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Abstract. Liver is uniquely capable to repair itself after injury. 
Multiple molecular and biochemical processes initiated after 
partial hepatectomy, lead to proliferation of all cells within the 
liver. MicroRNAs (miRNAs) are a class of highly abundant 
non-coding RNA molecules that cause post-transcriptional 
gene repression and are involved in several biological processes 
including cell cycle regulation and differentiation. In this study, 
we examined the expression levels of miRNAs in liver tissue 
received from control mice (L0) and compared them with the 
corresponding levels in liver tissue 12 h after liver regeneration 
induced by 2/3 partial hepatectomy (L12). MiRNA expression 
was investigated using microRNA profiling. Further qPCR 
analysis was used for validation of the differentially expressed 
miRNAs at an early stage of liver regeneration, induced by 
2/3 partial hepatectomy. TargetScan and Gene Ontology (GO) 
analyses were performed in order to identify the possible 
miRNA target genes and their ontology, respectively. A subset 
of miRNAs was found to be differentially expressed during 
liver regeneration. Mmu-miR-21 and mmu-miR-30b* showed 
the higher levels of up-regulation in liver tissue from the hepa-
tectomized mice at the end of the experiment (L12) compared 
to the sham operated mice (L0). Mmu-miR-21 up-regulation 
was further confirmed by qPCR. In situ hybridization (ISH) 
revealed that mmu-miR-21 exhibited the higher levels of expres-
sion at 12 h post hepatectomy. On the contrary, mmu-miR-34c*, 
mmu-miR-144, mmu-miR-207, mmu-miR-207, mmu-miR-451, 
mmu-miR-582-3p and mmu-miR-290-5p exhibited <0.5 down-
regulation in liver tissue after partial hepatectomy in L12 vs. L0 
mice. The results from microarray and qPCR analyses were in 
good agreement. In conclusion, our results provide important 
information regarding the differentially expressed miRNAs in 
murine liver tissue before and after partial hepatectomy. The 

early up-regulation of mmu-miR-21 during the process of liver 
regeneration suggests a regulatory role in liver regeneration 
in vivo.

Introduction

Partial hepatectomy (PH) represents the most commonly used 
model for the study of liver regeneration. It is a very complex and 
well-orchestrated phenomenon that is carried out by the partici-
pation of all mature liver cell types. The extent of hepatocyte 
proliferation is directly proportional to the amount of resected 
liver tissue and 2/3 partial hepatectomy (2/3 PH) leads to a 
highly synchronized hepatocyte cell-cycle entry and progres-
sion. The first phase, known as the ‘priming phase’, occurs in 
the first hours after PH and poises the hepatocytes to enter the 
G1 phase and to become receptive to growth factors. The second 
phase corresponds to an increased metabolic demand imposed 
on the remnant liver. During this phase, among other metabolic 
changes, transient hypoglycemia is suggested to induce systemic 
lipolysis followed by a lipid droplets accumulation in the hepa-
tocytes. Between 36-42 h after 2/3 PH, most hepatocytes are 
in the S phase of the cell cycle. The remnant liver lobes will 
compensate for lost tissue and recover the initial liver mass in 
less than 2 weeks. The last and much less studied step is the 
termination of liver regeneration. A large number of genes are 
involved in liver regeneration, but the essential circuitry required 
for the process may be categorized into 3 networks: cytokine, 
growth factor and metabolic.

MicroRNAs (miRNAs) are short regulatory RNAs of 
approximately 22 nucleotides in length (1). They bind to the 
3'-untranslated region (3'UTR) of target mRNA based on 
sequence complementarity and result in the degradation or 
suppression of translation of the target miRNA (2). Nevertheless, 
new findings reveal a new mode of action of miRNAs by which 
they may regulate gene expression, by binding not only to 
regions confined to the 3'UTR, but to the complete sequence 
(promoter, 5'UTR, CDS and 3'UTR) of a gene (3-5). It is thought 
that more than 30% of human genes are post-transcriptionally 
regulated by miRNAs (6,7). There has been growing interest 
in understanding the specific role of miRNAs in regulating 
cellular processes, such as cell growth, proliferation, apoptosis, 
stress response and metabolism (8-10).

