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Liver regeneration after two-thirds partial hepatectomy
(2/3 PH) results in synchronized proliferation of hepa-
tocytes and rapid restoration of liver mass. Understand-
ing the mechanisms that regulate this process has both
biological and clinical importance. Using ¢cDNA mi-
croarray analysis, we investigated whether gene activa-
tion after 2/3 PH is specifically related to liver growth
and hepatocyte proliferation. We generated gene ex-
pression profiles at 4, 12, 20, and 30 hours after 2/3 PH
and compared them with profiles obtained at the same
time points after 1/3 PH, a procedure that causes min-
imal DNA replication. Surprisingly, a significant num-
ber of genes whose expression is altered after 2/3 PH
are similarly up- or down-regulated after 1/3 PH, par-
ticularly at 4 hours. We identified a number of genes
and transcription factors that are more highly ex-
pressed (“preferential expression”) after 2/3 PH and
show that a shift in transcriptional programs in the
regenerating liver occurs between 4 and 12 hours after
2/3 PH, a time at which the decision to replicate appears
to be made. These results show that the liver responds
to PH with massive changes of gene expression, even
in the absence of DNA replication. We suggest that the
changes in gene expression during the first 4 to 6
hours after 2/3 PH may induce chromatin remodeling
and facilitate the binding of new sets of transcription
factors required for DNA replication. (Am J Pathol
2009, 175:947-957: DOI: 10.2353/ajpath.2009.090043)

Resection of hepatic tissue triggers a proliferative re-
sponse known as liver regeneration in which quiescent
hepatocytes enter the cell cycle and replicate. After 70%

partial hepatectomy (2/3 PH) in mice, liver mass is fully
restored during the second week after the operation.
Restoration of mass is a consequence of a process of
compensatory hyperplasia of cells of the liver remnant, as
the liver lobes removed at the time of the operation do not
re-grow.’~* The human liver also has a high regenerative
capacity, as shown by its growth in donors of right lobe
grafts in living donor transplantation.®® Thus, the inves-
tigation of the cellular and molecular mechanisms of liver
regeneration has biological and clinical implications, and
is of fundamental importance.

Liver regeneration after 2/3 PH is a stepwise process
that starts with an initiation phase, corresponding to the
GO0 to G1 transition, which primes hepatocytes to respond
to growth signals. Primed hepatocytes enter the cell cy-
cle, undergo one or two rounds of synchronous DNA
replication followed by mitosis, and then return to a qui-
escent state. The regenerative process involves the ac-
tivity of hundreds of genes and the activation of multiple
pathways. However, despite the great progress achieved
by the analyses of gene expression patterns in the re-
generating liver,” " more information is still needed for a
full understanding of the molecular mechanisms of liver
regeneration.

An important question that has not been explored in
detail is the extent to which the widespread changes in
gene expression that occur during liver regeneration after
2/3 PH are linked to hepatocyte DNA replication. Design-
ing studies to answer this question is made difficult for
various reasons, particularly, the confounding factors
created by surgical stress, the problems in choosing
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adequate controls (whether normal livers or liver of sham-
operated mice) to measure relative changes in gene
expression, and the variability of the data obtained from
different animals.

Our approach to determine whether changes of gene
expression in the regenerating liver are directly or indi-
rectly linked to hepatocyte DNA replication has been to
compare gene expression after 2/3 PH, the standard
surgical procedure that produces robust DNA replica-
tion, with gene expression after 1/3 PH, a procedure that
causes minimal replication. Previously, we showed that
many proto-oncogenes and cytokines that are expressed
early after 2/3 PH are also expressed after 1/3 PH, sug-
gesting that some components of the immediate early
gene response after 2/3 PH do not appear to be directly
linked to the amount of tissue resected, and do not de-
termine the magnitude of DNA replication after PH."? This
conclusion is similar to that presented by Lambotte et al
in their studies of gene expression after a “temporary
hepatectomy,” who indicated that the extent of DNA rep-
lication after PH is not determined at the initiating phase
of liver regeneration, but may occur several hours later,
possibly at a time when most hepatocytes reach the late
G1 stage.'®

To determine whether changes in gene expression
after 2/3 PH occur even with a minimal replicative re-
sponse, we have expanded our previous work, and per-
formed a detailed analysis of global patterns of gene
expression after 1/3 and 2/3 PH. Using an experimental
design in which each mouse had its own normal liver as
a control, thus reducing animal to animal variation, we
analyzed gene expression profiles at 4, 12, 20 and 30
hours after both 1/3 and 2/3 PH, and identified transcrip-
tion factors that may regulate genes that are preferentially
expressed after 2/3 PH relative to 1/3 PH. We found that
there are widespread changes of gene expression after
1/3 PH, a procedure that causes only minimal hepatocyte
DNA replication, and that the expression of a large num-
ber of genes is similarly up- or down-regulated relative to
normal liver after 1/3 or 2/3 PH. However, a group of
genes showed a higher expression magnitude, up or
down, after 2/3 PH relative to 1/3 PH (preferential expres-
sion). These genes contain binding sites for a small num-
ber of transcription factors whose profiles change dras-
tically between 4 and 12 hours after 2/3 PH. We suggest
that the change in the transcriptional program that occurs
during this time may be associated with chromatin
remodeling.

