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Nur77, encoded by Nr4a1 (alias Nur77), plays roles in cell death, survival, and inflammation. To study the
role of Nur77 in liver regeneration, wild-type (WT) and Nur77 knockout (KO) mice were subjected to
standard two-thirds partial hepatectomy (PH). Nur77mRNA and protein levels were markedly induced at 1
hour after PH in WT livers, coinciding with ERK1/2 activation. Surprisingly, Nur77 KO mice exhibited a
higher liver-to-body weight ratio than WT mice at 24, 48, and 72 hours after PH. Nur77 KO livers exhibited
increase in Ki-67epositive hepatocytes at 24 hours, with early induction of cell-cycle genes. Despite
accelerated regeneration, Nur77 KO livers paradoxically incurred necrosis, hepatocyte apoptosis, elevated
serum alanine aminotransferase activity, and Kupffer cell accumulation. Microarray analysis revealed up-
regulation of genes modulating inflammation, cell proliferation, and apoptosis but down-regulation (due
to Nur77 deficiency) of glucose and lipid homeostasis genes. Levels of proinflammatory cytokines IL-6,
IL-12, IL-23, and CCL2 were increased and levels of anti-inflammatory IL-10 were decreased, compared
with WT. Activated NF-kB and STAT3 and mRNA levels of target genes Myc and Bcl2l1 were elevated in
Nur77 KO livers. Overall, Nur77 appears essential for regulating early signaling of liver regeneration by
modulating cytokine-mediated inflammatory, apoptotic, and energy mobilization processes. The accel-
erated liver regeneration observed in Nur77 KO mice is likely due to a compensatory effect caused by
injury. (Am J Pathol 2014, 184: 3272e3283; http://dx.doi.org/10.1016/j.ajpath.2014.08.002)
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Liver regeneration is a well-orchestrated and tightly regulated
process that proceeds through distinct stages with priming of
hepatocytes, cell-cycle progression, proliferation, and termina-
tion of regeneration.1,2 Liver regeneration induced by partial
hepatectomy (PH) involves multiple cell types interacting in
coordination. Activated Kupffer cells (KCs) and hepatic stellate
cells release a series of growth factors, including transforming
growth factor b and hepatocyte growth factor, as well as
proinflammatory cytokines such as IL-6 and tumor necrosis
factor a (TNF-a) to drive the cell-cycle entry of quiescent he-
patocytes.3,4 In response to PH, KC-secreted TNF-a activates
downstream target nuclear factor kB (NF-kB), which then up-
regulates the transcription of Ccnd1.5,6 Meanwhile, IL-
6emediated activation of signal transducer and activator of
transcription 3 (STAT3) also promotes hepatocyte proliferation
after PH.1,7 These findings suggest that the proinflammatory
stigative Pathology.

.

cytokines IL-6 and TNF-a and their downstream transcriptional
regulators NF-kB and STAT3 are necessary for the priming and
progression of liver regeneration.1,8,9 Furthermore, PH-induced
liver regeneration is typically an injury-free process, with
regeneration resulting from interactions between pro- and anti-
inflammatory mediators to amplify the proliferative response
elicited by growth factors.10e12

Orphan nuclear receptor Nur77, a member of the nuclear
receptor subfamily 4 (NR4A) encoded by Nr4a1 (alias Nur77),
is an early immediate-response gene whose expression can be
induced by diverse stimuli.13,14 Together with Nurr1 (Nr4a2)
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Table 1 Primers used for RT-qPCR