There are previous studies implicating miRNAs in the 
regeneration of zebrafish fins (11), regeneration in planarian 
worms (12) and wound healing (13). Mice with hepatocyte-
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specific inactivation of DGCR8, which is required for miRNA 
biogenesis, have also been generated. They develop normally 
after adulthood but their hepatocytes fail to transit into the 
S phase after PH (7). In a recent study miR-21 was found to 
be up-regulated during the proliferative phase of liver regenera-
tion. MiR-21 has been shown to target Pellino-1 and inhibit the 
NF-κB signalling (14).

Since recent studies have identified miRNAs as important 
regulators of gene expression, modulating critical cellular 
functions of hepatocytes, such as proliferation, apoptosis, lipid 
metabolism and liver regeneration, we aimed to identify the 
differentially expressed miRNAs during an early phase of liver 
regeneration. To this effect, the expression of liver miRNAs 
was investigated using miRNA profiling and qPCR, in total 
RNA extracted from murine liver tissue 12 h after 2/3 PH.

Materials and methods

Mice, PH and RNA isolation. Twenty male wild-type mice 
C57BL6J (8 weeks old) fed a standard diet were used for 
the liver regeneration experiment. Mice were housed in the 
animal facility of the University of Patras Medical School in 
temperature-, light- and humidity-controlled rooms with a 12-h 
light/dark cycle. All animal procedures were approved by the 
Institutional Review Board of the University of Patras Medical 
School and were in accordance with EC Directive 86/609/EEC. 
A 2/3 PH was performed on 10 mice according to a previously 
published standardized protocol (15) whereby the median and 
left lobes of the liver were removed and another 10 sham-oper-
ated mice were used as the control group. The liver was allowed 
to regenerate and mice were sacrificed 12 h after operation. 
Liver samples were collected from the sham-operated mice (L0) 
and the hepatectomized mice at the end of the experiment (L12).

Liver tissue RNA extraction. Liver tissue was excised from mice 
and was immediately submerged in RNAlater solution (Ambion, 
Foster City, CA). For miRNA profiling, total RNA was isolated 
from pooled livers from the L0 and L12 mice, whereas for qPCR 
experimentation, total RNA was prepared from individual liver 
samples, using the TRIzol® reagent (Invitrogen, Carlsbad, CA) 
as the manufacturer instructed. The quality of the total RNA 
was verified by an Agilent 2100 Bioanalyzer profile (Agilent 
Technologies, Santa Clara, CA).

miRNA profiling. Total RNA (1 µg) from sample and reference 
were labeled with Hy3™ and Hy5™ fluorescent label, respec-
tively, using the miRCURY™ LNA Array power labeling kit 
(Exiqon, Vedbaek, Denmark). The Hy3-labeled samples and 
the Hy5-labeled samples were mixed pair-wise and hybridized 
to the miRCURY LNA array version 10.0 (Exiqon), which 
contains capture probes targeting all miRNAs for all species 
registered in the miRBASE version 11.0 at the Sanger Institute. 
The hybridization was performed according to the miRCURY 
LNA array manual using a Tecan HS4800 hybridization station 
(Tecan, Grödig, Austria). After hybridization, the microarray 
slides were scanned and stored in an ozone-free environ-
ment (ozone level below 2.0 ppb) in order to prevent potential 
bleaching of the fluorescent dyes. The miRCURY LNA array 
microarray slides were scanned using the Agilent G2565BA 
Microarray Scanner System (Agilent Technologies, Inc.) and the 

image analysis was carried out using the ImaGene 8.0 software 
(BioDiscovery, Inc., El Segundo, CA).

Microarray data filtering, background correction and normali-
zation. Filtering was performed based on the signal intensity. 
Spots with no signal above the background (flags 1 and 2) were 
detected and removed. Background correction was performed 
to remove non-biological contributions (‘background’) to the 
measured signal, by subtracting the median global background 
from the median local background from the signal intensity. 
A threshold of 1.5 (L12 vs. L0) was set as the cut-off value. 
Normalization was performed using the Lowess regression 
algorithm, in order to remove certain systematic biases from 
microarray data, such as dye effects or intensity dependence. 
The positive effect from normalization is illustrated on each 
slide sheet with an M-A plot before and after normalization 
(Fig. 1). After normalization the spots appeared symmetrically 
scattered around the horizontal line (M=0). Normalized data 
were extracted, pre-processed and sorted with Microsoft Excel®.

