton
	Cell cycle/

proliferation
	Cell death
	Cell differentiation
	Transcription
	Signaling
	Stress/immune response
	Transport/ trafficking
	Translation/

protein processing

	Cluster 1

	MyoD
	0
	0
	2
	0
	0
	0
	0
	0
	0
	0

	CREB
	0
	0
	2
	0
	0
	0
	0
	0
	0
	0

	MYB
	0
	0
	2
	0
	0
	0
	0
	0
	0
	0

	Cluster 2

	BRN-2
	0
	1
	1
	4
	0
	1
	0
	1
	0
	0

	NRF-2
	0
	0
	0
	2
	0
	2
	0
	1
	1
	0

	PAX6
	0
	1
	1
	2
	0
	2
	0
	1
	1
	1

	Cluster3

	AP-2α
	2
	3
	0
	0
	1
	5
	3
	2
	3
	1

	ATF
	1
	1
	1
	0
	0
	2
	2
	2
	1
	2

	CDP 
	1
	3
	4
	1
	0
	5
	5
	6
	5
	2

	CREB
	1
	3
	3
	0
	0
	0
	3
	2
	1
	2

	IPF-1
	0
	1
	1
	0
	2
	3
	3
	2
	1
	3

	PEBP
	1
	1
	0
	0
	1
	4
	1
	2
	4
	2

	TTF1
	2
	5
	2
	0
	2
	11
	2
	4
	3
	3

	MYB
	1
	1
	0
	0
	0
	5
	2
	3
	1
	0

	Cluster 4

	GATA
	0
	1
	0
	0
	0
	3
	0
	2
	0
	0

	HNF-1
	4
	3
	3
	0
	0
	2
	1
	5
	0
	1

	MRF-2
	3
	3
	3
	0
	0
	3
	1
	1
	1
	0

	NFκB
	3
	5
	3
	1
	0
	4
	1
	5
	1
	2

	SRF
	0
	1
	2
	0
	0
	2
	1
	0
	0
	1

	Cluster 5

	C/EBP
	2
	0
	1
	1
	0
	1
	1
	1
	1
	0

	GATA
	1
	1
	0
	0
	0
	0
	1
	1
	0
	0

	LEF-1/HNF-1
	2
	0
	0
	0
	2
	1
	1
	0
	1
	0

	MYB
	0
	0
	0
	1
	0
	1
	0
	1
	0
	0

	Cluster 6

	CP-2
	1
	1
	0
	1
	0
	3
	4
	1
	1
	1

	CREB
	0
	1
	0
	0
	0
	1
	0
	0
	1
	1

	IPF-1
	0
	0
	0
	1
	0
	0
	1
	0
	0
	2

	Poly A
	2
	1
	0
	2
	0
	5
	2
	2
	3
	2

	Myogenin / NF-1
	1
	2
	0
	1
	1
	2
	1
	1
	2
	0


It is apparent that the broad category of transcription related genes are distributed through all of the observed temporal expression clusters and are potential targets for the majority of identified TFs. However, other categories show more differential regulation. Interestingly, the two major early response clusters 2 and 4 show markedly distinct TF-functional category patterns. Significantly enriched TF binding sites in cluster 2 appear to regulate expression of several cell death-associated genes. Induction of both pro- and anti-apoptotic genes is an expected reaction to tissue injury. In cluster 4 enriched TF binding sites control a substantial number of genes related to cell proliferation and cell cycle control and also have dominant connections to the stress/immune response genes and the cell structure/cytoskeleton-related genes. In both late response clusters (3 and 6) TF binding sites are enriched that concentrate on process-oriented gene categories such as signaling, stress and immune response, transport and trafficking, or translation. 
4 Discussion

