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Mice Lacking bi-1 Gene Show Accelerated Liver Regeneration
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Abstract
The liver has enormous regenerative capacity such that, after
partial hepatectomy, hepatocytes rapidly replicate to restore
liver mass, thus providing a context for studying in vivo
mechanisms of cell growth regulation. Bax inhibitor-1 (BI-1)
is an evolutionarily conserved endoplasmic reticulum (ER)
protein that suppresses cell death. Interestingly, the BI-1
protein has been shown to regulate Ca2+ handling by the ER
similar to antiapoptotic Bcl-2 family proteins. Effects on cell
cycle entry by Bcl-2 family proteins have been described,
prompting us to explore whether bi-1–deficient mice display
alterations in the in vivo regulation of cell cycle entry using
a model of liver regeneration. Accordingly, we compared
bi-1 +/+ and bi-1 / mice subjected to partial hepatectomy
with respect to the kinetics of liver regeneration and molecular events associated with hepatocyte proliferation. We
found that bi-1 deficiency accelerates liver regeneration after
partial hepatectomy. Regenerating hepatocytes in bi-1 /
mice enter cell cycle faster, as documented by more rapid
incorporation of deoxynucleotides, associated with earlier
increases in cyclin D1, cyclin D3, cyclin-dependent kinase
(Cdk) 2, and Cdk4 protein levels, more rapid hyperphosphorylation of retinoblastoma protein, and faster degradation
of p27Kip1. Dephosphorylation and nuclear translocation of
nuclear factor of activated T cells 1 (NFAT1), a substrate of the
Ca2+-sensitive phosphatase calcineurin, were also accelerated
following partial hepatectomy in BI-1–deficient hepatocytes.
These findings therefore reveal additional similarities between
BI-1 and Bcl-2 family proteins, showing a role for BI-1 in
regulating cell proliferation in vivo, in addition to its
previously described actions as a regulator of cell survival.
[Cancer Res 2007;67(4):1442–50]

Introduction
In mammals, the liver is noteworthy in its ability to rapidly
regenerate in response to massive cellular injury from toxic
exposure, viral infections, or surgical resection. In rodent models,
liver mass is restored to normal within 2 to 3 days after surgical
excision of two thirds of the organ (1, 2). The rapid regrowth of the
liver thus provides a robust in vivo model for studying cell cycle
entry and cell proliferation. The remarkable regenerative capacity
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of the liver may also predispose this organ to carcinogenesis.
Annually, more than a half million persons die of hepatocellular
carcinoma (3).
Liver regeneration after partial hepatectomy is a tightly
regulated process that proceeds through distinct stages, including
withdrawal of hepatocytes from quiescence (‘‘priming’’), cell cycle
entry and progression, several rounds of cell division, and finally
cessation of cell division and return of hepatocytes to quiescence,
in concert with tissue remodeling to restore normal hepatic
architecture (4, 5). The molecular signals triggering liver regeneration are thought to include cytokines, growth factors, reactive
oxygen species, complement factors C3 and C5 (6), and possibly
bacterial lipopolysaccharide (1, 2) released into the portal
circulation. Gene ablation studies in mice show that interleukin
(IL)-6 and tumor necrosis factor-a (TNF-a) are important
contributors to liver regeneration (7, 8), and some of their
immediate downstream transcription factors have been identified
as crucial regulators of the regenerative process, including signal
transducers and activators of transcription 3 (STAT3), nuclear
factor-nB (NF-nB), activator protein-1, and c-Myc (4, 9). As in all
eukaryotic cells, cycle progression of activated hepatocytes is
regulated by the activity of complexes consisting of cyclins and
cyclin-dependent kinases (Cdk). These kinase complexes function
in a coordinated manner to phosphorylate the retinoblastoma
protein (Rb) and related proteins, thereby releasing bound E2F
transcription factors required for G1 to S transition (9).
Recently, the antiapoptotic protein Bax inhibitor-1 (BI-1) has
been recognized as a regulator of apoptosis linked to endoplasmic
reticulum (ER) stress (10). BI-1 contains several transmembrane
domains, localizes to ER membranes, and has cytoprotective
functions that are conserved in both animal and plant species (11).
BI-1 protein suppresses apoptosis induced by ectopic expression of
proapoptotic protein Bax as well as selected other types of stimuli.