Slide quality check using spike-in controls. Spike-in co-efficient 
of variation (CV) values were calculated between 48 replicates 
for each of the spike-in controls on each slide. CVs did not 
exceed 30%, thus reflecting lack of spatial effects on the array 
(smear across the slide) or misplacement of the grid for anno-
tating the spots.

Clustering. We clustered the miRNAs between the L0 and 
L12 murine livers, using hierarchical clustering (HCL) and 
k-means clustering, as previously reported (16,17).

Gene Expression Omnibus (GEO) accession numbers. 
Array data were deposited at the GEO (National Center 
for Biotechnology Information) with accession numbers 
GSM862374 through GSM862375 (GSE35128).

Reverse transcription (RT) and qPCR validation. The miRNA 
in the total RNA sample was converted to cDNA by reverse 
transcription using the miRCURY LNA miRNA PCR system 
First-strand cDNA synthesis kit and a miRNA-specific primer. 
Using automatic robot stations the RT and qPCR steps were fully 
automated for excellent reproducibility. The cDNA was amplified 
by real-time PCR using SYBR® Green master mix and LNA™ 
miRNA-specific primers on a LightCycler 1.5 (Roche Applied 
Science) thermal cycler, using a 32-well carousel and 25-µl volume 
capillaries. The following 8 miRNAs were selected for qPCR 
validation of their expression: mmu-miR-21, mmu-miR-101a, 
mmu-miR-101b, mmu-miR-669f, mmu-miR-207, mmu-miR-451, 
mmu-miR-582-3p and mmu-miR-34c. All runs included no 
template and RT-minus controls. A 5-fold serial dilution of 
pooled cDNA samples was generated for each assay, in order 
to calculate the qPCR efficiency. All reactions were performed 
in triplicate. Before proceeding with data normalization, a tech-
nical quality assessment was performed based on the results of 
the melting curve, serial dilution curve and no-template-controls. 
The stability and ranking of the endogenous controls was also 
calculated with the SLqPCR algorithim. For every endogenous 
control gene, the pair-wise variation with all other endogenous 
controls was determined as a gene stability measurement M. An 
M-value below 1.5 was recommended and genes with expres-
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sion stability above 1.5 were considered unstable across the 
samples and unsuitable for endogenous controls in this experi-
ment. Mmu-miR-103 and mmu-miR-let-7b were considered 
acceptable and used for normalization, whereas mmu-miR-191 
was excluded due to too high Cp-values for one of the negative 
controls (18) (Fig. 2). Relative expression was performed as 
described previously (19,20) using the ΔΔCt method, as follows 
(data were standardized by log2 transformation):

 EmiRNA
∆Cp (sampleA-sampleB)

 Relative expression = ------------------------------------------------------------
 NF

In situ hybridization (ISH). The in situ hybridization was 
carried out as previously described with minor modifica-
tions (21). Briefly, 4-µm sections of paraffin-embedded, 
formalin-fixed liver tissue samples were prepared. Slices 
were digested with pepsin for 30 min at room temperature. 
Digoxigenin-labeled locked nucleic acid probes (2 pmol/µl) 
(Exiqon, Woburn, MA) were used for the hybridization (37˚C 
for 12 h) and their presence visualized via anti-digoxigenin 
with antidigoxigenin-alkaline phosphatase conjugate (1:150 
dilution) for 30 min at 37˚C. Detection was done with NBT/
BCIP chromogen at 37˚C.

TargetScan, Gene Ontology (GO) and enrichment analyses. A 
miRNA binds to the 3'UTR of a target mRNA via the ‘seed’ 
region of the mature miRNA (nt 2-7). For the 8 most differentially 
expressed miRNAs, we used TargetScan (http://www.targetscan.

org/, release 5.0) analysis in order to identify the possible miRNA 
target genes. Next, we used GO analysis to obtain an overview 
of the main classes of biological functions of the genes predicted 
to be targets for those miRNAs. GO analysis was performed, 
using the WebGestalt web-tool (http://bioinfo.vanderbilt.edu/
webgestalt) (22). All gene definitions and functions were based 
on the National Institute of Health databases (http://www.
ncbi.nlm.nih.gov/sites/entrez). GO enrichment analysis for the 
putative targets of miRNAs was also investigated, using the 
WebGestalt web-tool (http://bioinfo.vanderbilt.edu/webgestalt) 
(22). The hypergeometric test, with Bonferroni correction was 
used for enrichment evaluation analysis. The R function adjP 
was used in order to adjust the nominal p-values of the large 
number of categories at the same time. The significance level for 
the adjusted p-value was set at 0.01 and the number of minimum 
genes for a category was set at 2.