Materials and Methods

Surgical Procedures

Ten-week-old, male, wild-type C57BL/6 mice (Jackson
Laboratory, Bar Harbor, ME) were kept on a 12 hours
light/dark cycle with free access to food and water; 1/3
PH and 2/3 PH were performed as described.'® At the
time of surgery, the resected left lobes were cut into
approximately 5 mm?® cubes and stored in liquid nitrogen
until use. Mice were sacrificed 4, 12, 20, or 30 hours later
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Figure 1. Experimental design for 1/3 vs. 2/3 PH ¢cDNA microarray analysis.
A: Surgeries. One-third PH (1/3 PH) or two thirds PH (2/3/PH) were per-
formed. The medial lobe (M) was not removed in 1/3PH. The left lobe (L) of
every animal was snap frozen at the time of surgery. The mice were sacrificed
and the right lobe (R) excised at each of the four time points. RNA was
prepared from the R and L lobes of every animal. In all cases, the RNA from
the L lobe was used as the normalizing RNA for microarray analysis. B:
Microarray experimental design. 1/3 and 2/3 PH were performed (six mice at
each type of surgery at each time point) and the livers were harvested at 4,
12, 20, and 30 hours. C: Microarray data analysis. We generated two groups
of data from the microarray analysis by comparing 1/3 (R) or 2/3 (R) to its
own normal (L) for each animal. At each time point 0 sets of data were
generated. The two groups of microarray data were further compared using
a two-class SAM method to identify preferentially expressed genes after 2/3
PH relative to 1/3 PH.

(6 mice/time point/type of surgery), and the regenerating
lobes (right and caudate) were harvested as de-
scribed.’ The experimental design is shown in Figure 1.
All animal studies were performed under protocols ap-
proved by the Institutional Animal Care and Use Commit-
tee at the University of Washington.

RNA Preparation

Total RNA was extracted from a matched pair of frozen
liver tissues using Trizol reagent (Invitrogen, Carlsbad,
CA) following the manufacturer’s directions. RNA ob-
tained from the left lobe (L) of each mouse was used as
a control for the regenerating right lobe (R). All RNA was
quantified, assessed for quality, and amplified with a
single round of Eberwine amplification as previously
described.™

cDNA Microarrays

cDNA microarrays containing 13,425 mouse cDNAs from
the NIA 15K collection (http.//Igsun.grc.nia.nih.gov/cDNA/
15k.html) were made at the Center for Expression Arrays
at the University of Washington (htto.//www.expression.
washington.edu) following established protocols that
are described in detail elsewhere.’ We used two ar-
rays for each animal—one array had the Cy3/Cy5 labels
associated with L/R probes while the other was a dye
reversal (ie, Cy3/Cy5 for R/L). There were two identical
gene sets on each slide, which generated 2 X 2 = 4



technical replicates for each gene comparison per
mouse. Array data have been deposited to Array Express,
(http://www.ebi.ac.uk/microarray-as/ae, accession num-
ber E-MTAB-119).

Identification of Differentially Expressed Genes

We analyzed the normalized data using a custom version
of TIGR’s MEV software'® that we have modified to con-
nect to the Gene Traffic database. Several types of anal-
yses were performed, as outlined in supplemental Table
S1 (available at http://ajp.amjpathol.org): a) selection of
genes that are differentially expressed (up or down) after
1/3 or 2/3 PH relative to normal liver, using a one-class
significance analysis of microarray (SAM)'® with a false
discovery rate of 5% for each type of surgery at each time
point; b) selection of genes that are differentially ex-
pressed between 1/3 and 2/3 PH at all time points, using
a two-class SAM with a false discovery rate of 20% at
each time point; c) selection of genes that are differen-
tially expressed after both 1/3 and 2/3 PH in relationship
to normal liver in at least one time point; d) classification
of genes preferentially expressed after 2/3 PH dependent
on the type of surgery, the time after surgery, or depen-
dent on both the type of surgery and the time after PH,
using a two-factor analysis of variance using the type of
surgery (1/3 or 2/3 PH) as one variable, and time (4, 12,
20, and 30 hours after PH) as the other. For this anal-
ysis a P value of <0.01 calculated by permutation
testing was used, without further correction for multiple
testing errors.

cDNA Data Pre-Processing and Pre-Filtering

After hybridization, washing and scanning, all of the data
were transferred to a local GeneTraffic database (lobion
Software, http://www.iobion.com). All data were normal-
ized using global LOWESS normalization.'” All gene an-
notations were updated in March 2006 using the
SOURCE database.'® Out of 13,426 clones on the array,
10,240 have a UniGene cluster ID, and 7464 of these are
unique. Duplicate UniGene IDs may not produce identi-
cal array data due to a variety of reasons, including the
possible presence of alternative spliced versions of the
same gene on the array.' Duplicate UniGene IDs were
treated the following way: we calculated the correlation coef-
ficient of the expression values between duplicates using a
tool built into the “R” package (http.//www.r-project.org/),
and treated the duplicates as one gene if the correlation
coefficient was above 0.8 by averaging the ratios of those
duplicates. For those duplicates having a correlation co-
efficient less than 0.8, we treated each individual clone as
an independent gene associated with its own expression
ratio. This approach generates a total of 10,143 clones
used in the subsequent statistical analysis. Data from
all technical replicates were averaged for subsequent
analyses.
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Gene Annotation and Identification of
Over-Represented Biological Schemes

All of the gene functions are based on gene ontology
(GO) terminology®® except for those specifically refer-
enced. To identify biological schemes that are over-rep-
resented in each gene list, we used Expression Analysis
Systematic Explorer (EASE).?"22 We used the unique
UniGene cluster IDs as identifiers. All of the over-repre-
sented schemes are determined by an EASE score of
less than 0.05.