Cells from BI-1 knockout (KO) mice, including hepatocytes, display
selective hypersensitivity to apoptosis induced by ER stress–
causing chemical agents (thapsigargin, tunicamycin, and brefeldin
A) or by ischemia-reperfusion (IR) injury (12).3 Conversely, gene
transfer–mediated overexpression of BI-1 protects against apoptosis induced by ER stress and IR (10, 11, 13). In this regard, the ER
may participate in the initiation of liver regeneration by releasing
stored Ca2+ (14). Indeed, in many types of cells, including
fibroblasts, thymocytes, and epithelial tumor cell lines, intracellular
Ca2+ is essential for the transition from resting to proliferative state
(15). During liver regeneration, several growth factors [epidermal
growth factor (EGF), hepatocyte growth factor (HGF), etc.] and
hormone receptors (vasopressin and phenylephrine) induce
increases in cytosolic intracellular Ca2+ via the second messenger
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inositol 1,4,5-trisphosphate, which releases stored Ca2+ from the ER
(14, 16). Interestingly, the BI-1 protein has been shown to regulate
Ca2+ handling by the ER. Overexpression of BI-1 protein reduces
the amounts of Ca2+ released in response to drugs that inhibit
the ER Ca2+-ATPase (e.g., thapsigargin), whereas BI-1 deficiency
increases the efflux of ER Ca2+ (12). Thus, it is reasonable to suspect
a role for BI-1 in modulating ER handling of Ca2+ in hepatocytes.
Interestingly, several Bcl-2 family proteins reside at least in part
in ER membranes, where they seem to control levels of releasable
Ca2+ in this organelle (17–20). Overexpression of antiapoptotic Bcl2 protein decreases the levels of Ca2+ released from the ER in
response to thapsigargin (18, 20). In contrast, knocking down Bcl-2
protein expression or overexpressing the proapoptotic Bax protein
leads to increases in the amounts of Ca2+ released from this
organelle after thapsigargin stimulation (17, 21). Moreover, an
effect on cell cycle entry by Bcl-2 family proteins has been
described (see ref. 22 for review). Bcl-2 overexpression in the liver of
transgenic mice delays hepatocyte cell cycle progression during
liver regeneration (23). A similar phenotype is also observed in Bcl2–overexpressing B and T cells (24, 25). Conversely, Bcl-2–deficient
T cells showed accelerated cell cycle progression (25). Similarly, in
transgenic mice overexpressing Bax in T cells, increased numbers
of cycling thymocytes are found and mature T cells enter S phase in
response to IL-2 stimulation faster than control cells (26).
These observations with Bcl-2/Bax family proteins therefore
prompted us to explore whether bi-1–deficient mice display
alterations in cell cycle entry and proliferation in vivo. Because
bi-1 is prominently expressed in liver (but not thymus or lymphoid
tissues; ref. 12), we chose a model of liver regeneration for these
studies. Accordingly, we compared bi-1 (+/+) and bi-1 ( / ) mice
subjected to partial hepatectomy with respect to the kinetics of
liver regeneration and molecular events associated with hepatocyte
proliferation, such as induction of cyclins, phosphorylation of Rb,
and incorporation of bromodeoxyuridine (BrdUrd). The findings
suggest an important role for the endogenous bi-1 gene in
regulating liver regeneration and reveal parallels between BI-1
and antiapoptotic members of the Bcl-2 family.

Materials and Methods
Mice. The bi-1–deficient mouse line used for these studies has been
described previously (12). Mice on a C57BL/6 background at 8 to 10 weeks
of age were used for all experiments in this study, comparing bi-1 /
animals with bi-1 +/+ littermates. Mice were housed in a temperaturecontrolled room with a 12-h dark/12-h light cycle. Food and water were
provided ad libitum. Mice were maintained in specific pathogen-free
housing and cared for accordance with NIH guidelines for animal care.
Partial hepatectomy and tissue sampling. For liver regeneration
studies, 8- to 10-week-old bi-1 / and bi-1 +/+ mice were anesthetized with
methoxyflurane and subjected to midventral laparotomy with a two-third
liver resection according to the method of Higgins and Anderson (27). The
left and right median and left lateral lobes were removed without injuring
the remaining liver tissue. Four to six mice from each group were sacrificed
before or at different times after hepatectomy. In cases of severe morbidity
(lethargy, trembling, anorexia, or body temperature loss), animals were
sacrificed and excluded from the analysis. The remnant liver was harvested
and the wet weight was measured. A portion of liver was snap frozen in
liquid nitrogen for protein and RNA isolation, whereas another portion was
embedded in OCT compound for preparation of cryosections (5 Am thick)
using a microtome followed by mounting on glass slides. The sectioned
tissues were used for microscopy evaluation after staining for analysis of
BrdUrd incorporation (see below).