Target gene Sequence

Nur77 F: 50-TGCCTTCCTGGAACTCTTCATC-30

R: 50-AGTACCAGGCCTGAGCAGAAGAT-30

Nurr1 F: 50-CCTCCAACTTGCAGAATATGAACA-30

R: 50-CCGTGTCTCTCTGTGACCATAGC-30

Nor1 F: 50-AAGTGTCTCAGTGTCGGGATGGTT-30

R: 50-TCCTGTTGTAGTGGGCTCTTTGGT-30

Ccnb1 F: 50-CCCCAAGTCTCACTATCA-30

R: 50-CGAGGGAATGACTATGTT-30

Cdk1 F: 50-TCCGGTTGACATCTGGAGTA-30

R: 50-TCCACTTGGGAAAGGTGTTC-30

Ccnd1 F: 50-CGTGGCCTCTAAGATGAAGGA-30

R: 50-TCGGGCCGGATAGAGTTGT-30

Cdk4 F: 50-GCCAGAGATGGAGGAAGTCTG-30

R: 50-TTGTGCAGGTAGGAGTGCTG-30

Ccne1 F: 50-GCAGCGAGCAGGAGACAGA-30

R: 50-TGCTTCCACACCACTGTCTTTG-30

Cdk2 F: 50-TCCCCTCATCAAGAGCTATCTGTT-30

R: 50-TCTGCATTGATAAGCAGGTTCTG-30

Casp8 F: 50-TGGAACCTGGTATATTCAGTCACTTT-30

R: 50-CCAGTCAGGATGCTAAGAATGTCA-30

Cd14 F: 50-GGTCGAACAAGCCCGTGGAACC-30

R: 50-AGCACACGCTCCATGGTCGG-30

Ccl2 F: 50-TGATCCCAATGAGTAGGCTGGAGA-30

R: 50-ACCTCTCTCTTGAGCTTGGTGACA-30

Il6 F: 50-GTTGCCTTCTTGGGACTGATG-30

R: 50-GGGAGTGGTATCCTCTGTGAAGTCT-30

Il12 F: 50-GGTGCAAAGAAACATGGACTTG-30

R: 50-GGTGCAAAGAAACATGGACTTG-30

Il23 F: 50-AGTGTGAAGATGGTTGTGACCCAC-30

R: 50-GAAGATGTCAGAGTCAAGCAGGTG-30

Il10 F: 50-GGAGCAGGTGAAGAGTGATTTTAATA-30

R: 50-TGCAGTTGATGAAGATGTCAAATTC-30

Mmp9 F: 50-CGACGTGGGCTACGTGACCTAC-30

R: 50-AGCACCTTTCCCTCGGATGGG-30

Mmp2 F: 50-ACACTGGGACCTGTCACTCC-30

R: 50-TGTCACTGTCCGCCAAATAA-30

Map3k14 F: 50-AGAAGACCGAGCCCTTTACTACCT-30

R: 50-ACAGGAGCACGTTGTCAGCTTTGA-30

Ikki F: 50-CCCAGGCCGTTTTGCAT-30

R: 50-GTCACGTTGGTCTGCTCATATACAG-30

Myc F: 50-AGTAATTCCAGCGAGAGGCA-30

R: 50-AGCAGCTCGAATTTCTTCCA-30

Bcl2l1 F: 50-TCATCCTCTTATGCTTCCGGGCAT-30

R: 50-ACTCCCTCTCCTAGAACCAGTCTT-30

F, forward; R, reverse.

The Role of Nur77 in Liver Regeneration
and Nor1 (Nr4a3), Nur77 functions as a key transcriptional
regulator of cell apoptosis, proliferation, inflammation, and
energy metabolism.15e17 NR4A receptors are highly
conserved, with 97% homology in their DNA-binding do-
mains, 60% to 65% homology in the C-terminal ligand-binding
domains, and 20% to 30% homology in their N-terminal
transactivation domains.18 Despite several common activities
and high sequence similarity, each NR4A member exhibits
divergent functions. Nurr1 is involved in the initiation and
maintenance of midbrain dopamine neurons, and Nor1 regu-
lates embryonic, inner ear, and hippocampus development.19

Distinct from its two subfamily members, Nur77 can modu-
late cell proliferation and apoptosis in lymphocytes, neurons,
and tumor cells.20,21 The opposing role of Nur77 in regulating
cell survival and death is dependent on its intracellular loca-
tion.14,22 Growth factors such as epidermal growth factor
rapidly induce the expression of Nur77 in the nucleus, where it
serves as an oncogene to enhance cell survival and growth.23 By
contrast, apoptosis inducers increase cytosolic Nur77, which
promotes cell death.24,25

The role of Nor1 in the modulation of hepatocyte pro-
liferation has been investigated recently. Nor1 promotes
hepatocyte proliferation in mice through up-regulation of its
target gene, Ccnd1, independently of TNF-a and IL-
6emediated inflammatory pathway.26 Despite the well-
known role in regulating cell proliferation, the effect of
Nur77 in liver regeneration has not been studied previously.
As an immediate and transient growth factoreinduced gene,
Nur77 is also a key mediator of the inflammatory response
in macrophages.27 Moreover, Nur77 can also inhibit the
expression of several proinflammatory genes by repressing
the activity of NF-kB in vitro.28 In addition to the inflam-
matory response, Nur77 alters metabolism by modulating
insulin sensitivity and glucose homeostasis via transcrip-
tional regulation of genes involved in gluconeogenesis.17,29

Thus, Nur77 may be critical in modulating liver regenera-
tion because of its regulatory effects on inflammatory
signaling and energy metabolism.

