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Abstract

Activation of NF-jB is one of the earliest responses at the start of liver regeneration, and is required for hepatocyte cell cycle pro-
gression. The A20-binding inhibitor of NF-jB activation-2, ABIN-2, is an inhibitor of NF-jB. However, its effects on hepatocyte cell
cycle progression are not known and its involvement in liver regeneration has not been explored. In this study, the temporal expression
pattern of the mouse ABIN-2 was studied during liver regeneration induced by partial hepatectomy. We demonstrate that ABIN-2 is
rapidly and transiently induced, and expression peaked at around 8 h post-hepatectomy. To test that the inducible expression of
ABIN-2 serves to regulate NF-jB during liver regeneration, transgenic mice overexpressing human ABIN-2 protein in the liver were
generated. Our transgenic data demonstrated that overexpression of ABIN-2 inhibited NF-jB nuclear translocation, which peaked at
around 2–4 h post-hepatectomy, and this led to an impairment of the G1/S transition as well as a delay in hepatocyte cell cycle progres-
sion of the regenerating liver. In addition, overexpression of ABIN-2 specifically inhibited endogenous ABIN-2 mRNA induction, sug-
gesting a negative feedback mechanism for ABIN-2 expression. In conclusion, ABIN-2 may function as a negative regulator that
downregulates NF-jB activation during liver regeneration.
� 2006 Elsevier Inc. All rights reserved.
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Activation of nuclear factor-jB (NF-jB) plays a pivot-
al role in many biological processes [1]. NF-jB has been
implicated in liver development and regeneration. NF-
jB consists of two polypeptides, p65/RelA and p50. Mice
deficient in p65/RelA exhibit severe phenotypic effects.
Disruption of the p65/RelA subunit of NF-jB leads to
embryonic lethality during gestation, concomitant with a
massive degeneration of the liver by apoptosis [2]. Inhibi-
tion of NF-jB in hepatocyte cell lines blocks TNF-in-
duced proliferation and sensitizes these cells to apoptosis
[3,4]. Furthermore, activation of NF-jB is one of the ear-
liest responses that has been detected at the start of liver
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regeneration after liver injury or partial hepatectomy
(PH), suggesting that NF-jB may play a role in making
hepatocytes competent to proliferate during liver regener-
ation [5,6]. NF-jB is localized primarily in the hepato-
cytes of the regenerating liver as demonstrated by
mRNA induction of IjBa, which is one of the target
genes of NF-jB, in hepatocytes in situ [6].

In resting cells, NF-jB exists in the cytoplasm in an
inactive form associated with one of IjB inhibitory pro-
teins, IjBa or IjBb [7]. After stimulation of cells, activa-
tion of NF-jB is achieved through proteolytic
degradation of IjB in the cytoplasm. The active NF-jB
is then free to be translocated to the nucleus, where it reg-
ulates the transcription of the NF-jB-responsive genes by
interacting with jB binding sites [7]. In addition to being
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negatively regulated by IjB, NF-jB-dependent gene
expression is also inhibited by the zinc finger protein A20
in a variety of cell types in response to various stimuli
[8,9]. A20 is a potent inhibitor of NF-jB signaling [10].
The crucial physiological functions of A20 were confirmed
by studies in A20-deficient mice. Pathological examination
indicated hepatocyte loss in A20-deficient livers. This
phenotype correlates with enhanced sensitivity to TNF-
mediated apoptosis and prolonged NF-jB activation of
A20-deficient cells [11]. The A20-binding proteins may con-
tribute to the underlying mechanism of NF-jB inhibition
by A20. The A20-binding inhibitor of NF-jB activation-
2, ABIN-2, was originally identified in a yeast two-hybrid
screening using A20 as the bait [12]. Ectopic expression
of ABIN-2 has been shown to considerably inhibit
NF-jB activation in response to TNFa or IL-1, suggesting
that ABIN-2 may be a downstream effector of A20 that
mediates inhibitory function of A20 [13,14].

Previous evidence has indicated that the activation of
NF-jB during liver regeneration after PH appears to be
a required event to allow normal cell cycle progression
[15,16]. Although ABIN-2 is an inhibitor of NF-jB, its
effects on hepatocyte cell cycle progression are not known
and its involvement in liver regeneration has not been
explored. In this study, we demonstrate the rapid and tran-
sient induction of ABIN-2 post-hepatectomy. It is likely
that the inducible expression of ABIN-2 serves to regulate
NF-jB during liver regeneration. To test this possibility,
we have generated transgenic mice overexpressing human
ABIN-2 protein in the liver and studied the phenotypic
effects on liver regeneration.
Materials and methods

Partial hepatectomy and liver regeneration. Partial hepatectomy (PH)
was performed in wild-type and transgenic male mice at 9–10 weeks of age.
About 70% of the liver including the median and left lateral lobes was
removed after anesthetized with 50 mg/kg ketamine intraperitoneally [17].
Regenerated liver tissue was harvested at different time intervals. Serum
alanine aminotransferase (ALT) was analyzed using FUJIFILM DRI-
CHEM 3500s. There are three to five survived mice for each time point in
each group of mice.