Evaluation of DNA synthesis in hepatocytes. To assess the proliferative response of hepatocytes, DNA synthesis was monitored by BrdUrd
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(Sigma, St. Louis, MO) incorporation into the nuclei. For pulse-labeling
experiments, mice received 50 Ag/g (body weight) BrdUrd i.p. injection in
0.2% solution in PBS 2 h before sacrifice. Immunohistochemical staining of
BrdUrd was done using Cell Proliferation kit (Amersham Biosciences Corp.,
Piscataway, NJ) The percentage of BrdUrd-labeled hepatocytes were
determined by counting positively stained nuclei in 10 high-power fields
(400 magnification).
Cell isolation, culture, and DNA synthesis measurements. Hepatocytes from mice liver were isolated by collagenase disruption (28) exactly as
described before (29). Isolated cells were plated on collagen type I–coated
dishes in medium I consisting of Williams’ medium E with 10% fetal
bovine serum, penicillin (50 IU/mL), streptomycin (50 Ag/mL), and insulin
(0.1 IU/mL). Hepatocyte viability was at least 90%. Hepatocytes were
incubated 4 h at 37jC in a humidified atmosphere with 95% air and 5% CO2,
allowing cell attachment to plates. Medium was then changed and replaced
by medium II, which was identical except that it did not contain serum
and was supplemented with hydrocortisone hemisuccinate (1 Amol/L) and
bovine serum albumin (BSA; 240 Ag/mL). Hepatocytes were seeded at
35  103 cells per well (96-well plates), cultured for 48 to 96 h in normal
medium II (CNTL), or treated with medium containing 25 ng/mL EGF,
20 ng/mL IL-6, 50 ng/mL TNF-a, or combinations of these agents. To
measure DNA synthesis, 1.5 ACi (1 Ci = 37 GBq) of [3H]methylthymidine
were added per 100 AL of culture and cultures were continued for 12 h.
For terminal deoxynucleotidyl transferase (TdT)–mediated dUTP nick
end labeling (TUNEL) assays, hepatocytes were cultured for 24 to 72 h on
13-mm glass coverslips in 24-well plates. Cells were fixed in 4% paraformaldehyde for 30 min on coverslips and then permeabilized using PBS
(pH 7.4), 0.1% Triton X-100, and 0.1% sodium citrate for 2 min. After
washing, the coverslips were incubated at 37jC for 1 h in a humidified
chamber with the TUNEL reaction mixture containing 0.4 IU/AL TdT,
2.5 mmol/L CoCl2, and 2 Amol/L Bodipy FL-14-dUTP, washed in PBS, and
mounted in ‘‘antifade’’ medium, and the cells were analyzed under a
fluorescence microscope as described previously (29).
For assessment of apoptosis after partial hepatectomy, regenerated liver
specimens were frozen in OCT compound and sectioned at 5 Am for processing by the TUNEL method using a commercial kit using 3,3¶diaminobenzidine (DAB) peroxidase substrate (Roche Applied Science,
Indianapolis, IN) and counterstained with 0.5% (w/v) methyl green.
Specimens were evaluated by UV microscopy at high power magnification
(400) in a blinded fashion. A total of 30 random fields was counted for
each TUNEL-stained tissue sample.
Immunoblot analysis. Total liver proteins were isolated from snapfrozen tissues by homogenization in radioimmunoprecipitation assay
buffer [50 mmol/L Tris-HCl (pH 7.4), 150 mmol/L NaCl, 1% Triton X-100,
1% sodium deoxycholate, 2 mmol/L phenylmethylsulfonyl fluoride,
1 mmol/L EDTA, 10 Ag/mL leupeptin, 10 Ag/mL aprotinin] supplemented
with 0.2% SDS. Protein concentration was estimated by the bicinchoninic
acid protein assay kit using BSA as the standard. Total protein (50 Ag)
aliquots were loaded onto either 8%, 10%, or 12.5% SDS-polyacrylamide
gels and electrophoretically transferred onto nitrocellulose membranes.