Pathway Analysis

Pathway analyses were performed with GenMAPP 2
B.232% For gene selection, the threshold of ‘fold-change’
was set at 1.5 in creating the following 3 categories: 1)
up-regulated (above 1.5), 2) down-regulated (below
—1.5); and 3) criteria not met (values between —1.5 and
+1.5). This criterion was chosen based on statistical
calculations as described.?®

Promoter Analysis

The Promoter Analysis and Interaction Network Toolset
(PAINT) is a computational tool that can integrate func-
tional genomics data with genomic sequence data to
perform transcriptional regulatory network analysis.?®
The differentially expressed genes at each time point
were analyzed using this program to identify potential
transcriptional regulatory elements (TREs) by the pres-
ence of transcription factor binding sites. The desired
upstream sequences were set to 2000 bp, and the
TRANSFAC public match program was applied. The Core
similarity threshold was set to 1 and the P value was set
to 0.05. The numbers of identified TREs present at each
of the four time points were combined and re-scaled, with
the total number of differentially expressed genes re-
trieved from the TRANSFAC database.

Real-Time RT-PCR and Immunohistochemistry

For validation of microarray results, 2 ug of RNA from 1/3
and 2/3 PH samples were reverse transcribed using the
Invitrogen Retroscript kit, and real-time RT-PCR per-
formed on the resultant cDNA amplicon using FAM-la-
beled primers for murine proliferating cell nuclear antigen
(Pcna) and cyclin B1 (Ccnb1) (Applied Biosystems, Fos-
ter City, CA). Analyses were performed as previously
described. ' For immunohistochemistry, the right lobes
of each liver after 1/3 or 2/3 PH at 30 hours were fixed in
10% buffered formalin and embedded in paraffin. Spec-
imens were stained with antibodies to PCNA (Transduc-
tion Laboratories, BD Biosciences, San Jose, CA) using
the ABC method with diaminobenzidine as the chromo-
gen. Hepatocytes with nuclear staining were considered
PCNA-positive cells. For each sample, three high-power
(X400) fields were counted, and differences between 1/3
and 2/3 PH were calculated using an unpaired t-test with
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Welch'’s correction using GraphPad Prism (GraphPad
Software, Inc., San Diego, CA).

Results

Both 1/3 and 2/3 PH Cause Widespread
Changes in Gene Expression

We examined gene expression profiles after 1/3 and 2/3
PH to study the similarities and differences in gene ex-
pression patterns after 2/3 PH, which leads to robust DNA
replication, and 1/3 PH, in which the replicative response
is minimal. 2132728 For each animal, the left lobe re-
sected at the time of the PH served as an internal control
for its own right lobe, which was harvested 4 to 30 hours
after the surgery (Figure 1, A-C). This design minimizes
the variation inherent in comparing pre- and postopera-
tive livers of different animals, and increases the statisti-
cal power for detecting differences in gene expression.?®
Using a one-class SAM analysis, we first investigated the
patterns of gene expression at 4, 12, 20, and 30 hours
after 1/3 and 2/3 PH (see supplemental Tables S2 and S3
available at http.//ajp.amjpathol.org) to select genes
whose expression was either increased or decreased
after PH, as compared with the normal liver from the
same mouse (left lobe resected at the time of PH). Both
1/3 and 2/3 PH induce a large number of genes, ranging
in number from 625 to 2877 at different time points (Fig-
ure 2A). Overall, the number of differentially expressed
genes, after 2/3 PH relative to normal liver, increases from
1673 at 4 hours to 2877 at 30 hours. After 1/3 PH the
largest number of differentially expressed genes relative
to normal liver (ie, 2278) is detected at 4 hours. This
number decreases to 625 at 12 hours, and then in-
creases to 1945 from 20 to 30 hours. Genes that were
differentially regulated after 1/3 or 2/3 PH compared with
normal liver (ie, the left lobe from the same mouse) are
listed in supplemental Tables S2 and S3 available at
http://ajp.amjpathol.org, respectively. In summary, the re-
sults show that the expression of a large number of
genes is altered, either up- or down-regulated, after 1/3
and 2/3 PH, and that between 4 and 12 hours, the
number of differentially expressed genes relative to
normal liver increases after 2/3 PH but decreases after
1/3 PH.