Statistical analysis. Normality of the data distribution was 
checked by Kolmogorov-Smirnov test. Differences in the 
expression levels in the liver between L0 and L12 mice were 
explored using the t-test. Numerical values are expressed as the 
means ± standard deviation (SD). Statistical significance was set 
at the 95% level (p<0.05).

Results

In the present study, we examined the expression levels of 598 
mmu-miRNAs in liver tissue received from control mice (L0) 
and compared them with the corresponding expression in liver 

Figure 1. The positive effect from normalization is illustrated on each slide with an M-A plot before and after normalization. After normalization the spots 
appear symmetrically scattered around the horizontal line M=0. After normalization, the difference between the two channels (M) is independent of the average 
intensity level of the two channels. The green spots are Hy3 controls spotted directly on the array surface. The orange/pink spots are spike-in controls.



CHAVELES et al:  MicroRNA IMPLICATION IN MURINE LIVER REGENERATION750

tissue 12 h after liver regeneration induced by 2/3 partial hepa-
tectomy (L12).

Microarray profiling. Eight out of 598 miRNAs passed the 
filtering criteria on variation across samples; Delta Log Median 
Ratio (∆LMR) >±0.58 equal to [Fold change] >1.5. The 8 most 
differentially expressed (DE) miRNAs in the liver tissue in the 
L12 mice vs. the L0 mice were: mmu-miR-34c*, mmu-miR-21, 
mmu-miR-30b*, mmu-miR-144, mmu-miR-207, mmu-miR-451, 
mmu-miR-582-3p and mmu-miR-290-5p. The difference in 
∆LMR between L12 and L0 mice was calculated. Moreover, 
the average Log Median Ratio was converted to fold change 
as follows: Fold change =2ΔLMR (Fig. 3). Mmu-miR-21 and 
mmu-miR-30b* were overexpressed in the L12 mice vs. the L0 
mice, whereas, the other 6 miRs (mmu-miR-34c*, mmu-miR-144, 
mmu-miR-207, mmu-miR-451, mmu-miR-582-3p and 
mmu-miR-290-5p) exhibited lower expression levels in the L12 
mice vs. the L0 ones.

Hierarchical clustering. We performed average linkage hierar-
chical clustering using Euclidian distance. A detailed tree and 
cluster image, depicting the names of each mmu-miRNA is 
depicted in Fig. 4. Eight gene clusters were noted. Regarding the 
DE miRs, mmu-miR-34c* belonged in the first cluster, showing 
significantly higher expression in the L0 vs. the L12 mice. On 
the contrary, mmu-miR-21 and mmu-miR-30b* were signifi-
cantly up-regulated in the L12 vs. the L0mice. Our interest was 
also focused on clusters 5 (mmu-miR-144, mmu-miR-207, 

Figure 3. The upper half part of the diagram shows the Log-fold change (L12 
vs. L0) of the microRNAs that passed the filtering criteria on variation across 
samples. For better visualization of the expression results, the lower half part 
depicts the Delta Log Median Ratio >±0.58 equal to (Fold change) >1.5 of same 
microRNAs. Each bar represents the Log Median Ratio between the L12 and L0 
samples. A positive Delta Log Median Ratio indicates up-regulation in the L12 
sample and a negative Delta Log Median Ratio indicates down-regulation in the 
L12 sample compared to the L0 sample. 

Figure 4. Unsupervised hierarchical cluster analysis diagram based on 598 
probe sets with highest variation in L12 vs. L0 mice. Color saturation is 
directly proportional to measured expression ratio magnitude. Rows represent 
individual probe set. Columns represent the experimental samples L0 and 
L12. Red bars indicate high expression. Green bars indicate low expression. 