In this study, microarray gene expression data obtained during the initial 6 hourr period after partial hepatectomy were used to characterize the transcriptional regulatory network that drives the onset and early progression phase of liver regeneration. Following clustering of the gene expression data, TRNA approach was used to characterize significantly enriched TF binding sites in the different clusters to identify TFs that might have contributed to the temporal profile of gene expression obtained. TF activation could be directly confirmed by analysis of nuclear extracts. Insight into the functional role of the genes regulated by these TFs was obtained from the gene ontology analysis of TF-gene relationships. Not unexpectedly, the analysis suggests that multiple TFs coordinate to control a wide range of functions during the early phase of liver regeneration (Figure 15). Importantly, functional categories identified by GO analysis often are broad and overlapping and should be interpreted with considerable caution. For that reason, we curated the individual assignments obtained from the GO analysis to optimize the functional associations presented in Figures 9 and 13. In agreement with an earlier study on mice (Su et al., 2002), sham-operated animals did not show significant changes in gene expression accompanying the early response to PHx that could not be accounted for by multiple comparison errors or animal-to-animal variability and there was no overlap with the differentially expressed genes detected after PHx. 
The results of our study demonstrate that relevant functional information on the transcriptional control of the early response to partial hepatectomy can be obtained from the TRNA of clustered microarray data. Each of the six temporally distinct gene expression clusters is characterized by a unique pattern of significantly over-represented binding sites for TFs. Activation of a selection of the candidate TFs was confirmed by oligonucleotide binding assays of nuclear extracts. Notably, there was relatively little overlap in the TFs driving the response in different temporal clusters. This is not to say that transcription factors involved in one cluster didn’t play any role in the response in other clusters (e.g. note the broad presence of TF binding sites for NF-κB, HNF-1, or PolyA), but those associations didn’t reach statistical significance in our analysis. It is possible that these factors contribute to the fine-regulation of the gene expression responses within clusters, but the number of differentially expressed genes in these studies was too low to identify such combinatorial control by multiple TFs with sufficient statistical weight. Although statistically significant enrichment of NF-κB binding sites was found only in cluster 4, our chromatin immunoprecipitation (ChIP) analysis detected NF-κB bounding in cluster 2 gene Mt1a.

As with any computational approach, it is important to note that our unbiased discovery approach using PAINT, while informative in predicting a role for novel TFs, is subject to false negatives, i.e. not all the currently known TFs in liver regeneration were present in the computational predictions. For example, STAT-3 is known to play role in liver regeneration (Leu et al., 2001; Li et al., 2001; Li et al., 2002) and analysis of our samples confirmed that STAT-3 activation occurred during the time frame of early responses that we investigated here. However, PAINT analysis indicates that the differentially expressed genes were not enriched for STAT-3 target genes (based on the results from MATCH/TRANSFAC, only 2 of the 309 genes contained STAT-3 binding sites in their promoters). The STAT-3 binding site is characterized by a position weight matrix of 21 base pair length in the TRANSFAC database (Accession number M00225), with a position weight matrix similarity threshold of 0.934 for minimizing false positives in finding the binding site on genomic sequences. According to the TRANSFAC database, this similarity threshold corresponds to a false negative rate of ~20%. Hence, the unexpectedly low number of predicted STAT-3 binding sites may not be due to our choice of parameters in MATCH, but appear to arise from a combination of the pattern matching algorithm and the STAT-3 binding site description. As the databases and associated computational tools continue to improve, false negatives like these are likely to decrease, although they will probably never be completely eliminated. Nevertheless, our computational approach successfully predicted many known and novel TFs as playing a role in the onset of liver regeneration, several of which were experimentally validated (Figure11).