After blocking with 6% nonfat skim milk in TTBS [10 mmol/L Tris-HCl
(pH 7.5), 140 mmol/L NaCl, 0.05% Tween 20] for 1 h at 37jC, membranes
were incubated with primary antibody in TS-TMBSA [Tris/sodium chloride
buffer (pH 7.6–7.8) with 0.1% Tween 20, 5% skim milk, and 2% BSA
(pH 7.4–7.6)], washed with TTBS, and incubated for 1 h at room
temperature with horseradish peroxidase–conjugated secondary antibodies
anti-mouse immunoglobulin G or anti-rabbit immunoglobulin G (Amersham Biosciences). After washing with TTBS, blots were developed using
an enhanced chemiluminescence (ECL) detection kit (Amersham Biosciences) and BioMax ML film (Eastman Kodak, Rochester, NY). The blot
was reprobed with the following antibodies: rabbit polyclonal anti–cyclin
D1 antibody (1:1,000 dilution; Santa Cruz Biotechnology, Santa Cruz, CA),
mouse monoclonal anti–cyclin D3 antibody (1:2,000 dilution; Transduction
Laboratories BD, San Diego, CA), mouse monoclonal anti–cyclin B
antibody (1:2,500 dilution; Transduction Laboratories), rabbit polyclonal
anti–cyclin A antibody (1:2,000 dilution; Santa Cruz Biotechnology),
rabbit polyclonal anti–cyclin E antibody (1:500 dilution; Santa Cruz
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Biotechnology), mouse monoclonal anti-Cdk2 antibody (1:2,500 dilution;
Transduction Laboratories), mouse monoclonal anti-Cdk4 antibody
(1:2,500 dilution; Transduction Laboratories), human monoclonal anti-Rb
(1:1,000 dilution; Transduction Laboratories), human monoclonal antip21 (1:500 dilution; Transduction Laboratories), human monoclonal antip27 (1:1,000 dilution; Transduction Laboratories), and anti-tubulin
antibody (1:500 dilution; Santa Cruz Biotechnology).
RNA extraction and reverse transcription quantitative PCR. Total
RNA was extracted from mouse liver by an acid guanidium thiocyanatephenol-chloroform extraction method with RNA STAT-60 (Tel-Test ‘‘B,’’ Inc.,
Friendswood, TX). RNA was reverse transcribed by Moloney murine
leukemia virus reverse transcriptase (Invitrogen, San Diego, CA) using
random hexamers (Life Technologies). Specific primers for murine genes
included the following: TNF-a, 5¶-ACAGAAAGCATGATCCGCG-3¶ ( forward)
and 5¶-GCCCCCCATCTTTTGGG-3¶ (reverse); IL-6, 5¶-CTGCAAGAGACTTCCATCCAGTT-3¶ ( forward) and 5¶-GAAGTAGGGAAGGCCGTGG-3¶ (reverse);
HGF, 5¶-ATCATTGGTAAAGGAGGCAGCTAT-3¶ ( forward) and 5¶-AATTCCAAGGCTGGCATTTG-3¶ (reverse); c-Fos, 5¶-CGGGTTTCAACGCCGAC-3¶
( forward) and 5¶-TGGCACTAGAGACGGACAGATC-3¶ (reverse); c-Jun, 5¶CGATGCCCTCAACGCC-3¶ ( forward) and 5¶-CTTAGGGTTACTGTAGCCGTAGGC-3¶ (reverse); BI-1, 5¶-TGGCTGATGGCAACACCTC-3¶ ( forward) and
5¶-GGCGAAGCCAGCGAGA-3¶ (reverse); STAT3, 5¶-CACCAACGACCTGCAGCA-3¶ ( forward) and 5¶-TGCATCAATGAATCTAAAGTGCG-3¶ (reverse);
Rel-A, 5¶-CATCGAACAGCCGAAGCAA-3¶ ( forward) and 5¶-TGCCCGCTGAGCGC-3¶ (reverse); Rel-B, 5¶-GTGCCGACTTCTCTCAAGCTG-3¶ ( forward)
and 5¶-GGGTGGCGTTTTGAACACA-3¶ (reverse); and c-Myc, 5¶-ATGTTGCGGTCGCTACGTC-3¶ ( forward) and 5¶-AGAAGTTGCCACCGCCG-3¶ (reverse).