The ABIN-2 transgenic construct. The PEPCKex vector contains the
human PEPCK promoter, a 0.3-kb ApoAI intron and poly(A) signal of
human growth hormone gene provided by Dr. Brendan Lee (Baylor
College of Medicine, Houston, TX). The PEPCK-ABIN2 transgenic
construct was generated by inserting the human ABIN2 cDNA (NCBI
Accession No. NM_024309) into PEPCKex.

Generation of transgenic mice. The ABIN-2 transgenic mice were
generated by pronucleus microinjection of FVB/N fertilized eggs [18]. The
transgenic mice were bred in a specific pathogen-free facility. Genomic
DNA from tails was isolated [19]. The genotypes of mice were determined
by PCR and Southern analysis [20]. To detect the ABIN-2 transgene, the
563-bp fragment was amplified by PCR with cycling conditions of 94 �C
for 1 min, 62 �C for 30 s, and 72 �C for 40 s for 30 cycles using primers
5 0-GGAGAGAAGTCCTGACCAGTCG-30 and 5 0-CCATAAGCTCTA
ATGCGTCGGC-3 0.

RNA analysis. Total RNA was isolated using TRIzol Reagent (Life
Technology). Northern blot and slot blot hybridization were performed
[19]. The cDNA probes for mouse ABIN-2 (NCBI Accession No.
NM_139064, from base 323 to 1105), A20 (NCBI Accession No.
NM_009397, from base 840 to 1660), cyclin D1 (NCBI Accession No.
NM_007631, from base 189 to 903), and Pcna (NCBI Accession
No. NM_011045, from base 174 to 856) were generated by RT-PCR. The
cDNA probes for IjBa (RIKEN clone H3026A08, NCBI Accession No.
BG064981), cdk2 (RIKEN clone H3117F10, NCBI Accession
No. BG073019), and cdk1 (RIKEN clone H3024E04, NCBI Accession
No. BG064846) were obtained from the NIA mouse 15K cDNA library.
For semi-quantitative RT-PCR of mouse endogenous ABIN-2 mRNA,
dilutions of cDNA were amplified for 12 cycles at 94 �C for 30 s, 62 �C
for 30 s, and 72 �C for 1 min to achieve optimal condition for linearity of
the signal strength. The 703-bp RT-PCR products were analyzed by
Southern hybridization. The RT-PCR primers for mouse ABIN-2 were
5 0-CTAAAGAGGCGGCAGGTCCCTC-3 0 and 5 0-CAAGATGACCTT
CCAGTGAC-3 0.

Western blot analysis and immunohistochemical detection. Western blot
and immunohistochemical (IHC) staining of paraffin-embedded liver
sections (3 lm) were performed [21]. The subcellular location of the
NF-jB and hepatocyte expression of the ABIN-2 protein were examined
using an antibody against the p65/RelA subunit of NF-jB (Santa Cruz,
sc-273-G) and a polyclonal antibody for human ABIN-2, respectively, and
detected using a LSAB kit (DakoCytomation).

DNA synthesis and mitotic index. S-phase cells were measured by
bromodeoxyuridine (BrdU) incorporation into nuclei. Mice were injected
with BrdU (Sigma, 100 mg/kg body weight) intraperitoneally 2 h before
sacrifice. The IHC analysis was performed on paraffin-embedded liver
sections using anti-BrdU antibodies (DAKO). For the mitotic index, the
number of mitotic hepatocytes with mitotic figures of visible condensed
chromosomes were counted.

Statistics. Results are presented as means ± SD. Student’s t test was
used to calculate probability values. When analyzing statistical differences
between ABIN-2 transgenic and wild-type mice, a value of p < 0.05 was
considered significant.