Our study highlights significant candidate mechanisms for transcriptional control of specific genes and gene clusters and classifies these by functional category, but does not identify individual genes as actively being controlled by these TFs. Further studies using ChIP or related methodologies will be required to validate the role of each TF in individual gene responses, which will further clarify the role of individual TFs in the functional changes occurring after PHx. A full scale study on the effects that interference with early signaling events has on gene expression patters in the regenerating liver will also help to elucidate mechanisms of transcriptional regulation. Nevertheless, the study points not only to the complexity of the transcriptional control of the early response to PHx, but also suggests that there is a clear underlying organization to the temporal response of genes in different functional categories that is driven by transcriptional regulation. The data reported here should provide a basis for a more detailed analysis of the role of each of these transcription factors to the regulation of individual genes and gene categories. However, these findings also emphasize the fact that the study of any individual factor will not capture the systemic nature of the regulatory machinery that drives the regenerative response of the liver to partial hepatectomy. This conclusion is also relevant for the recognition that multiple cell types contribute to regenerative responses in the remnant liver. The analysis of gene expression profiles in total tissue extracts from the remnant liver incorporates contributions from parenchymal cells, Kupffer cells, endothelial cells, stellate cells and other non-parenchymal cells. Although parenchymal cells contribute approximately 70% of the total cell number and 90% of tissue mass in the liver, robust gene expression responses in non-parenchymal cells may occur that reach the threshold for detection in our microarray studies. Similarly, differences in zonal distribution across the liver acinus exist that are difficult to capture in such in vivo studies. However, the response to partial hepatectomy (and by extension the response to other forms of liver injury) is by nature a systemic response of the whole tissue, in which the contributions of different cell types are integrated to generate the coordinated temporal pattern of regeneration. Our analysis is an effort to capture this integrated response profile by focusing on the system-wide gene expression and regulation by transcription factors. A better understanding of this systemic response profile will ultimately be a critical step in mobilizing the regenerative potential of the liver for therapeutic purposes.
Conclusions

1. Microarray experiments identified 309 genes to be differentially regulated during the first 6 hours after partial hepatectomy in rat. Differentially expressed genes formed 6 distinct temporal expression clusters. Transcription related genes formed the most numerous category of the differentially expressed genes and were present in all clusters. Rapid up-regulation of genes associated with stress response, signal transduction, cell structure was also observed. A large number of cell proliferation-related genes were up-regulated at the 6 h time-point.

2. Inhibition of ATP release by the α-adrenergic antagonist phentolamine or inhibition of purinergic receptor activation by suramin suppressed the expression of the immediate-early gene c-fos.
3. TRNA using PAINT software identified 22 transcription factors as candidate regulators responsible for temporal gene expression patterns observed.

4. Activation of NF-κB, HNF-1, CREB, GATA-1, STAT3, AP-2α, PAX-6, C/EBP-α and C/EBP-β in the course of the initial phase of liver regeneration was experimentally confirmed. The regulatory dynamic observed was generally consistent with the differential gene expression pattern between 1h and 6h post partial hepatectomy. Increase in NF-κB binding to both Sod2 and Mt1a promoter regions was at observed 1 hour after PHx, but there was no significant change in NF-κB binding at Cebpb promoter.

SAntrauka

Infekcijos, toksinų ar fizinių veiksnių pažeistos kepenys gali gana greitai atstatyti prarastą audinio masę. Mitozė vyksta tik labai nedidelėje suaugusio organizmo kepenų ląstelių dalyje. Tačiau sumažėjus kepenų masei hepatocitai ima sparčiai proliferuoti. Eksperimentais nustatyta, kad graužikų kepenys atgauna prarastą masę per 1-2 savaites po 70% dalinės hepatektomijos operacijos. Kepenų gebėjimą regeneruoti lemia sudėtinga augimo veiksnių, citokinų ir kitų ląstelės veiklą reguliuojančių junginių sąveika. 