Figure 2. Stability of endogenous controls. For every endogenous control 
gene the pair-wise variation with all other endogenous controls is determined 
as a gene stability measurement M calculated with the SLqPCR algorithim. 
An expression stability M-value below 1.5 is recommended and a gene with 
expression stability above 1.5 was considered unstable across the samples and 
unsuitable for endogenous controls in this experiment.
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mmu-miR-451, mmu-miR-582-3p and mmu-miR-290-5p) 
and 8, where the corresponding mmu-miRNAs were either 
down-regulated in the L0 mice vs. the L12 mice (cluster 3), or 

up-regulated in the L0 mice vs. the L12 mice (clusters 5 and 8), 
respectively.

qPCR validation of expression. From the 8 most differentially 
expressed mmu-miRs (L12 vs. L0 in microarray data), 5 miRs 
(mmu-miR-21, mmu-miR-207, mmu-miR-451, mmu-miR-582-3p, 
mmu-miR-34c) were also tested by qPCR. Three more miRs 
(mmu-miR-101a, mmu-miR-101b and mmu-miR-669f) that 
were marginally differentially expressed in the microarrays 
[both for mmu-miR-101a and mmu-miR-101b, ΔLMR =0.50 
(fold change L12 vs. L0 =1.41); and for mmu-miR-669f, ΔLMR 
=-0.49 (fold change L12 vs L0, 0.71)] were also included in 
the qPCR experiment. After normalizing the expression levels 
with the corresponding geometric mean value of the reference 
genes (mmu-miR-191, mmu-miR-103 and mmu-miR-let-7b), the 
samples were checked for outliers to be excluded. The qPCR 
verified the expression profile of the differentially expressed 
miRs, as acquired by the microarrays. The fold changes were 
calculated using the ∆∆Ct comparative quantification method. 
Data were corrected for assay-specific PCR efficiency (miRNA 

Figure 6. In situ hybridization (ISH) of mmu-miR-21 before hepatectomy, 1, 6 and 12 h post hepatectomy, respectively. Mmu-miR-21 exhibited the highest expres-
sion levels at 12 h post hepatectomy.

Figure 5. Fold expression in the 8 most differentially expressed mmu-miRs in 
the L12 vs. the L0 mice, as acquired by qPCR. 
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or endogenous control) and normalized with a normalization 
factor based on three endogenous controls: mmu-miR-191, 
mmu-miR-103 and mmu-miR-let-7b. The relative fold expres-
sion of the aforementioned miRs in L12 vs. L0 mice is indicated 
in Fig. 5. Our qPCR analysis distinguished that mmu-miR-21 is 
the most significantly overexpressed miRNA in the L12 mice vs. 
the L0 ones (1.808-fold change; p<0.01; t-test), among the miRs 
studied. The increased levels of mmu-miR-21 were further vali-
dated by ISH. Specifically, increased mmu-miR-21 levels were 
detected post-hepatectomy compared to pre-hepatectomy and its 
highest levels were noticed at 12 h post-hepatectomy (Fig. 6).

Correlation between microrrays and qPCR. The results 
received from the microarray and qPCR analyses were in 
good agreement. The relative expressions were based on four 
technical replicates. Pearson's correlation (r) between microar-
rays and qPCR was 0.881 (p=0.119) (Fig. 7). qPCR analysis 
for mmu-miR-34c*, mmu-miR-30b*, mmu-miR-144 and mmu-
miR-290-5p revealed extremely low expression levels, therefore 
the ΔLMR data are shown as not available (N/A). Apart from 
the case of mmu-miR-30b*, this underexpression is in good 
agreement with the data obtained from our microarray experi-
mentation.

TargetScan and GO enrichment analysis. The GO is divided 
into 3 ontologies that were found to yield information common 
to all living organisms. The Ontology of Cellular Component 
(CC) describes the places in the cell where gene products would 
be found. The Ontology of Molecular Function (MF) describes 
the biochemical activity of a gene product without specifying 
the time or the space where this event occurred. It is a usual 
feature for a molecular function term to be directly character-
ized by its annotated gene product. The Ontology of Biological 
Process (BP) consists of one or more ordered assemblies of 
functions. There is a considerable relevance between molecular 
function and biological process ontologies.