Preferential Expression of Genes after 2/3 PH
as Compared with 1/3 PH

After compiling a group of genes that are up- or down-
regulated after 1/3 or 2/3 PH relative to normal liver shown
in Figure 2A, we selected genes that are preferentially
expressed after 2/3 PH, as compared with 1/3 PH, using
a two-class SAM with a false discovery rate of 20%. At 4
and 12 hours, only a few genes are preferentially ex-
pressed after 2/3 PH compared with 1/3 PH but the
overall number of genes whose expression is preferen-
tially modified after 2/3 PH increases significantly after 12
hours (Figure 2B). Supplemental Table S4 available at
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Figure 2. Number of differentially expressed genes after PH relative to
normal liver. A: The number of differentially expressed genes after 1/3 (gray
line) and 2/3 PH (black line) relative to normal liver of the same animal. B:
The number of preferentially expressed genes after 2/3 PH relative to 1/3 PH.
RNA was prepared from liver samples taken at 4, 12, 20, and 30 hours post
surgeries from both types of surgeries.

http://ajp.amjpathol.org lists genes that are preferentially
regulated after 2/3 PH compared with 1/3 PH at all 4 time
points (see supplemental Table S4 available at http.//
ajp.amjpathol.org). Given the importance of the hepato-
cyte growth factor/c-met system in liver regenera-
tion,?3°732 we examined the expression of c-met by
real-time PCR because this gene was not among the
genes in the microarray. There were no differences in
the expression of c-met mRNA between 1/3 and 2/3 PH
at 4, 12, and 30 hours. Previously we reported that
hepatocyte growth factor mRNA levels did not differ
between 1/3 and 2/3 PH."2

To learn more about gene expression differences be-
tween 1/3 and 2/3 PH, we plotted the log, ratios of pref-
erentially expressed genes in the regenerating liver rela-
tive to normal liver tissue at each time point after 1/3 or
2/3 PH (Figure 3). The data show that at each time point
examined, the magnitude of expression of most genes is
higher, either up or down, after 2/3 PH compared with 1/3
PH. Functional analysis by EASE of genes that are pref-
erentially expressed after 2/3 PH (Table 1 and supple-
mental Table S5 available at http://ajp.amjpathol.org)
shows an enrichment of transcriptional profiles at 12
hours after 2/3 PH of genes associated with “cell adhe-
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sion” and “blood vessel development.” At 20 hours the
enrichment profiles shift to genes associated with “amine
metabolism” and “amino acid metabolism,” and at 30
hours, there is enrichment of genes associated with “cell
cycle,” “DNA replication,” and “S-phase of the cell cycle.”
Surprisingly, our functional analysis of preferentially reg-
ulated genes at 4 hours after 2/3 PH relative to 1/3 PH did
not reveal any enriched categories. We conclude that
differences in gene expression between 1/3 and 2/3 PH
are mostly due to the magnitude of gene expression, that
is, changes in expression of individual genes, either up or
down, are larger after 2/3 PH compared with 1/3 PH.
Furthermore, enrichment for functional categories of ex-
pressed genes in 2/3 PH relative to 1/3 PH does not occur
until 12 hours after the operation.

Non-Preferential Gene Activation
after 2/3 Hepatectomy
The lack of enriched categories at 4 hours after 2/3 PH

relative to 1/3 PH suggested that at least at this time,
there may be a large number of genes whose expression

30 hours
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12 hours

Figure 3. The Log,(Ratio) of preferentially ex-
pressed genes after 1/3 (gray line) and 2/3 PH
(black line) relative to normal. First, genes that
are preferentially expressed after 2/3 PH relative
genes to 1/3 PH were selected by a two-class SAM
analysis. The selected genes were sorted by the
Log,(Ratio) value (2/3 PH relative to normal).
Next the Log,(Ratio) value of the same gene
after 1/3 PH was plotted. The data shows that
up- or down-regulation of gene expression is of
greater magnitude after 2/3 PH.

genes

is similarly regulated in 2/3 and 1/3 PH. We then compiled
a list of genes that showed expression changes of the
same magnitude after 1/3 and 2/3 PH relative to their own
internal normal liver control (see supplemental Table S6
available at http.//ajp.amjpathol.org). At 4 hours, over 80%
of the genes whose expression increases or decreases
after 2/3 PH also showed changes of similar magnitude
after 1/3 PH. The number of nonpreferentially expressed
genes decreased at 12 hours, and remained at approx-
imately 40% at 20 and 30 hours (Figure 4 A). To explore
the functional roles of genes whose expression showed
similar alterations after 1/3 and 2/3 PH, we used the EASE
program to identify enriched biological categories at
each time point (Table 2 and supplemental Table S7
available at http://ajp.amjpathol.org). At 4 hours after ei-
ther 1/3 or 2/3 PH the enriched categories predominantly
included genes associated with lipid metabolism, which
were all down-regulated (Table 2). The number of en-
riched biological categories was higher at 4 and 12 hours
after 1/3 or 2/3 PH, and most of the enriched categories
were down-regulated at 4 and 12 hours, but up-regulated
at 20 and 30 hours. We were surprised at the number of

Table 1. EASE Analysis of Preferentially Expressed Genes after 2/3 PH Relative to 1/3 PH