Real-time PCR was done with iTaq polymerase in a Bio-Rad iCycler
(Hercules, CA) using iTaq together with SYBR Green detection according to
the manufacturer’s protocol, with 12 ng of total cDNA, 50 nmol/L of each
primer, and 1 iTaq SYBR Green Supermix in a total volume of 25 AL.
Cytokine assays. The BD Cytometric Bead Array (CBA) Mouse
Inflammation kit was used to quantitatively measure TNF-a and IL-6 by
flow cytometry.
Statistics. For most experiments, data were expressed as mean F SD.
Statistical significance of differences between various samples was determined by t test or Mann-Whitney U test.

Results
Bi-1 deficiency increases proliferation in vitro of hepatocytes. Although bi-1 is ubiquitously expressed at the mRNA level
in mammalian tissues, the highest levels of bi-1 mRNA are found
in liver, kidney, and testes. We therefore tested effects of bi-1
deficiency on replication of hepatocytes in primary culture.
Quiescent hepatocytes isolated from adult liver can be stimulated
to proliferate in culture with various cytokines and growth factors. We therefore measured DNA replication (as determined by
[3H]thymidine incorporation) in cultured hepatocytes isolated
from bi-1 KO mice and wild-type (WT) littermates after stimulation
with TNF-a, EGF, IL-6, or combinations of these agents. When
stimulated with the combination of EGF and TNF-a, [3H]thymidine
incorporation was approximately double in BI-1–deficient hepatocytes compared with WT cells when measured at 72 to 96 h after
plating (Fig. 1A; data not shown). Measurements of DNA synthesis
at earlier times (48 h) produced similar results (Supplementary
Fig. S1), suggesting that loss of normal differentiation cannot
account for differences in bi-1 +/+ versus bi-1 / hepatocytes. The
incorporation of [3H]thymidine by BI-1–deficient hepatocytes also
tended to be higher when stimulated individually with cytokines or
growth factors but did not reach statistical significance (Fig. 1A).
Thus, at least when supplied with certain combinations of known
hepatocyte mitogens, BI-1–deficient cells exhibit increased DNA
synthesis responses compared with BI-1–expressing hepatocytes.
No difference in cell viability or apoptosis was detected by trypan
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blue dye exclusion (data not shown) or TUNEL assay (Supplementary Fig. S2), respectively, in cultures of bi-1 / and bi-1 +/+
hepatocytes.
Accelerated onset of DNA synthesis and mitosis in vivo in
bi-1–deficient liver. To examine the effects of BI-1 deficiency on
the restoration of the liver mass after partial hepatectomy, we
compared the wet weight of livers of bi-1 +/+ and bi-1 / animals at
various times after surgical removal of two thirds of their livers.
The remnant liver weight was compared relative to body weight for
all measurements. As shown in Fig. 1B, liver weight restoration
occurred with accelerated kinetics in bi-1 / compared with
bi-1 +/+ mice. However, the absolute increase in liver weight was
similar for the two groups of mice, with liver weights returning
to preoperative levels at 36 h for bi-1 / mice compared with
48 h for bi-1 +/+ animals.
Next, studies were done to compare the proportion of cycling
hepatocytes in bi-1 / and bi-1 +/+ mice based on in vivo
incorporation of BrdUrd into DNA (7, 8). Consistent with previous
reports (7, 8, 30), evidence of increased incorporation of BrdUrd
into regenerating liver of WT mice was first detectable at 36 h after
partial hepatectomy (Supplementary Fig. S3). In these normal
bi-1 +/+ mice, hepatocyte replication reached maximum by 40 h and
then began to diminish by 48 h after surgery (Fig. 1C). In contrast,
hepatocyte DNA replication in regenerating bi-1 / mice was
significantly elevated by 32 h after partial hepatectomy (Fig. 1C;
Supplementary Fig. S1). Similar to normal mice, the percentage of
cycling cells reached maximum at 40 h after partial hepatectomy
and began to decline thereafter. However, the rate of decline in
actively cycling hepatocytes was faster in bi-1 / mice, with very
few hepatocytes incorporating BrdUrd at 68 h after partial
hepatectomy. Thus, DNA replication begins sooner and ends
sooner in bi-1 / livers.