No results could be received for mmu-miR-34c* and mmu-
miR-30b* through TargetScan analysis. Seventy-eight putative 
gene targets were revealed for mmu-miR-21. These participate 
significantly in various BPs, namely: positive regulation of 
cellular process, positive regulation of biological process, 
regulation of transcription from RNA polymerase II promoter, 
cellular macromolecule metabolic process, transcription from 
RNA polymerase II promoter, regulation of metabolic process, 
regulation of cellular metabolic process, regulation of macromo-
lecule metabolic process, positive regulation of macromolecule 
biosynthetic process and positive regulation of cellular biosyn-
thetic process (adjP<0.001). The ontology of the significant 
MFs identified functions such as protein binding, binding and 
transcription factor activity (adjP<0.001) (Table I). TargetScan 
analysis for mmu-miR-144 revealed 439 putative gene targets. 
These targets were shown to participate significantly in BPs, 
such as anatomical structure development, regulation of RNA 
metabolic process, system development, regulation of primary 
metabolic process, regulation of gene expression, regulation 
of metabolic process, multicellular organismal development, 
DNA-dependent regulation of transcription, organ develop-
ment and regulation of macromolecule metabolic process 
(adjP<0.001). The MF and CC of the majority of the genes was 
in the nucleus. Analysis for mmu-miR-207 revealed 100 puta-

tive gene targets, which were shown to participate in transferase 
activity molecular functions, such as transferring glycosyl 
groups, transferring hexosyl groups, UDP-glycosyltransferase 
activity and glucuronosyltransferase activity (adjP<0.001). 
Analysis for mmu-miR-451 revealed 6 putative gene targets. 
However, no statistically significant results were obtained from 
the GO enrichment. Mmu-miR-582-3p was shown to have 71 
putative gene targets, which participate significantly in various 
BPs, such as regulation of gene expression, regulation of cellular 
biosynthetic process, regulation of macromolecule biosynthetic 
process. Similarly, various CC ontologies were identified, such 
as nucleus genes and cortical cytoskeleton. Mmu-miR-290-5p 
was shown to have 122 putative gene targets, participating 
significantly in BP ontologies such as organ morphogenesis, 
etc., in MF ontologies, such as transferase activities and CC 
ontologies, such as intracellular membrane-bounded organelle 
or nucleus.

Discussion

In the present study, the differential expression levels of 598 
miRNAs in the regenerated mouse liver 12 h after PH, compared 
to the baseline levels (L0), was investigated by microarray 
profiling and further confirmed by qPCR. The most important 
finding of our study was the induction of mmu-miR-21 post-
hepatectomy, with higher levels at 12 h PH. Mmu-miR-21 is a 
known promoter of proliferation in cancer (23). Previous studies 
have shown that mmu-miR-21 is transcriptionally regulated 
by activation protein 1 (AP-1) (24) and signal transducer and 
activator of transcription 3 (STAT3) (25), two proteins that 
are activated early in liver regeneration. It is also known that 
miRNAs control hepatocyte proliferation during liver regenera-
tion (26). Our findings are in agreement with a previous study 
showing that mmu-miR-21 is up-regulated during the prolifera-
tive phase of mouse liver regeneration, it targets Pellino-1, and 

Figure 7. Correlation between microrrays and qPCR experimentation. The fold 
changes were calculated using the ΔΔCt comparative quantification method. 
Mmu-miR-34c was not detected in the qPCR, hence no fold change was calcu-
lated. We identified a good agreement between the microarrays and the qPCR 
results [Pearson's correlation (r) =0.881]. 
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Table I. Putative mmu-miR-21 target genes along with each gene's ontology.

 mmu-miR-21 targets (adjP<0.05)

 Biological process Molecular function

Positive regulation of cellular process (adjP=9.33e-06) Protein binding (adjP=1.24e-05)
Il12a, Sox5, Ppara, Peli1, Yap1, Gata2, Nfat5, Pdzd2, Tgfbi, Arhgef12, Dnajc16, Sox5, Peli1, Yap1, Gata2, 
Thrb, Glis2, Alx1, Acvr1c, Nfib, Sox2, Jag1, Nfat5, Asf1a, Thrb, Alx1, Acvr1c, Cxcl10, Mapk10, Reck,
Rbpj, Map3k1, Ntf3, Notch2, Il21, Tgfbr2 Sox2, Pdcd4, Rbpj, Map3k1, Btg2, Il21, Tgfbr2, Adnp, Klhdc5,
 Mprip, Cbx4, Il12a, Cd247, Kcna1, Glcci1, Spry2, Crebl2, Rasa1,
 Ppara, Olr1, Ccl1, Jag1, Dnaja2, Ntf3, Notch2, Wwp1, Pag1