Results

Rapid and transient induction of ABIN-2 and A20 in the

regenerating liver of wild-type mice post-hepatectomy

To identify the potential regulatory roles of ABIN-2 with
NF-jB in liver regeneration, temporal expression pattern of
themouseABIN-2mRNAwas determined inwild-typemice
after PH. A previous report has shown that ABIN-2 mRNA
was expressed at low level in the adult mouse liver [12]. How-
ever, our data demonstrated thatABIN-2mRNAwas rapid-
ly induced by 2 h, and high levels were maintained between
6 h and 12h post-hepatectomy (Fig. 1A). Peak induction of
ABIN-2 mRNA was at 8 h post-hepatectomy and this was
about 6.5-fold higher than the basal level of resting liver
(Fig. 1B). Expression of ABIN-2 mRNA rapidly decreased
to the basal level by 24 h post-hepatectomy (Figs. 1A and
B). A previous report has shown that A20 was induced fol-
lowing stimulation with TNFa in primary human hepato-
cytes and the HepG2 cells [22]. IjBa is also rapidly
induced in the regenerating liver [23]. Since A20 and IjBa
are both negative regulators of NF-jB, the temporal expres-
sion patterns of themouseA20 and IjBawere examined and
compared to ABIN-2. The A20 and IjBa were rapidly
induced with peak expression at 4 and 8 h, respectively,
post-hepatectomy. Like ABIN-2, expression of the A20
and IjBa mRNA rapidly decreased to a basal level by 24 h
post-hepatectomy (Figs. 1A and B). The phenomenon
of rapid and transient induction of mouse ABIN-2



Fig. 1. ABIN-2 mRNA was rapidly and transiently induced in the regenerating liver of wild-type mice. (A) Slot blot hybridization of mRNA expression
for mouse ABIN-2, A20, and IjBa gene post-hepatectomy. PH, partial hepatectomy. Five micrograms of total RNA from each sample was used for slot
blot hybridization using mouse cDNA as the probes. Three individual male mice (#1, #2, and #3) were sacrificed at the indicated time intervals post-
hepatectomy. All RNA samples were quantified using a spectrophotometer and further confirmed by gel electrophoresis in a standard parallel experiment
for all slot blots. (B) Quantification of the slot blot hybridization signals of ABIN-2, A20, and IjBamRNA induction in the regenerating livers. 28S rRNA
was used as a control for all RNA hybridization. Quantification of the hybridization signal was analyzed using ImageQuant software from Molecular
Dynamics. The results are presented as the fold of induction relative to PH 0 h and are shown as means ± SD.
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post-hepatectomy suggested that ABIN-2 might have a reg-
ulatory role linked to NF-jB in liver regeneration.

Generation of the ABIN-2 transgenic mice

We generated transgenic mice overexpressing ABIN-2 in
the liver to test whether ABIN-2 plays a role in the regula-
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kidney of lines A0061 and A0063 and these lines were not
further investigated in this study. Strong expression of the
human ABIN-2 mRNA was detected in the livers of lines
A0059 and A0089, with a lower level detected in the kidney
(Figs. 2C and D). Expression of the ABIN2 protein was
demonstrated by Western blot and IHC staining. The
human ABIN-2 antibody also recognizes the endogenous
mouse ABIN-2 protein as weak signal and this was also
detected in the wild-type liver samples (Fig. 2E). However,
significantly elevated levels of the protein were detected in
lines A0059 and A0089, indicating that the human ABIN-2
protein was indeed overexpressed in the transgenic liver
(Fig. 2E). Furthermore, IHC staining confirmed that the
ABIN-2 protein was detected in the hepatocytes of trans-
genic livers of both transgenic lines (Fig. 2F).

Overexpression of ABIN-2 inhibits NF-jB nuclear

translocation in the hepatocytes of regenerating liver

To determine the effect of ABIN-2 overexpression on
NF-jB activation post-hepatectomy, we analyzed the sub-
cellular distribution of NF-jB in hepatocytes and non-
Wt Tg (A00
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able to the different animal model investigated. Our data
indicated that in both of the ABIN-2 transgenic lines,
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(Fig. 3). Nuclear staining of the p65/RelA could be classi-
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high (++) and intermediate (+), respectively, in wild-type
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IHC staining revealed that hepatocyte nuclear staining of
p65/RelA for majority of the ABIN-2 transgenic mice
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Table 1
Comparison of nuclear translocation of the p65/RelA subunit of NF-jB
post-hepatectomy

PH (h) Nuclear p65/RelA Wild type Tg (A0059) Tg (A0089)

0 ++ 0% (0/3) 0% (0/3) 0% (0/3)
+ 0% (0/3) 0% (0/3) 0% (0/3)
� 100% (3/3) 100% (3/3) 100% (3/3)

2 ++ 66.7% (4/6) 0% (0/6) 0% (0/6)
+ 33.3% (2/6) 83.3% (5/6) 66.7% (4/6)
� 0% (0/6) 16.7% (1/6) 33.3% (2/6)

4 ++ 66.7% (2/3) 0% (0/3) 0% (0/4)
+ 33.3% (1/3) 33.3% (1/3) 75% (3/4)
� 0% (0/3) 66.7% (2/3) 25% (1/4)

Tg, ABIN-2 transgenic mice. Nuclear staining of p65/RelA could be
classified into three levels: strong (++), intermedium (+), and negative
(�).