System Time (h) Gene category EASE score
GO_BP 12 Cell adhesion 1.71E-02
GO_BP 12 Angiogenesis 2.48E-02
GO_BP 12 Blood vessel development 3.42E-02
GO_BP 20 Amino acid and derivative metabolism 1.89E-03
GO_BP 20 Amino acid catabolism 7.94E-03
GO_BP 20 Amine metabolism 9.81E-03
GO_BP 20 Amine catabolism 1.91E-02
GO_BP 20 Amino acid metabolism 2.22E-02
GO_BP 20 Amino acid derivative metabolism 4.81E-02
GO_BP 30 Cell proliferation 1.35E-03
GO_BP 30 Cell cycle 1.84E-03
GO_BP 30 DNA replication and chromosome cycle 2.80E-03
GO_BP 30 Cell growth and/or maintenance 9.22E-03
GO_BP 30 DNA replication 3.17E-02
GO_BP 30 S phase of mitotic cell cycle 3.17E-02
GO_BP 30 DNA dependent DNA replication 4.18E-02

Preferentially expressed genes after 2/3 PH relative to 1/3 PH at each time point were selected by two-class SAM analysis. Gene categories from
the enriched biological schemes (GO_Biological Process; GO_BP) with an EASE score of less than 0.05 are shown. There were no enriched

categories at 4 hours.
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genes that were activated at 4 hours after 1/3 PH in
relationship to normal. To examine the expression of
some of these genes at later time points after 1/3 and 2/3
PH, we plotted the log2 ratios for tumor necrosis factor
receptor 1 (Tnfr1), c-Jun, and chemokine-like factor su-
per family 6 (Ckifsf6) (Figure 4, B-D). Expression levels of
c-Jun, Tnfr1, and Ckifsf6 are similar after both 1/3 and 2/3
PH at 4 hours, but the patterns diverge at later time
points. For c-Jun there was a marked decrease in expres-
sion between 4 hours and 12 hours after 1/3 PH; for
TNFR1, the expression increases after 2/3 PH, but re-
mains constant or decreases after 1/3 PH; for Ckifsf6, the
expression decreases between 4 and 12 hours, but the
decrease is larger after 1/3 PH. In summary, while many
genes showed preferential expression after 2/3 PH
(preferentially expressed), there are a large number of
genes, particularly at 4 hours, that are similarly regulated
(nonpreferentially expression) after 1/3 and 2/3 PH. At 4
and 12 hours most changes in nonpreferentially ex-
pressed genes consisted in the down-regulation of gene
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respectively. Log,(Ratio) values are shown and
plotted as described in Figure 2. TNFR1 (TNF
receptor 1), and Cklfsf6 (Chemokine-like factor
super family 6).
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expression, especially of genes associated with lipid
metabolism.

Patterns of Preferential Gene Activation
after 2/3 PH

We next performed an independent statistical analysis of
our dataset using a two-factor analysis of variance to
identify general patterns of gene expression and identify
genes whose expression levels are dependent on the
time after surgery, type of surgery, or both (referred to as
interaction). Examples of genes that represent these differ-
ent patterns of expression are shown in Figure 5, in which
the expression patterns of six genes are shown: 1) metallo-
thioniein 1 (Mt7) and chemokine ligand 1 (Cxcl7), whose
expression depend on the time after surgery; 2) A disinte-
grin-like and metalloprotease with thrombospondin type 1
motif (Adamts 1), and coatomer protein complex, subunit
gamma 2 (Copg2), which depends on the type of sur-

Table 2. EASE Analysis of Nonpreferentially Expressed Genes after 1/3 or 2/3 PH at 4 Hours

System Time (h) Direction Gene category EASE score Bonferroni
GO_BP 4 Down Steroid metabolism 1.15E-06 1.24E-03
GO_BP 4 Down Steroid biosynthesis 1.59E-05 1.72E-02
GO_BP 4 Down Sterol metabolism 3.43E-05 3.70E-02
GO_BP 4 Down Lipid biosynthesis 4.53E-05 4.88E-02
GO_BP 4 Down Cholesterol metabolism 2.22E-04 2.39E-01
GO_BP 4 Down sterol biosynthesis 2.79E-04 3.01E-01
GO_BP 4 Down Lipid metabolism 3.16E-04 3.41E-01
GO_BP 4 Down Alcohol metabolism 1.47E-03
GO_BP 4 Down Cholesterol biosynthesis 2.03E-03
GO_BP 4 Down Electron transport 3.64E-02
GO_BP 4 Down Macromolecule biosynthesis 4.89E-02
GO_BP 4 Up Anion transport 2.79E-02
GO_BP 4 Up Cell-cell adhesion 4.37E-02
KEGG 4 Down Lipid metabolism 8.43E-03

Nonpreferentially expressed genes (similarly regulated genes) after 1/3 or 2/3 PH relative to normal liver were selected by one class SAM analysis.
Gene categories from the enriched biological schemes (GO_BP) with an EASE score less than 0.05 are shown. A KEGG (Kyoto Encyclopedia of
Genes and Genomes) analysis for lipid metabolism is also shown. A multiplicity correction of Bonferroni method is also shown for some categories,
demonstrating the significance of the EASE selected categories. A complete list of EASE analysis with all time-point data is presented in Supplemental
Table S7 available at http://ajp.amjpathol.org. GO_BP, GO_Biological_Process.
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Figure 5. Pattern of gene expression for genes
selected by two-factor analysis of variance. The
expression pattern of two-factor analysis of vari-
ance selected genes are shown, with genes that
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Copg2 are time dependent (1), surgery dependent (S),
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gery, and 3) peroxisome biogenesis factor 19 (Pex19)
and Flap structure specific endonuclease 1 (FenT),
whose expression depends both on the time after surgery
and the type of surgery. For each of these three catego-
ries of gene expression we performed a functional anal-
ysis using the EASE program (see supplemental Table S8
available at http://ajp.amjpathol.org). The highest en-
riched categories were: cell proliferation genes for time
dependent expression, cell organization and biogenesis
genes for surgery dependent expression, and cell growth
and maintenance genes for the interaction category.