Consistent with the BrdUrd incorporation results, analysis of
the percentage of mitotic cells in livers resected from bi-1 / and
bi-1 +/+ mice at various times after partial hepatectomy showed a
more rapid rise in the prevalence of mitotic cells and more rapid
return toward normal in BI-1–deficient mice (Fig. 1D). The time at
which peak mitotic cell (M phase) accumulation occurred in WT
mice was later than peak BrdUrd labeling (S phase) as expected. In
contrast, the percentages of apoptotic cells in livers of bi-1 +/+ and
bi-1 / mice (as measured by TUNEL assay) were not significantly
different at 48 to 168 h after partial hepatectomy (Supplementary
Fig. S3), suggesting that differences in apoptosis do not contribute
to the more rapid kinetics of liver growth in BI-1–deficient mice.
Accelerated expression of cyclins in regenerating bi-1–
deficient mice. Because DNA replication was accelerated in the
regenerating livers of BI-1 KO mice, we compared the kinetics of
cyclin proteins expression in bi-1 / and bi-1 +/+ mice. For these
experiments, lysates were prepared from liver tissue resected from
partial hepatectomy–treated animals, normalized for total protein
content, and analyzed by immunoblotting using antibodies
recognizing various cyclin family proteins. In agreement with the
accelerated DNA replication and mitosis observed in regenerating
bi-1 / hepatocytes, increases in cyclin D1 were detected earlier in
bi-1 / mice (Fig. 2A). Cyclin D1 protein levels were also higher in
regenerating liver tissue recovered from bi-1 / mice at several
times analyzed after partial hepatectomy compared with bi-1 +/+
mice. The rise, subsequent decline, and rise again in cyclin D1
protein levels probably reflect synchronized cycles of hepatocyte
cell replication in these regenerating livers, producing a biphasic
pattern of cyclin D1 expression in which the second peak coincides
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Figure 1. Accelerated liver regeneration in bi-1 / mice. A, hepatocytes from bi-1 / (KO) and bi-1 +/+ (WT ) mice were cultured for 72 and 96 h in control medium
(CNT ) or in medium containing 25 ng/mL EGF (E), 20 ng/mL TNF (T ), 50 ng/mL IL-6 (I ), or combinations of these agents. Cells were pulsed with 1.5 ACi of
[3H]methylthymidine for 12 h before collecting DNA. Columns, mean (n = 3) [3H]methylthymidine incorporation (cpm) from three mice of each genotype; bars, SD.
B, recovery of liver weight after partial hepatectomy (PH ). The results are expressed as a percentage of liver weight relative to body weight. Points, mean of four to
six mice per group at each time point; bars, SD. C, percentage of S-phase hepatocytes were determined by pulse labeling with BrdUrd for 2 h. The bi-1 +/+ and bi-1 /
mice were subjected to partial hepatectomy and injected with BrdUrd 2 h before sacrifice. The remnant liver was fixed, sectioned, and stained with an anti-BrdUrd
antibody. Nuclei were counterstained with 4¶,6-diamidino-2-phenylindole. Data represent percentage of BrdUrd-positive cells based on counting at least 3,000 total
nuclei. Points, mean based on three to six regenerating livers; bars, SD. D, kinetics of hepatocyte mitosis after partial hepatectomy. Mitotic figures were counted in
liver tissue at the indicated times after partial hepatectomy. Data represent percentage of mitosis relative to hepatocytes based on three regenerating livers. Points,
mean; bars, SD. *, P < 0.05; **, P < 0.001.

with maximal DNA synthesis at 36 h after partial hepatectomy.
Similar results were obtained for cyclin D3, the Cdc2-related
protein kinase, and Cdk4 (Fig. 2B and C). Cdk2 protein levels were
low in regenerating liver of both bi-1 / and bi-1 +/+ until 32 h when
rises were detected in both groups of animals. However, levels of
Cdk2 protein were higher in bi-1 / mice at 32 h and remained
persistently elevated compared with bi-1 +/+ animals (Fig. 2C).
Probing blots with anti-tubulin antibody confirmed loading of
equivalent amounts of total protein for all samples.
Accelerated hyperphosphorylation of Rb and degradation of
p27Kip1 in regenerating liver of bi-1–deficient mice. Cyclin/Cdk
complexes phosphorylate Rb, causing Rb to release E2F family
transcription factors required for transition into S phase (23, 31).