Positive regulation of biological process (adjP=1.39e-05) Binding (adjP=0.0002)
Il12a, Cd247, Sox5, Ppara, Peli1, Yap1, Gata2, Pdzd2, Prpf4b, Rbms3, Tgfbi, Klf6, Arhgef12, Dnajc16, Sox5,
Nfat5, Thrb, Glis2, Alx1, Acvr1c, Nfib, Sox2, Peli1, Yap1, Gata2, Nfat5, Asf1a, Thrb, Alx1, Sox7, Acvr1c,
Jag1, Rbpj, Map3k1, Ntf3, Notch2, Il21, Tgfbr2 Cxcl10, Map2k3, Mapk10, Nfib, Reck, Sox2, Pdcd4, Rbpj,
 Map3k1, Npas3, Btg2, Il21, Tgfbr2, Adnp, Klhdc5, Mprip,
 Fbxo11, Cbx4, Il12a, Cd247, Kcna1, Glcci1, Spry2, Crebl2,
 Rasa1, Cpeb3, Ppara, Lemd3, Olr1, Rasa2, Glis2, Ccl1, Zadh2,
 Stk40, Ube2d3, Jag1, Dnaja2, Ntf3, Notch2, Wwp1, Rspo2, Pag1,
 Rasgrp1

Regulation of transcription from RNA polymerase II Transcription factor activity (adjP=0.0004)
promoter (adjP=4.45e-05) 
Cbx4, Alx1, Sox7, Nfib, Sox2, Rbpj, Sox5, Ntf3, Ppara, Yap1, Alx1, Sox7, Nfib, Sox2, Sox5, Rbpj, Crebl2, Ppara, Gata2, Adnp,
Gata2, Nfat5, Thrb, Glis2 Nfat5, Thrb, Glis2

Cellular macromolecule metabolic process (adjP=7.75e-05) Transcription regulator activity (adjP=0.0024)
Prpf4b, Klf6, Sox5, Dnajc16, Peli1, Yap1, Gata2, Mrpl9, Nfat5, Alx1, Sox7, Nfib, Sox2, Sox5, Rbpj, Crebl2, Ppara, Npas3, Yap1,
Thrb, Asf1a, Alx1, Sox7, Acvr1c, Map2k3, Mapk10, Ppp1r3b, Gata2, Adnp, Nfat5, Thrb, Glis2
Nfib, Sox2, Map3k1, Rbpj, Tnks, Npas3, Il21,Btg2, Tgfbr2, 
Adnp, Fbxo11, Cbx4, Crebl2, Ppara, Glis2, Mrpl49, Stk40, 
Ube2d3, Dnaja2, Ntf3, Notch2, Wwp1, Cdc25a

Transcription from RNA polymerase II promoter Receptor signaling protein serine/threonine kinase activity
(adjP=8.83e-05) (adjP=0.0051)
Cbx4, Alx1, Sox7, Nfib, Sox2, Rbpj, Sox5, Ntf3, Ppara, Yap1, Acvr1c, Mapk10, Tgfbr2, Map3k1
Gata2, Nfat5, Thrb, Glis2

Regulation of metabolic process (adjP=9.84e-05) MAP kinase kinase activity (adjP=0.0148)
Cbx4, Klf6, Spry2, Sox5, Crebl2, Ppara, Peli1, Yap1, Gata2, Map2k3, Map3k1
Nfat5, Asf1a, Thrb, Glis2, Alx1, Sox7, Map2k3, Nfib, Ube2d3, 
Sox2, Rbpj, Map3k1, Ntf3, Notch2, Npas3, Il21, Btg2,
Tgfbr2, Adnp

Regulation of cellular metabolic process (adjP=0.0001) Cytokine receptor binding (adjP=0.0222)
Cbx4, Klf6, Spry2, Sox5, Crebl2, Ppara, Peli1, Yap1, Gata2,  Il12a, Il21, Cxcl10, Ntf3, Ccl1
Nfat5, Asf1a, Thrb, Glis2, Alx1, Sox7, Map2k3, Nfib, Sox2, 
Rbpj, Map3k1, Ntf3, Notch2, Npas3, Il21, Btg2, Tgfbr2, Adnp