Šiame darbe buvo tiriami genų raiškos pokyčiai žiurkės kepenų ląstelėse pradiniame kepenų regeneracijos tarpsnyje. Genų raiškai nustatyti buvo panaudotos DNR mikrogardelės su atspausdintais 9084 žiurkės DNR fragmentais, kurių ilgis apytiksliai 800 nukleotidų. Žiurkėms buvo atliktos 70% dalinės hepatektomijos operacijos. Praėjus 1, 2, 4 ir 6 valandoms po operacijos paimti likusių kepenų mėginiai, kiekvienam iš tirtų laiko momentų panaudoti 4 gyvūnai. Pradinės operacijos metu pašalintas audinys buvo panaudotas kaip atskaitos taškas vertinat genų raiškos pokyčius kiekvieno tiriamo gyvūno kepenyse. Iš kepenų pavyzdžių buvo išskirta RNR, atvirkštinės transkripcijos reakcijos metu susintetinta jai komplementari DNR su įterptais modifikuotais nukleotidais, prie kuriu buvo prijungtos fluorescuojančių dažų molekulės. Žiurkės kepenų mėginai buvo pažymėti Cy5 dažu; Cy3 dažu žymėta vektoriaus seka, kuri vienodai jungiasi prie visų mikrogardelės sekų buvo panaudota kaip bendra kontrolė, leidžianti palyginti atskirų eksperimentų rezultatus ir įvertinti jų kokybę. 

Palyginus tiriamuosius ir kontrolinius pavyzdžius buvo nustatyti 309 genai, kurių raiška patikimai pakinta bent vienu iš tiriamųjų laiko momentų. Pokyčių reikšmingumas buvo įvertintas ANOVA, remiantis ANOVA p reikšmėmis buvo įvertinta klaidingo nustatymo tikimybė (KNT). Buvo pasirinkta 20% KNT riba. Nustatytieji 309 genai buvo suskirstyti į šešias grupes pagal laikinius raiškos pokyčius. Rezultatai, gauti mikrogardelių metodu, buvo patvirtinti naudojant kiekybinę PGR. Šiuo metodu buvo įvertinti 17 genų raiškos pokyčiai. 

PAINT programos pagalba buvo nustatyti transkripcijos veiksniai, galimai lemiantys laikinius genų raiškos pokyčius po dalinės hepatektomijos operacijos. Ši programa naudoja duomenų bazėje sukauptą informaciją apie genų reguliacinėse sekose esančias įvairių transkripcijos veiksnių prisijungimo vietas. PAINT gali nustatyti, kokių transkripcijos faktorių prisijungimo vietų yra patikimai daugiau tiriamose genų grupėse palyginus su kontroline genų populiacija. Toks transkripcijos veiksnio prisijungimo vietų gausumas gali reikšti, kad šis veiksnys dalyvauja atitinkamos genų grupės raiškos reguliavime. Palyginus 6 laikinės genų raiškos grupes su visa mikrogardelės genų populiacija buvo nustatyti 22 transkripcijos veiksniai, kurių prisijungimo sekų yra patikimai daugiau atskirų grupių genuose. Dalis šių transkripcijos veiksnių (pvz., NF-κB, HNF-1, C/EBP, CREB, ATF, GATA) atlieka svarbų vaidmenį kepenų regeneracijos metu. Kiti veiksniai (pvz., AP-2α, LEF-1, PAX-6, BRN-2) dalyvauja procesuose, susijusiuose su audinių proliferacija ir diferenciacija. 

Devynių transkripcijos veiksnių (NF-κB, GATA-1, HNF-1, C/EBP-α ir C/EBP-β, STAT-3, PAX-6, AP-2α ) aktyvumo pokyčiai buvo įvertinti eksperimentiškai. Nustatyta, kad aktyvių NF-κB, HNF-1 ir C/EBP-β kiekis hepatocitų branduoliuose staigiai padidėja po dalinės hepatektomijos operacijos. Priešingai, aktyvios C/EBP-α formos kiekis sumažėja. Tokie rezultatai atitinka laikinius genų raiškos pokyčius, nustatytus šio tyrimo metu. Chromatino imunoprecipitacijos (ChIP) metodu buvo tiriamas NF-κB jungimasis prie Sod2, Mt1a ir Cebpb promotorių sričių praėjus 1 valandai po hepatektomijos. Regeneruojančių kepenų mėginiuose rasta daugiau NF-κB prisijungusio prie Sod2 ir Mt1a promotorių sričių nei kontroliniuose mėginiuose, ryškių pokyčių Cebpb promotoriaus srityje nenustatyta.
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Figure 12. ChIP assay specificity. ChIP assays were performed to examine the binding of NF-κB to Sod2, Mt1a and Cebpb promoters in control (0h) and 1h PHx samples. Precipitated DNA fragments were analyzed using qPCR. Melting curves of the amplicons are given as PCR product verification.