In the present study, the PH-induced mouse liver regener-
ation model was used to study the role of Nur77 in regulating
liver regeneration. Our findings indicate that regenerating
Nur77 knockout (KO) mouse livers exhibit transient inflam-
matory response and liver injury after PH that is accompanied
by accelerated compensatory liver regeneration. Gene
profiling revealed differentially expressed genes involved in
cell proliferation, apoptosis, innate immune response, and
energy metabolism between regenerating wild-type (WT) and
Nur77 KO mouse livers. Our findings indicate that Nur77 is
essential for controlling the early events of liver regeneration
by modulating inflammatory, apoptotic, and metabolic pro-
cesses. The compensatory early induction of cell-cycle genes
may result from increased NF-kB and STAT3 signaling,
contributing to complete restoration of liver mass inNur77KO
mice. Taken together, these findings suggest that Nur77 is
crucial for suppressing hepatic inflammation and preventing
necrotic injury in PH-induced liver regeneration.
The American Journal of Pathology - ajp.amjpathol.org
Materials and Methods

Mouse Strains, Partial Hepatectomy, and Sample
Preparation

C57BL/6 WT and Nur77 KO male mice30 from the Jackson
Laboratory (Bar Harbor, ME), aged 3 to 5 months, were
housed in steel microisolator cages at 22�C with a 12 hours/
12 hours light/dark cycle. Food and water were provided ad
libitum. Standard two-thirds PH was performed as described
previously,31 and sham surgery was performed for control
3273

http://ajp.amjpathol.org


Hu et al
mice. Surgery was performed between 9:00 and 11:00 AM,
and mice were sacrificed at specified time points (3 to 8 mice
per time point). Liver and body weight were recorded at the
time of death for calculating liver-to-body weight ratios.
Serum and liver tissues were collected and kept at�20�C and
�80�C, respectively, until assayed. A section of each liver
was fixed in 10% formalin, embedded in paraffin, and stained
for histological analysis. All animal experiments were con-
ducted in accordance with the current edition of the Guide for
the Care and Use of Laboratory Animals32 under protocols
approved by the Animal Care and Use Committee of the
University of California, Davis.

Immunohistochemistry

Tissues were fixed in 10% formalin for 12 to 16 hours and
washed in 70% ethanol for 24 hours. Tissues were then
Figure 1 Early transient induction of Nur77, Nurr1, and Nor1 and activation of
mice were determined by RT-qPCR at 0 to 48 hours after partial hepatectomy (PH).
WT mice were determined at the same time points after PH or after sham surgery. C
antibody was used to determine the location of Nur77 (brown), and the nuclei were
were determined by RT-qPCR in WT and Nur77 KO mice at 0 to 48 hours after PH. D
�20 (C, top row); �400 (C, bottom row).
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embedded in paraffin and cut into 5-mm sections. Standard
hematoxylin and eosin staining was performed. To identify
Nur77 intracellular localization, immunostaining was per-
formed with anti-Nur77 antibody (Abcam, Cambridge, MA).
To monitor hepatocyte proliferation, immunostaining was
performed with antieKi-67 antibody (NeoMarkers, Fremont,
CA). To assess KC activation, immunostaining with anti-F4/80
antibody (Abcam) was followed by labeling with biotinylated
secondary antibodies (Jackson ImmunoResearch, West Grove,
PA). The number of proliferating hepatocytes or activated KCs
was determined by counting positive-staining cells in at least
five random microscopic fields (�20) for each specimen.

TUNEL Assay

To monitor hepatocyte apoptosis, terminal deoxynucleotidyl
transferase dUTP nick end-labeling (TUNEL) assay was
ERK1/2 in regenerating mouse livers. A: Hepatic mRNA levels of Nur77 in WT
B: Protein levels of Nur77, phosphorylated (p-) ERK1/2, and total ERK1/2 in
: Intracellular localization of Nur77 in WT mouse liver. Anti-Nur77 polyclonal
stained with hematoxylin (blue). D: Hepatic mRNA levels of Nurr1 and Nor1

ata are expressed as means � SD. nZ 5. *P < 0.05. Original magnification:
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Figure 2 Nur77 KO mice exhibit accelerated liver regeneration after PH.
A: Liver-to-body weight ratio was used as an index to monitor liver
regeneration. B: Representative images of Ki-67 immunohistochemistry
staining in WT and Nur77 KO mouse livers at 0 to 48 hours after PH (n Z 5
mice per time point). The cellularity of the proliferating cells is seen at high
magnification (insets). C: Numbers of Ki-67epositive hepatocytes were
determined in five random �20 microscopic fields for each liver section.
Data are expressed as means � SD. *P < 0.05. Original magnification: �20
(main images); �400 (insets).

The Role of Nur77 in Liver Regeneration
performed with an in situ cell death detection kit with tetra-
methylrhodamine (TMR red) (Roche Diagnostics, Mannheim,
Germany; Indianapolis, IN), according to the manufacturer’s
instructions. Nuclei were counterstained with DAPI (Life
Technologies, Carlsbad, CA). The number of red fluorescent-
labeled nuclei was counted under fluorescence microscopy in
at least five random microscopic fields (�40) for each
specimen.

Serum Alanine Aminotransferase Assay

Serum was stored at �20�C and was used to assay alanine
aminotransferase activities using a liquid alanine aminotrans-
ferase [ALT (SGPT)] reagent kit (Pointe Scientific, Brussels,
Belgium).