C.-C. Li et al. / Biochemical and Biophysical Research Communications 342 (2006) 300–309 305
classes for both transgenic lines at 2 and 4 h post-hepatec-
tomy (Table 1). NF-jB nuclear translocation of non-paren-
chymal cells was evident 4 h post-hepatectomy. No
significant differences were observed in NF-jB nuclear
translocation in non-parenchymal cells of the wild-type
and ABIN-2 transgenic mice (Fig. 3). This is not unexpect-
ed since the transgenic ABIN-2 protein is overexpressed
mainly in the hepatocytes. The transgenic data clearly dem-
onstrated that overexpression of the ABIN-2 inhibits NF-
jB nuclear translocation of hepatocytes in the regenerating
liver.

A delay in hepatocyte cell cycle progression and impairment

of the G1/S transition, but no apoptosis in the regenerating
livers of the ABIN-2 transgenic mice

To study whether inhibition of the NF-jB nuclear trans-
location leads to delay or impairment of hepatocyte cell cycle
progression post-hepatectomy, DNA synthesis and mitosis
in hepatocytes were analyzed in detail forABIN-2 transgenic
lineA0089.DNA synthesiswas assessed byBrdU incorpora-
tion as detected by IHC staining (Figs. 4A and B). For the
wild-type mice, the majority of the BrdU-positive hepato-
cytes were detected at 1.5- to 2-day post-hepatectomy
(Fig. 4C). However, there was a significantly reduced per-
centage of the BrdU-positive hepatocytes and a delay of
DNA synthesis detectable in the ABIN-2 transgenic mice
(Fig. 4C). In wild-type mice, the number of mitotic figures
peaked at day 1.75 and decreased thereafter until day 4
post-hepatectomy (Fig. 4D).Adecrease in themitotic figures
and a delay of mitosis were also observed in the ABIN-2
transgenic mice (Fig. 4D). Minor histological changes were
detected in the regenerating livers of the ABIN-2 transgenic
mice. In wild-type mice, cytoplasmic vacuolation of hepato-
cytes transiently occurs around day 1 and usually had recov-
ered by day 1.5 post-hepatectomy (data not shown).
However, vacuolation and fat accumulation were still overt
at day 1.75 in the ABIN-2 transgenic livers post-hepatecto-
my (Fig. 4B). This histological change might be due to a
delay in the hepatocyte cell cycle progression. To assess liver
cell damage after PH, serumALT levels were measured. The
ALT levels were significantly increased at day 1 and returned
to normal levels at around day 4 post-hepatectomy in both
wild-type and ABIN-2 transgenic mice (Fig. 4E). The serum
ALT levels for both types of mice were similar, indicating no
severe liver damage had occurred in the ABIN-2 transgenic
mice post-hepatectomy compared with wild-type mice. At
day 1 post-hepatectomy, occasional cell death was observed
in both wild-type andABIN-2 transgenic mice. However, no
apoptotic or necrotic cells were detected in the ABIN-2
regenerating livers other than on day 1; and this was con-
firmed using TUNEL assays (data not shown). Finally, the
overall ability of the liver to regenerate was determined by
measuring the ratio of liver to body weight. The ratios of
regenerated liver to body weight for the ABIN-2 transgenic
micewere significantly lower than those of thewild-typemice
7 days post-hepatectomy (Fig. 4F), indicating that liver
regeneration was delayed in the ABIN-2 transgenic mice.

To study whether the observed decrease in hepatocyte
DNA synthesis and mitosis in the ABIN-2 transgenic livers
might reflect an impaired progression of hepatocytes across
the G1/S transition, we measured the steady-state mRNA
levels of various cell cycle associated markers. There was
no obvious difference in the induction of cyclin D1 (G1
phase) expression in the wild-type and ABIN-2 transgenic
mice (Fig. 5A). However, induction of cdk2 (G1/S phase),
Pcna (S/G2/M phase), and cdk1 (G2/M phase) was
remarkably decreased in the ABIN-2 transgenic mice com-
pared to those of the wild-type mice (Figs. 5B–D). Taken
together, our data indicated that overexpression of
ABIN-2 led to impairment of the G1/S transition and a
delay in hepatocyte cell cycle progression for the regenerat-
ing liver post-hepatectomy.