Cluster 6





Cluster 5





Stress/


immune response





Translation/


protein processing





Cell cycle/ proliferation








Cell cycle/ proliferation








Translation/


protein processing





Transport/trafficking





Transport/trafficking





Cell differentiation





Cell differentiation





Cluster 3





Cluster 4





GATA





Cluster 2





Stress/


immune response





Transcription





Cell cycle/ proliferation





Cell structure/ cytoskeleton





Translation/


protein processing





Cell death





PAX-6





NRF-2





Metabolism








Signaling





Metabolism








Cell cycle/ proliferation








Transcription








BRN-2





GATA





Transcription








Translation/


protein processing





Cell cycle/ proliferation








Metabolism








MRF-2





NF-κB





LEF-1/HNF-1





SRF





AP-2α





ATF





IPF-1





TTF-1





CDP





PEBP





MYB





CREB





CREB





CP-2





Poly A





IPF-1





Myogenin/NF-1





C/EBP





LEF-1/HNF-1





MYB





Signaling





Translation/


protein processing





Transcription








Metabolism








Cell differentiation





Metabolism








Transcription








Signaling





Signaling





Signaling





Stress/


immune response





Transport/trafficking





Transport/trafficking





Transport/trafficking





Stress/


immune response





Stress/


immune response





Cell structure/ cytoskeleton





Cell structure/ cytoskeleton





Cell structure/ cytoskeleton





Cell structure/ cytoskeleton





Cell death





Cell death





Cell death





Cell death





Cell differentiation





Cell differentiation








PAGE  
128

[image: image20.png]


[image: image21.png]


[image: image22.png]


[image: image23.png]


[image: image24.png]


[image: image25.png]1.0
0.8
0.6
0.4
0.2
0.0

A A Actual Expression Data
A & Randomized Data




[image: image26.png]


[image: image27.wmf]HNF-1

Time after PHx

0h

1h

2h

4h

6h

Activation  (OD 490nm)



0.00

0.05

0.10

0.15

0.20

0.25

0.30

*

*

NF-kappa B

Time after PHx

0h

1h

2h

4h

6h

Activation (OD 490nm)

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

*

*

*

*

C/EBP-alpha

Time after PHX

0h

1h

2h

4h

6h

Activation (OD 490nm)

0.00

0.05

0.10

0.15

0.20

0.25

*

*

*

*

C/EBP-beta

Time after PHx

0h

1h

2h

4h

6h

Activation (OD 490nm)

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

*

GATA-1

Time after PHx

0h

1h

2h

4h

6h

Activation (OD 490nm)

0.00

0.02

0.04

0.06

0.08

0.10

0.12

*

*

*

*

STAT-3

Time after PHx

0h

1h

2h

4h

6h

Activation (OD 490nm)

0.00

0.05

0.10

0.15

0.20

0.25

0.30

*

*

*

*

CREB

Time after PHx

0h

1h

2h

4h

6h

Activation (OD 490nm)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

*

*

*

AP-2 alpha

Time after PHx

0h

1h

2h

4h

6h

Activation (OD 490nm)

0.00

0.02

0.04

0.06

0.08

0.10

0.12

*

PAX-6

Time after PHx

0h

1h

2h

4h

6h

Activation (OD 490nm)

0.000

0.005

0.010

0.015

0.020

0.025

0.030

0.035

*

_1294141817.unknown

_1294142030.unknown

_1294142897.unknown

_1294141312.unknown