To gain a global view of the patterns of genes preferen-
tially expressed after 2/3 PH compared with 1/3 PH, we
performed a hierarchical clustering analysis of genes de-
pendent on both time and surgery type (interaction cate-
gory). Six gene expression patterns were observed, but
approximately 80% of the genes fit into two expression
patterns corresponding to patterns 1 and 2 (see supple-
mental Figure S1 available at http://ajp.amjpathol.org).
Essentially, gene expression was not significantly differ-
ent at 4 or 12 hours, but was different at 20 and 30 hours
after 2/3 PH. The expression of the genes that fit patterns
1 and 2 were significantly up- or down-regulated only at
20 and 30 hours after 2/3 PH.

Expression of Genes Associated
with Proliferative Pathways

We used the GenMAPP program to compare the number
of genes involved in the cell cycle, DNA replication, Epi-
dermal growth receptor 1 and insulin signaling, and the
regulation of actin cytoskeleton after 1/3 and 2/3 PH

20 30

Time after surgery (h)

(Figure 6). The number of genes activated in each of
these pathways increases significantly from 20 to 30
hours after 2/3 PH. In contrast, there are only minimal
changes in the number of genes activated in each of the
pathways after 1/3 PH. A list of the genes for each cate-
gory and surgery type can be found in supplemental
Table S9 (available at http.// ajp.amjpathol.org). The main
findings are summarized below. Among cell cycle and
DNA replication genes, there were increases in cyclin A
and the exonuclease Xrn1 at 12 hours after 2/3 PH, while
cyclins A, B1 (Figure 7, A and C), and E increased at 30
hours after 2/3 PH, but showed no change or smaller
increases after 1/3 PH . At 20 and 30 hours after 2/3 PH,
the expression of many genes involved in DNA replica-
tion increased in agreement with the data of Otu et al.®
These genes included minichromosome maintenance
complex components 3 and 5 (Mcm3, Mcmb5), Orc2,
Cdc6, Cdc2, Mad2, Cdc25a, and Cdt1 (chromatic licens-
ing and DNA replication factor aka Ris2). In contrast,
expression of these genes after 1/3 PH was either not
changed or was increased at a lesser magnitude than
after 2/3 PH. The microarray analysis showed expression
of PCNA after 2/3 PH but not 1/3 PH (however PCNA was
detectable by real-time PCR and immunohistochemistry
(Figure 7, B, D and E). DNA dependent ligase 1 (Lig1)
and flap structure specific endonuclease 1 (Fen1) en-
code proteins that form complexes with PCNA. Lig1
mRNA was not detectable after 1/3 PH and Fen1 was
detected at 30 hours, but not at 20 hours after PH.
Among the genes included in the Epidermal growth
factor receptor 1 and insulin signaling categories, in-
creases in expression occurred only after 2/3 PH, with the
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Figure 6. Preferentially expressed genes in multiple signaling pathways
after 1/3 and 2/3 PH. The preferentially expressed genes after 1/3 (gray
boxes) or 2/3 PH (black boxes) relative to normal liver at each time point
were imported into GenMAPP with UniGene cluster IDs as the identifier. The
number of genes on Gen MAPP, either up- or down-regulated in 1/3 and 2/3
PH relative to normal were counted and plotted as a function of time.

exception of Git1 and Egr1, which were highly expressed
after 1/3PH. In contrast, genes in the category of regula-
tion of actin cytoskeleton increased after both 1/3 and 2/3
PH (Figure 6), although the changes after 1/3PH were
generally of lower magnitude.

The Differentially Expressed Genes
after 2/3 PH Are Regulated by a Small Group
of Transcription Factors

To identify transcriptional regulators that might function
as inducers of genes that are differentially regulated after
2/3 PH (Figure 2B), we imported the gene list at each time
point into the Promoter Analysis and Interaction Network
Toolset (PAINT) program to retrieve TREs. To reveal the
correlations between identified transcription factors, we
normalized the number of identified TREs to the total
number of genes retrieved at each time point, and cal-
culated the percentage of genes with each specific TREs
on their 5’ end sequences (Figure 8A). The differentially
regulated genes at 4 hours have some unique transcrip-
tion factor binding sites compared with the rest of the
time points. At this time, FoxD3 binding sites are present
in 25% of retrieved genes. A striking transition occurs at

12 hours, as the TREs detected at 4 hours were not
detected at later time points. The differentially expressed
genes at 12, 20 and 30 hours share various transcription
factor binding sites including those for Elk-1, Myb, c-jun,
CREB, and ETS-1 (see supplemental Table S10 available
at http.//ajp.amjpathol.org).