Overexpression of ABIN-2 inhibited endogenous ABIN-2

mRNA induction post-hepatectomy

To examine whether overexpression of the ABIN-2 trans-
gene affects endogenous ABIN-2 induction, we performed
semi-quantitative RT-PCR using primers specific for the
mouse ABIN-2 mRNA. Quantitative data indicated that
induction of the endogenous ABIN-2 mRNA was sup-
pressed in the ABIN-2 transgenic livers compared to wild-
type mice post-hepatectomy (Fig. 6A). However, induction
of the A20 and IjBa mRNA was not affected by ABIN-2
overexpression when studied using quantitative slot blot
hybridization (Figs. 6BandC).This suggests that theremight
be negative feedback regulation controlling the transient
induction of ABIN-2 expression during liver regeneration.

Discussion

ABIN-2 is rapidly and transiently induced, and may function

as a negative regulator of NF-jB during liver regeneration

Stringent control of the rapid induction and then turn-off
of NF-jB activation is required for regulation of the
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biological processes involved in liver development and
regeneration. Lack of NF-jB activation leads to severe phe-
notypes involving embryonic lethality and liver degeneration
has been demonstrated in mice deficient in either IKKb
[24,25] or IKKc [26].On theother hand, failure todownregu-
late NF-jB transcriptional activity results in chronic inflam-
mation of liver and hepatocyte loss as demonstrated in
A20-deficient mice [11]. In this study, we showed that A20
and ABIN-2, like the negative regulator IjBa, are rapidly
and transiently induced in the regenerating liver post-hepa-
tectomy. IjBa and A20 are both negative regulators
involved in a negative feedback loop for NF-jB activation
and are transcriptionally controlled by NF-jB through jB
sites. The jB sites in the IjBa and A20 promoter are located
within 100 base pairs upstream of the transcriptional start
site [27,28]. However, no consensus jB site can be found in
the ABIN-2 promoter region after searching about 2 kb of
the upstream DNA sequence, suggesting that ABIN-2 may
be not a direct target gene of NF-jB.

ABIN-2 overexpression inhibits NF-jB nuclear translocation
and delays hepatocyte cell cycle progression

post-hepatectomy

It has been demonstrated that A20 targets the receptor-
interacting protein (RIP) for proteasomal degradation to
terminate NF-jB activation signaling [29]. An A20-inter-
acting protein, such as ABIN-2, may have a role in the reg-
ulation of the inhibitory effects of A20 on NF-jB
activation. A20 mutants with a complete loss of the
ABIN-2 binding property correlate with a complete loss
of A20’s ability to inhibit TNF-induced NF-jB activation
[30]. Previously, Liu et al. showed that ABIN-2 specifically
forms a stable complex with IKKc. ABIN-2 and RIP share
a common structural feature that is essential for IKKc
binding, suggesting that ABIN-2 exerts its inhibitory func-
tion by competing specifically for the binding site in IKKc
with RIP, thus blocking RIP-induced NF-jB activation
[14]. Consistent with previous observation that ABIN-2
functions at a level that is upstream of the IKK complex,
we demonstrated that overexpression of the ABIN-2 inhib-
ited NF-jB nuclear translocation and this is concomitant
with the delayed cell cycle progression of hepatocytes
post-hepatectomy. A previous study by Chaisson et al.
showed that hepatocyte-specific inhibition of NF-jB
through the overexpression of an inducible IjBa mutant
did not lead to apoptosis or decreased hepatocyte prolifer-
ation post-hepatectomy [31]. The histological aspect of our
data is similar to the findings of Chaisson et al. and shows
that the inhibition of NF-jB nuclear translocation does not
lead to apoptosis or cell death post-hepatectomy. However,
a phenotypic effect on the cell cycle progression of
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mRNA in the wild-type and ABIN-2 transgenic mice post-hepatectomy.
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hepatocyte was detected in the ABIN-2 transgenic mice.
Apparently, there is a selective effect of ABIN-2 on cell
proliferation, but not apoptosis, through inhibition of
NF-jB nuclear translocation. Accordingly, the ABIN-2
transgenic mouse model offers the opportunity to study
the molecular mechanism involved in the brief activation
of NF-jB after PH, which is followed by a rapid de-activa-
tion that is negatively regulated by the ABIN-2 protein.
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