RNA Isolation, Quantitative Real-TimePCR, andMicroarray

RNA was extracted using TRIzol reagent (Life Technolo-
gies). cDNA was synthesized using a high-capacity
RNA-to-cDNA kit (Life Technologies). Real-time quanti-
tative PCR with reverse transcription (RT-qPCR) was per-
formed on an ABI 7900HT Fast real-time PCR system using
Power SYBR Green PCR master mix (Life Technologies).
Primers were designed using Primer3 Input software version
0.4.0; sequences are available in Table 1. For quantification,
glyceraldehyde-3-phosphate dehydrogenase (Gapdh)
mRNA level served as an internal control. Data generated
from WT mice at time 0 were used to establish a baseline to
calculate the relative expression levels between groups. The
relative mRNA level at each time point was calculated by
the 2�DDCT method,33 where DDCT Z (CT,target �
CT,Gapdh)Time t � (CT,target � CT,Gapdh)Time 0.

Microarray and Pathway Analysis

Total RNA was isolated from WT and Nur77 KO mouse
livers at 3 hours after PH. RNA quantity and quality were
assessed with a Bioanalyzer 2100 system (Agilent Tech-
nologies, Santa Clara, CA). Microarray and data analysis
were performed as described previously.34 The GeneChip
Mouse Genome 430 2.0 array (Affymetrix, Santa Clara,
CA) was used. All biological function and pathway analyses
were generated by the Functional Annotation tool in the
Database for Annotation, Visualization and Integrated Dis-
covery (DAVID version 6.7) (http://david.abcc.ncifcrf.gov).
Functional pathways and processes with P < 0.05 and
Bonferroni value <0.1 were accepted.

Western Blotting

Protein lysates obtained from liver homogenate (40 mg)
were subjected to polyacrylamide gel electrophoresis under
reducing conditions. Separated proteins from gels were
transferred onto polyvinylidene difluoride membranes. The
membranes were blocked with 5% nonfat milk and
The American Journal of Pathology - ajp.amjpathol.org
incubated with specific primary antibody against Nur77,
cyclin E, CDK2, b-actin (Santa Cruz Biotechnology, Santa
Cruz, CA), ERK1/2, phosphorylated (p-) ERK1/2, STAT3,
p-STAT3 (Tyr705), and p-NF-kB (Cell Signaling Tech-
nology, Danvers, MA). Membranes were then incubated
with horseradish peroxidaseeconjugated secondary anti-
bodies. The signals were detected using an ECL enhanced
chemiluminescence system with Pierce SuperSignal West
Pico chemiluminescent substrates (Thermo Fisher Scientific,
Waltham, MA).

Statistical Analysis

The differences between the two groups were analyzed with
the Student’s t-test. P < 0.05 was considered statistically
significant. Data are expressed as means � SD.
3275
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Results

Early and Transient Induction of Nur77 during Liver
Regeneration after PH

To study the role of Nur77 in hepatocyte proliferation,
WT and Nur77 KO mice received two-thirds PH and were
sacrificed at 1, 3, 8, 24, and 48 hours after surgery to
determine Nur77 hepatic expression. In WT mice, Nur77
mRNA level was induced by 80-fold within 1 hour after
PH and then dropped to basal level by 8 hours
(Figure 1A). In accord, Nur77 protein level also showed a
substantial induction at the same time point (Figure 1B).
Additionally, Nur77 induction coincided with increased
ERK1/2 phosphorylation, which peaked at 1 hour after
PH. Because ERK1/2 activation is essential for the tran-
scriptional effect of Nur77, PH-induced Nur77 could be a
Figure 3 Early induction of cell-cycle genes in Nur77 KO mouse liver after PH. A:
Nur77 KO mice at 0 to 48 hours after PH. B: Protein levels of cyclin E and CDK2 were det
PH. Data are expressed as means � SD. n Z 5. *P < 0.05.

3276
consequence of ERK1/2 activation.25,35 Immunohisto-
chemistry staining revealed PH-induced Nur77 predomi-
nantly in the nuclei of hepatocytes, but not in KCs, stellate
cells, or other nonparenchymal cells (Figure 1C). Locali-
zation of Nur77 in the hepatocyte nuclei suggests a role in
gene regulation and cell proliferation. Nurr1 and Nor1
also showed marked induction at the mRNA level within 3
hours after PH in WT mouse livers. The induction of
Nurr1 and Nor1 mRNA levels in Nur77 KO mouse livers
was approximately twofold greater than that observed in
WT controls at 3 hours after PH (Figure 1D). Overall,
hepatic Nur77 exhibited a strong, transient induction
during liver regeneration after PH, coupled with ERK1/2
activation to promote liver proliferation. These findings
further support the notion that induced nuclear Nur77 in
hepatocytes may be required to promote hepatocyte pro-
liferation in response to PH.
Hepatic mRNA levels of cell-cycle genes were determined by RT-qPCR in WT and
ermined by Western blot analysis in WT and Nur77 KO mice at 0 to 48 hours after
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Figure 4 Nur77 KO regenerating liver exhibits injury markers. A: Hematoxylin and eosin staining of WT and Nur77 KO mouse livers at 3 and 48 hours after
PH. Note focal necrosis (arrows). B: Serum alanine aminotransferase (ALT) levels were determined in WT and Nur77 KO mice at 0 to 72 hours after PH. C: The
same liver sections were labeled with an in situ cell death detection kit, with tetramethylrhodamine (TMR) red staining of apoptotic nuclei, and were viewed
under a fluorescence microscope. DAPI served as control, with nuclear staining in blue. The number of apoptotic nuclei was calculated in five random
microscopic fields. D: Hepatic mRNA levels of Casp8 were determined by RT-qPCR in WT mice at 0 to 48 hours after PH. E: Protein levels of cleaved-caspase 3
and cleaved-caspase 8 were determined by Western blotting in WT and Nur77 KO mouse livers. Data are expressed as means � SD. n Z 5 (D). *P < 0.05. Scale
bar Z 50 mm (A and C); original magnification, �40.