Regulation of macromolecule metabolic process Protein serine/threonine/tyrosine kinase activity
(adjP=0.0002) (adjP=0.0370)
Cbx4, Klf6, Sox5, Crebl2, Ppara, Peli1, Yap1, Gata2, Nfat5, Map2k3, Map3k1
Asf1a, Thrb, Glis2, Alx1, Sox7, Map2k3, Nfib, Ube2d3, Sox2,
Rbpj, Map3k1, Ntf3, Notch2, Npas3, Il21, Btg2, Adnp

Positive regulation of macromolecule biosynthetic
proces (adjP=0.0002)
Alx1, Nfib, Sox2, Sox5, Ntf3, Ppara, Il21, Yap1,

Positive regulation of cellular biosynthetic process
(adjP=0.0003)
Alx1, Nfib, Sox2, Sox5, Ntf3, Ppara, Il21, Yap1, Gata2, Nfat5, 
Thrb, Glis2

Cellular component, NA.
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inhibits the NF-κB signalling (14). Targeting of Peli1 by miR-21 
could potentially provide the basis for a negative feedback 
cycle regulating NF-κB signalling, since it has been previously 
reported that NF-κB up-regulates the miR-21 precursor tran-
script. Another study of rat liver regeneration after PH, identified 
among other miRNAs, the induction of miR-21 as early as 3 h 
post hepatectomy (27).

It should be noted that mmu-miR-21 is unlikely to be the 
only differentially expressed miRNA in murine regenerative 
liver 12 h after PH, compared to the baseline levels. It is very 
interesting that the mmu-miR-34 family has potent anti-
proliferative activities with miR-34c identified as target of p53 
that controls cell proliferation (10,28). Since mmu-miR-34c* 
was found to be down-regulated at 12 h following PH, its 
mature strand sequence, mmu-miR-34c, was tested by qPCR 
analysis, but the expression levels were too low to make any 
firm conclusions.

Our finding of mmu-miR-207 repression is in agreement 
with a recent study that showed that miR-207 is down-regulated 
during rat liver regeneration (29).

Mmu-miR-144 is known to promote erythropoiesis. 
However, in a recent study miR-144 was shown to impair insulin 
signalling by inhibiting the expression of insulin receptor 
substrate 1 levels in a rat model of type 2 diabetes (30). It is 
conceivable that the down-regulated mmu-miR-144 facilitates 
insulin/IFG1 signalling and hence liver regeneration.

Mmu-miR-451 seems to have tumor suppressor effects. It 
is a conditional switch controlling glioma cell proliferation and 
migration (31) and it inhibits tumor growth of glioblastoma 
stem cells (32). Its down-regulation during liver regeneration is 
consistent with this function. Although mmu-miR-451 has never 
been reported to be involved in liver regeneration before, it has 
been found to be expressed in rat liver and it is down-regulated 
in diet induced non-alcoholic fatty liver disease (33). The repres-
sion of the tumor suppressor, miR-451, has been shown to be 
essential for Notch-1-induced oncogenesis in T-ALL (34). It is 
worth mentioning that Notch-1 signalling is important for liver 
regeneration (35).

To the best of our knowledge, this is the first report to link 
mmu-miR-290-5p down-regulation with murine liver regenera-
tion. Its down-regulation by thyrotropin is required for thyroid 
cell growth (36).

A large number of putative gene targets was identified for 
each one of the differentially expressed miRNAs between the 
L12 and L0 mice, using the TargetScan algorithm. Further GO 
analysis revealed the biological properties and molecular func-
tions of this large number of genes.

In conclusion, in the present study we identified that 
mmu-miR-21 is induced early during the process of liver 
regeneration. This result indicates that mmu-miR-21 might be 
significantly involved in this process. Similarly, mmu-miR-
30b* showed increased levels in the L12 vs. the L0 murine 
livers. However, mmu-miR-21 and mmu-miR-30b* are unlikely 
to be the only miRNAs involved in liver regeneration. The 
down-regulation of mmu-miR-34c*, mmu-miR-144, mmu-miR-
207, mmu-miR-207, mmu-miR-451, mmu-miR-582-3p and 
mmu-miR-290-5p, is consistent with their known role in cell 
proliferation generally. However, further investigation is still 
required to unveil the role that miRNAs play in liver regenera-
tion.
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