In Figure 8B, we show the predicted TREs for genes
that are preferentially up-regulated at 20 hours after 2/3
PH relative to 1/3 PH. We found that more than 80% of the
genes preferentially up-regulated at 20 hours after 2/3 PH
have at least one binding site for one or more of the 5
transcription factors: c-Jun, CEBP-B, Myb, Ets1, and
Elk1. Of these, c-jun and CEBP B box have been studied
in mouse liver, and been proposed to play critical roles in
liver regeneration.®®3* The pattern of identified TREs for
c-Jun in Figure 8A is consistent with the array expression
data (Figure 4B) showing that c-Jun was differentially
expressed from 12 to 30 hours after 2/3 PH relative to 1/3
PH, but the expression after 1/3 or 2/3 PH was not sig-
nificantly different at 4 hours. The data in Figure 8B also
show that there are genes that have more than one tran-
scription factor binding site, indicating that redundant
regulatory mechanisms exist at the transcription factor
level.

Discussion

To determine whether changes of gene expression in the
regenerating liver are directly or indirectly linked to he-
patocyte DNA replication, we compared the patterns of
gene expression after 2/3 PH that produces robust DNA
replication, with those after 1/3 PH, a procedure that
causes minimal replication. Previously, we showed that
many of the proto-oncogenes and cytokines that are
expressed after 2/3 PH are also expressed after 1/3 PH,
indicating that these genes are activated regardless of
the biological outcome of the operation. In the present
work, we greatly expanded the original studies by doing
an extensive analysis of the global patterns of gene ex-
pression after 1/3 and 2/3 PH. To obtain reliable results,
we extracted RNA from the right lobe after either 2/3 or
1/3 PH, and compared the right lobe gene expression
patterns with those obtained from the left lobe removed
from the same animal at the time of the operation. Thus,
for each mouse, its own normal hepatic tissue served as
the control sample. Moreover, we used 12 mice per time
point (six for each PH procedure) to permit a meaningful
statistical analysis of the data. We have not compared
RNA expression patterns of liver resected at the time of
PH with un-operated livers. We assumed that whatever
differences may exist in the expression patterns between
normal liver resected at the time of the operation and from
un-operated mice reflect the operative procedures in-
cluding anesthesia, manipulation of the liver, bleeding,
etc. For these reasons, we feel that resected normal
tissues are a better baseline to evaluate changes in gene
expression in our experiments.

The main findings of this study can be summarized as
follows: 1) despite the lack of significant cell replication,
1/3 PH causes widespread changes in gene expression;
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2) comparison of gene expression between 1/3 and 2/3
PH showed two patterns; a) genes whose expression
increased or decreased after both 1/3 and 2/3 PH, but the
magnitude of the changes were higher after 2/3 PH (re-
ferred to as preferentially expressed genes); and b)
genes whose expression also changed after both oper-
ations, but and the magnitude of the changes was similar
in 1/3 and 2/3 PH (referred to as nonpreferentially ex-
pressed genes); 3) the main differences in gene expres-
sion between 2/3 and 1/3 PH reflected changes (in-
creases or decreases) in the magnitude of gene
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Figure 8. Transcriptional regulation of preferentially expressed genes after
2/3 PH. The preferentially expressed genes after 2/3 PH relative to 1/3 PH
(supplemental Table S4 available at bip.//ajp.amjpathol.org) were subjected
to Promoter Analysis and Interaction Network Toolset analysis. A: Pattern of
identified Transcription Regulatory Elements (TREs) at 4, 12, 20, and 30
hours. The number of TRE at each time point was normalized by the total
number of preferentially expressed genes retrieved from the TRANSFAC
database. A higher percentage of genes containing the specific TRE is rep-
resented by red color. The two CUTL1 represent TRE ids of CDP CR1 and
CDP CR3 in TRANSFAC database respectively, which encode the same gene
of Cut-like 1 (CUTL1). B: TREs associated with genes preferentially expressed
after 2/3 PH relative to 1/3 PH at 20 hours after 2/3 PH. The gene symbols
associated with specific TREs on their 5" end are shown to the left of the
panel and appears as a solid line.

expression (preferential expression) rather than the acti-
vation of new sets of genes after 2/3 PH; 4) at 4 hours
there is a large overlap between genes expressed in 1/3
and 2/3 PH, but the overlap decreases after 12 hours,
and the preferentially expressed genes increases; 5)
genes involved in the assembly and activation of DNA
pre-replicative complexes and for cyclin A, E and B1 are
highly expressed after 2/3 PH, but are not changed or
show small changes in magnitude after 1/3 PH; 6) more
than 80% of the genes preferentially expressed after 2/3
PH relative to 1/3 PH at 12 hours or later have at least one
binding site for six transcription factors: Elk-1, c-Jun,
CCAAT CEBP-B, Myb, Ets-1, and USF (upstream stimu-
latory factor, a member of the basic helix-loop-helix
leucine zipper family). It is surprising that we did not find
an increase in cyclin D1 mRNA as Mullany et al reported
that this cyclin has proliferative and transcriptional effects
during liver regeneration.®®