Table 2 The Incidence of Liver Necrosis in Regenerating WT and
Nur77 KO Mouse Livers

Time since PH

Necrotic injury [n/N (%)]

WT Nur77 KO

<24 hours 0/25 5/21
36 hours 0/5 0/5
48 hours 0/8 3/8
72 hours to 21 days 0/13 1/15
Total 0/51 (0) 9/49 (18)

The Role of Nur77 in Liver Regeneration
Nur77 Deficiency Accelerates Liver Regeneration in
Response to PH

Liver-to-body weight ratios were significantly increased in
regenerating Nur77 KO livers, compared with WT, at 24, 48,
and 72 hours after PH (Figure 2A). Liver-to-body weight
ratio did not statistically differ between WT and KO mice
subjected to sham operation at the time points studied (data
not shown). The increase in liver-to-body weight ratio in
Nur77 KO livers correlated with increased cell proliferation,
as demonstrated by significantly higher numbers of
Ki-67epositive hepatocytes at 24 hours after PH (Figure 2, B
and C). Although the number of Ki-67epositive hepatocytes
did not statistically differ between WT and Nur77 KO livers
at 48 and 72 hours, a higher trend toward increased Ki-67
expression was noted in KO mouse livers. Furthermore,
The American Journal of Pathology - ajp.amjpathol.org
examination under high magnification (�400) revealed that
hepatocytes were the major population of proliferating cells
within 48 hours after PH. Thus, loss of Nur77 accelerated
PH-induced hepatocyte proliferation.
3277
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Figure 5 Kupffer cell accumulation and increased proinflammatory signaling in Nur77 KO regenerating liver. A: Representative images of F4/80 immu-
nohistochemical staining of WT and Nur77 KO mouse livers at 0 to 48 hours after PH. The numbers of F4/80-positive cells were calculated in five random
microscopic fields. B: Hepatic mRNA levels of Cd14, Ccl2, Il6, Il12, Il23, Il10, and matrix metallopeptidases Mmp2 and Mmp9 were determined by RT-qPCR in WT
and Nur77 KO mouse livers at 0 to 48 hours after PH. Data are expressed as means � SD. n Z 5. *P < 0.05. Original magnification, �20.

Hu et al
Nur77 Deficiency Results in Early Induction of
Cell-Cycle Gene Expression during Liver Regeneration

To gain further insight into the effect of Nur77 on hepa-
tocyte cell-cycle progression, we studied the expression of
3278
cyclins and cyclin-dependent kinases (CDKs) (Figure 3).
These cell-cycle genes were markedly up-regulated in
Nur77 KO mouse livers within 12 hours after PH,
compared with WT counterparts (Figure 3A). However,
Ccne1, Cdk1, Cdk2, and Cdk4 mRNA levels in Nur77 KO
ajp.amjpathol.org - The American Journal of Pathology
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Table 3 Pathway Analysis of Differentially Expressed Genes in
Regenerating Liver of WT and Nur77 KO Mice after PH

Biological function*

Number
of
genes P value

Up-regulated (745 genes)
Regulation of transcription 206 5.5 � 10�12

Regulation of RNA metabolic process 128 8.8 � 10�6

Inflammatory response
(immune response)

68 3.5 � 10�4

Regulation of apoptosis 54 5.7 � 10�4

Cell cycle 57 6.7 � 10�4

Response to wounding 37 7.0 � 10�4

Protein localization 64 3.0 � 10�3

Response to DNA damage stimulus 30 3.3 � 10�3

Protein amino acid phosphorylation 55 5.0 � 10�3

Regulation of cell proliferation 46 1.1 � 10�2

Down-regulated (200 genes)
Oxidation reduction 55 1.0 � 10�8

Organic acid biosynthetic process 15 4.5 � 10�4

Glucose metabolic process 13 3.9 � 10�3

Lipid homeostasis 20 5.9 � 10�3

Fatty acid biosynthesis 9 7.5 � 10�3

Nitrogen compound biosynthesis 20 1.1 � 10�2

Steroid biosynthesis 13 1.1 � 10�2

Protein complex assembly 16 1.5 � 10�2

Protein localization 39 1.6 � 10�2

*Global biological function annotation of 2088 differentially expressed
genes (1335 up-regulated and 753 down-regulated genes, KO versus WT)
from the DAVID bioinformatics database version 6.7 (http://david.abcc.
ncifcrf.gov). Functional pathways and processes with P < 0.05 and Bon-
ferroni value <0.1 were accepted.