Our initial hypothesis was that gene expression
changes after 1/3 PH would be relatively small and very
different from those occurring after 2/3 PH. We found
instead that the changes in gene expression after 1/3 PH
relative to control liver of the same animal were very
large, and that at 4 hours there was little preferential gene
expression in 2/3 PH compared with 1/3 PH. More than
1000 genes were similarly expressed after 2/3 and 1/3
PH. The most salient changes among these genes were
the marked down-regulation of genes associated with
lipid biosynthesis and metabolism, and the up-regulation
of genes associated with cell-cell adhesion. The de-
crease in the expression of genes related to lipid metab-
olism after 2/3 PH has been demonstrated by White et al,”
Our results indicate that a similar decrease occurs after
1/3 PH. Thus, in the first 4 hours after PH similar changes
in gene expression occur after 1/3 and 2/3 PH, indicating
that the liver initially responds to a partial hepatectomy
with massive changes in gene expression, even if the
operation does not result in DNA replication. This conclu-
sion does not imply that changes in gene expression that
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occur in both 1/3 and 2/3 PH are not important for liver
regeneration, but it does suggest that the great majority
of changes in gene expression that occur during the first
four hours after 2/3 PH may be a “wake up” call for
quiescent hepatocytes, while the decision about a repli-
cative response is done at later times. Specificity toward
liver growth and DNA replication seems to occur at about
12 hours or later after 2/3 PH, and is associated with a
change in the transcription program.

DNA replication starts at origins marked by the origin
recognition complex, which associates with Cdc6 and
Cdt1 (Ris2). Mcm proteins are recruited to these sites
forming pre-replication complexes.®® Most of the genes
involved in the initiation and elongation of DNA replication
are highly expressed at 30 hours after 2/3 PH, but have
lower expression or are not detected after 1/3 PH. It is
interesting to note that Chk1, a check point kinase, that
inactivates Cdc25 and stops cell cycle progression after
DNA damage is also increased after 2/3 PH. Changes
in the expression of this gene, as well as the down-
regulation of Mcm10 may prevent unscheduled DNA
replication after 2/3 PH.2” In addition, PCNA expres-
sion and its association with Fen-1 and Lig1 might be a
key regulatory step for controlling DNA replication dur-
ing liver regeneration.

The examination of transcription factors associated
with genes that are preferentially expressed after 2/3 PH,
showed that between 4 and 12 hours after 2/3 PH there is
a major change in the liver transcriptional program. Al-
though, as discussed above, in the first 4 hours after 2/3
PH the pattern of gene expression does not appear to be
linked to DNA replication, specificity toward replication
occurs 12 hours or later after PH. At 4 hours the TREs for
the transcription factors encoded by FOXD3, FOXI1
(FhK10), CDPCR1(CCAAT displacement protein/cut ho-
meobox, CUTL1), ER, and E2F-1 were highly repre-
sented. The TRE binding patterns of preferentially ex-
pressed genes after 2/3 PH shifts at 12 hours with
activation of genes that have TREs for c-jun, CCAAT
CEBP-B box, Myb, Ets-1, Elk1, and USF. Expression of
these factors during liver regeneration have also been
reported by Juskeviciute and co-workers.>® At 12 hours
there is a preferential expression of genes associated
with cell adhesion and angiogenesis, and at later times,
preferentially expressed genes are mostly associated
with amino acid metabolism and protein synthesis at 20
hours, and with cell growth and DNA replication at 30
hours. We do not know the mechanisms that regulate the
transition between the nonspecific priming period of the
first 4 hours after 2/3 PH and the preferential expression
of genes associated with growth and replication that
starts at 12 hours, but our previous data indicated that
Heparin binding epidermal growth factor (HB-EGF) ex-
pression plays a crucial role in this transition.'2

Several reports in the literature are relevant to the
present studies. Lambotte et al showed that in rats, the
changes in the expression of some individual genes oc-
curring shortly after PH are not related to the amount of
the functional mass of the liver, and that the extent of the
proliferative response is controlled at later times corre-
sponding to mid to late G1.'® These and other data,*° as

well as our own results suggest that the mechanisms of
control of gene expression at the priming phase may
differ from those at the cell cycle progression stage. We
hypothesize that the activation of forkhead genes Foxd3
and FoxI/1 in the first 4 hours after PH may remodel
chromatin,*® as forkhead proteins have a DNA binding
domain that is quite similar to the winged-helix structures
of histones H1 and H5.%" The early remodeling of chro-
matin may create new binding sites, which, at 12 hours
and later times after 2/3 PH, are occupied by transcrip-
tion factors associated with cell growth and DNA replica-
tion. In interpreting our results, it should be taken into
account that the gene expression experiments were per-
formed with whole liver RNA, precluding an analysis of
the localization of genes and transcription factors among
liver cells.

In summary, our results suggest that the large gene
response in the first four hours after 2/3 PH does not
predict whether DNA replication is going to occur. How-
ever, the early response primes or “prepares” the cell for
the later changes, and appears to open new sites in the
genome that, starting at 12 hours, are occupied by
transcription factors required for DNA replication. The
mechanisms that account for the shifts in transcription
factor binding during liver regeneration remain to be
established.
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