The Role of Nur77 in Liver Regeneration
livers had returned to WT levels by 24 hours, and only
Cdk4 levels differed again at 48 hours. The cyclin E
protein level was slightly higher in Nur77 KO than in WT
mouse livers at baseline (0 hour). Moreover, the PH-
induced cyclin E and CDK2 levels were much higher in
Nur77 KO than in WT mice overall (Figure 3B). Thus, the
lack of Nur77 resulted in early up-regulation of a panel of
cell-cycle genes in regenerating livers, which may ac-
count for enhanced hepatocyte proliferation.

Nur77 KO Mice Exhibit Necrotic Injury and Hepatocyte
Apoptosis in Response to PH

Despite accelerated liver regeneration, Nur77 KO mice
paradoxically incurred liver damage after PH. An aberrant
regenerative response accompanied by mononucleocyte
infiltration and necrosis was observed in Nur77 KO mouse
livers, compared with WT controls, as demonstrated by
hematoxylin and eosin staining (Figure 4A). Strikingly, 9/
49 Nur77 KO mice (18%) exhibited hepatic necrosis within
21 days after PH, but no necrotic injury occurred in WT
mice (Table 2). Concurrently, Nur77 KO mice also had
elevated serum alanine aminotransferase activity, compared
with WT mice (Figure 4B). TUNEL staining revealed that
Nur77 KO mouse livers exhibited more TUNEL-positive
cells, compared with WT livers, at 3 and 48 hours after
PH (Figure 4C). Consistent with TUNEL assay findings,
both mRNA levels of Casp8 and protein levels of cleaved
caspase 8 and cleaved caspase 3 were induced in Nur77 KO
livers at 1 to 24 hours after PH, compared with WT coun-
terparts (Figure 4, D and E). Overall, accelerated liver
regeneration in Nur77 KO mouse livers after PH coincided
with focal necrosis and hepatocyte apoptosis.

Infiltration of Activated Macrophages and
Exacerbation of Inflammatory Response in Nur77 KO
Mouse Livers after PH

To test the hypothesis that Nur77 deficiency results in
dysregulation of KCs and subsequent liver injury, F4/80
immunostaining was performed to assess macrophage
activation in regenerating WT and Nur77 KO mouse livers.
There were more F4/80-positive cells in Nur77 KO livers
than in WT counterparts at 1, 3, and 48 hours after PH
(Figure 5A). In accord, the mRNA levels of Cd14, che-
mokine (C-C Motif) ligand 2 (Ccl2), and proinflammatory
interleukin genes Il6, Il12, and Il23 were elevated in Nur77
KO regenerating livers, compared withWT livers, at several
time points (Figure 5B). Moreover, regenerating Nur77 KO
livers also exhibited higher mRNA levels of matrix metal-
lopeptidase genes Mmp2 and Mmp9 at 48 hours after PH,
compared with WT livers. By degrading the extracellular
matrix, MMPs facilitate KC infiltration and plasminogen
activator activity, events necessary for initiating liver
regeneration.36 The elevated expression of these immune-
response genes suggests greater KC activation in Nur77
The American Journal of Pathology - ajp.amjpathol.org
KO regenerating livers, compared with WT. Moreover, the
mRNA level of Il10 (encoding the anti-inflammatory
cytokine IL-10) was suppressed in Nur77 KO regenerat-
ing livers, in contrast to WT. The reduced induction of IL-
10 and increased expression of MMPs in Nur77 KO mice
likely contributed to the liver injury and KC accumulation
occurring in the early stages of PH-induced liver
regeneration.
Differential Gene Expression Profiles in Regenerating
WT and Nur77 KO Mouse Livers

To identify the potential Nur77-regulated pathways during
liver regeneration, we performed a whole-genome micro-
array analysis to compare differential gene expression
profiles between regenerating livers of WT and Nur77 KO
mice at 3 hours after PH, the time point at which Nur77
levels peaked in WT livers. Microarray analysis identified
2088 genes (1335 up-regulated and 753 down-regulated)
with a greater than 1.5-fold change at the mRNA level
due to Nur77 deficiency during liver regeneration. The
expression of 75 genes was validated by RT-qPCR (n Z
3). Biological function analysis of those differentially
expressed genes indicated that a majority of up-regulated
3279
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Figure 6 Activation of the hepatic NF-kB and
STAT3 pathway occurs earlier in Nur77 KO than in
WT mouse livers after PH. A: Protein levels of p-NF-
kB (p65), p-STAT3, and total STAT3 were deter-
mined by Western blot analysis in WT and Nur77 KO
mice at 0 to 48 hours after PH. B: Hepatic mRNA
levels of Map3k14, Ikki, Myc, and Bcl2l1 were
determined by RT-qPCR in WT and Nur77 KO mice at
0 to 48 hours after PH. Data are expressed as
means � SD. n Z 5. *P < 0.05.

Hu et al
genes regulate inflammatory response, cell apoptosis, cell
cycle, and proliferation, as well as transcription regulation.
By contrast, the down-regulated genes participate in
oxidation reduction, glucose metabolism, and lipid ho-
meostasis, as well as fatty acid and steroid biosynthesis
(Table 3).

Early Activation of the NF-kB/STAT3 Signaling
Pathway in Regenerating Nur77 KO Mouse Livers

Because Nur77 negatively regulates NF-kB activity and
because NF-kBemediated STAT3 activation is one of
most studied proliferative mechanisms after PH,21,28 we
hypothesized that NF-kB/STAT3 signaling might mediate
the accelerated hepatocytes proliferation caused by Nur77
deficiency. Western blotting revealed higher levels of NF-
kB and STAT3 in Nur77 KO than in WT livers, which is
in agreement with elevated expression level of cyclin E
in the Nur77 KO mouse livers. PH induced the expres-
sion of activated NF-kB as well as STAT3, but the in-
ductions were higher in KO than WT (Figure 6A). In
accord, Map3k14 and Ikki (two upstream genes that
mediate NF-kB activation) were up-regulated at 1 and 3
hours after PH (Figure 6B). Il6, encoding a cytokine
mediator of STAT3 phosphorylation, also showed greater
induction in Nur77 KO regenerating livers, compared
with WT livers, at 1 hour after PH (Figure 5B).
Furthermore, expression of the STAT3- and NF-kBere-
gulated genes Myc and Bcl2l1 was significantly higher in
Nur77 KO livers, compared with WT counterparts
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(Figure 6B). NF-kB also controls several key cell-cycle
regulatory genes (Ccnd1, Ccnd2, Cdk2, Cdk4, and
Cdk6) and inflammation genes (Il6, Ccl2, Mmp2, and
Mmp9).37,38 Correspondingly, those genes exhibited
greater induction in Nur77 KO than in WT regenerating
livers. These findings suggest that increased activation of
the NF-kB/STAT3 signaling pathway causes a compen-
satory induction of cell-cycle genes to facilitate liver
regeneration in Nur77 KO mice.

Discussion

Nur77 is a unique transcription factor that exerts opposing
effects on survival and death depending on its intracellular
localization.14 Nur77 functions in the nucleus as an onco-
genic survival factor, but it becomes a proapoptotic factor
when certain death stimuli induce its nuclear export to the
cytosol.23e25 Mitogenic and stress stimuli elevate Nur77
levels in the nucleus, where it transcriptionally up-regulates
target genes (including those encoding TXNDC5, survivin,
and CCND2) to suppress cellular stress and promote pro-
liferation.39e41 In accord, our findings showed that Nur77 is
rapidly induced (in 1 to 3 hours) in the nuclei of hepatocytes
after PH in WT mice, which suggests that the increased
hepatocyte proliferation can be relevant to the induction of
nuclear Nur77 in hepatocytes. In addition, such induction
was associated with ERK1/2 activation, a critical signaling
pathway for cell growth and division.
In Nur77 KO mouse, there was also a 2.4-fold increase of

Nur77 at 1 hour after PH, which might be ascribed to
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nonfunctional transcripts because the promoter of Nur77
remained intact in the KOmice. Furthermore, Nurr1 and Nor1
were also induced at 3 hours after PH in WT mouse livers,
suggesting their importance in initiation of liver regeneration.
InNur77KOmouse, the levels of Nurr1 and Nor1 were higher
than in WT mice at 3 hours after PH. Thus, the induced Nurr1
and Nor1 might compensate for the lack of Nur77 and
contribute in part to the completion of liver regeneration in
Nur77 KO mouse. Additionally, because Nur77 acts in a
ligand-independent manner and is unstable at both mRNA and
protein levels in vivo, the regulation of its expression and post-
translation modification are important to its function.42

Although the exact mechanism by which Nur77 is
induced during liver regeneration remains to be estab-
lished, in the present study Nur77 deficiency hastened
early PH-induced liver regeneration by enhancing
expression of cyclineCDK complexes. Nur77 deficiency
concurrently resulted in KC dysregulation and an exacer-
bated inflammatory response. Nur77 KO mice thus
exhibited abnormal degrees of necrotic injury and hepa-
tocyte apoptosis during PH-induced liver regeneration.
The absence of cellular stress mitigation by Nur77 may
contribute to the atypical hepatic damage incurred by
Nur77 KO mice after PH. Such Nur77 deficiencye
associated liver injury possibly triggered compensatory
hepatocyte proliferation. Overall, our findings support the
notion that Nur77 participates in early liver regeneration
by modulating cytokine-mediated inflammatory and
apoptosis processes.

Successful regeneration of the mouse liver after PH re-
quires coordinated changes in carbohydrate and lipid
metabolism to supply sufficient energy for proliferating
hepatocytes.43,44 Hepatic Nur77 has been shown to promote
gluconeogenesis by binding the Nur77 response element in
the promoter regions of G6pc, Fbp1, Fbp2, and Eno3 to
increase their expression.17 Furthermore, Nur77 has been
implicated in regulating hepatic lipid metabolism through
its inhibition of SREBP1c activity.45 Our gene profiling
data revealed that genes involved in oxidation reduction,
glucose metabolism, and lipid homeostasis pathways were
down-regulated at 3 hours in regenerating livers of Nur77
KO mice, compared with WT. Insufficient energy mobili-
zation and elevated oxidative stress might thus elicit the
excessive hepatic inflammation and injury observed in
Nur77 KO mice after PH. These findings support the notion
that Nur77 exerts a profound effect on regulating energy
metabolism in addition to cell growth and death during PH-
induced liver regeneration.

Liver regeneration is intricately orchestrated by cyto-
kines, growth factors, and metabolic stimuli from the he-
patic environment.8 Thus, the innate immune system plays
an integral part in the initiation of liver regeneration.8,10 It is
widely accepted that KCs release IL-6 and TNF-a in response
to PH to activate NF-kB in macrophages and hepatocytes,
which subsequently initiate the regeneration process. In he-
patocytes, activation of NF-kB by TNF-a leads to the
The American Journal of Pathology - ajp.amjpathol.org
transcription of prosurvival genes, and IL-6 activates STAT3
through the IL-6R/gp130 complex to enhance survival path-
ways.1,46 Furthermore, the anti-inflammatory cytokine IL-10
negatively regulates liver regeneration through suppression
of STAT3 activation in mouse hepatocytes.47 In the present
study, regenerating Nur77 KO mouse livers exhibited a more
proinflammatory environment, compared with WT, based on
differential expression of the inflammatory cytokines IL-6, IL-
10, IL-12, and IL-23 between the two genotypes. In accord,
increased activation of NF-kB/STAT3 signaling was observed
in regenerating Nur77 KO livers after PH.

Normally, quiescentWTmouse hepatocytes re-enter the cell
cycle approximately 36 hours after PH. By contrast,Nur77KO
mouse livers exhibited early induction of cell-cycle genes
(Ccnd1, Ccne1, Cdk1, Cdk2, and Cdk4) by 12 hours after PH.
Taken together, the more robust activation of NF-kB/STAT3
signaling in Nur77 KO mice might be responsible for up-
regulating cell-cycle genes and subsequently causing
compensatory hepatocyte proliferation.

Substantial evidence shows that rodent livers generally
achieve complete hepatic mass restoration without incur-
ring injury after PH, and it is proposed that coordinated
interaction between pro- and anti-inflammatory cytokines
limits the inflammatory response to an extent appropriate to
stimulating proliferation while minimizing injury. Nur77 is
known to regulate multiple genes involved in inflamma-
tion, apoptosis, and cell-cycle progression in macrophages,
and thus it may be critical in mediating liver regeneration.48

In the present study, gene profiling after PH in WT and
Nur77 KO mice provided further insight into the molecular
mechanisms pertaining to the role of Nur77 in liver
regeneration. Our microarray data showed that, during liver
regeneration, Nur77 is involved mainly in modulating
inflammation, cell apoptosis, proliferation, and energy
metabolism. In diseases caused by an excessive inflam-
matory response, Nur77 is a key regulator of cytokine and
growth factor dysregulation.48 Emerging evidence has
strongly linked excessive inflammation to tumor progres-
sion, with the presence of inflammatory cells and mediators
promoting tumor growth, and the molecular mechanisms
used by proliferating hepatocytes during PH-induced liver
regeneration may in turn be applicable to cancer cells.

In summary, Nur77 is essential for regulating the early
signaling of liver regeneration by controlling cytokine-
mediated inflammatory and apoptosis processes. The
compensatory early induction of cell-cycle genes due to
increased NF-kB and STAT3 activation may contribute to
the complete restoration of liver mass in Nur77 KO mice.
Nur77 deficiencyeassociated liver injury can be compen-
sated by other pathways controlling liver regeneration. In
the Nur77 KO model, induction of other NR4A genes
(including Nurr1 and Nor1) might have such a role in
regeneration. Our present findings suggest that Nur77 is
crucial for suppressing hepatic inflammation and preventing
necrotic injury in the early stage of PH-induced liver
regeneration.
3281
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