For this reason, we analyzed the phosphorylation status of Rb in
regenerating livers of bi-1 / and bi-1 +/+ at various times after
partial hepatectomy by immunoblotting using a phosphorylatedspecific antibody. As shown in Fig. 3A, Rb hyperphosphorylation
was detectable at 12 h after partial hepatectomy in regenerating
bi-1 / liver, peaking at 24 to 28 h, and then declining. In contrast,
increases in Rb hyperphosphorylation were not detected until
24 h in regenerating bi-1 +/+ livers, peaking at 44 h after partial
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hepatectomy. Reprobing blots with a phosphorylated-independent
antibody confirmed equivalent amounts of Rb protein in all samples, verifying loading of comparable amounts of protein for all
samples. Thus, Rb hyperphosphorylation occurs with accelerated
kinetics in BI-1–deficient regenerating liver.
Degradation of the Cdk inhibitors p21 and p27 permits Rb
phosphorylation and represents an important event for S-phase
entry (32). We therefore examined the levels of p21 and p27 by
immunoblotting in regenerating livers of bi-1 / and bi-1 +/+ mice
at various times after partial hepatectomy (Fig. 3B). Although no
difference was observed in p21 expression, p27 protein degradation
occurred with accelerated kinetics in BI-1–deficient regenerating
liver. As shown in Fig. 3B, p27Kip was depleted from liver tissue
within 1 h in bi-1 / mice compared with 4 h in bi-1 +/+ animals.
Taken together, these findings correlate with the data obtained for
expression of cyclins and Cdk family proteins (Fig. 2), showing
that BI-1 deficiency accelerates hepatocyte entry into cell cycle
following partial hepatectomy.
Increased intrahepatic cytokine gene expression in regenerating livers of bi-1–deficient mice. The cytokines TNF-a and
IL-6 are among the earliest priming factors that have been
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implicated in liver regeneration after loss of parenchymal liver
mass (7, 8). We therefore measured TNF-a and IL-6 protein levels
in serum after partial hepatectomy (6). At 3 and 6 h after partial
hepatectomy, BI-1–deficient mice contained higher serum levels of
both TNF-a (2-fold more; Fig. 4A) and IL-6 (3.5-fold more; Fig. 4C)
relative to WT mice as determined by using a CBA method. In
contrast, serum levels of IFN-g were largely unchanged (Fig. 4C),
thus confirming the specificity of these results.
Next, hepatic expression of these cytokines was investigated at
the mRNA level using real-time PCR. The mRNA levels of TNF-a
(Fig. 4B) and IL-6 (Fig. 4D) were significantly higher in the bi-1–
deficient mice in comparison with WT animals. In contrast, HGF
(Fig. 4D) mRNA levels were not significantly different (by either
Mann-Whitney U test or unpaired t test), thus serving as a
specificity control.
Finally, we also compared the relative levels of mRNA expression
of immediate early genes known to be induced in response to TNFa or IL-6 cytokines (i.e., the NF-nB family members Rel-A, Rel-B,
p105, and p100 and the proto-oncogenes c-Fos, c-Jun, and c-Myc).
Greater induction of mRNAs encoding c-Fos and Rel-B was

Figure 2. Accelerated expression of cyclin family proteins in regenerating
bi-1 –deficient livers. Livers were harvested at various times from 0 to 68 h after
partial hepatectomy. Equal amounts of total extracts were loaded onto 12%
SDS-polyacrylamide gels and transferred to nitrocellulose membranes. Blots
were incubated with anti–cyclin D1 (A), anti-Cdc2 (B), or anti-Cdk2 and
anti-Cdk4 (C ) antibodies followed by detection using an ECL method. Three
mice per time point were examined. All blots were reprobed with anti-tubulin
antibody as a control for loading and membrane transfer.
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Figure 3. Disruption of BI-1 accelerates Rb hyperphosphorylation and p27Kip
degradation in regenerating livers. Livers were harvested at 0 to 68 h after
partial hepatectomy. Equal amounts of total extracts were loaded into 8%
SDS-polyacrylamide gels for Rb detection and into 12% SDS-polyacrylamide
gels for p21 and p27 analysis. Proteins were transferred to nitrocellulose
membranes, which were incubated with antibodies specific for Rb or
phosphorylated Rb (P-Rb ; A) or p21 or p27 (B ). Data are representative of three
independent experiments.

observed in bi-1 / compared with bi-1 +/+ mice at 1 h after partial
hepatectomy (Fig. 5A and B). In contrast, STAT3, Rel-A, c-Jun, and
p100 mRNA levels did not differ (Fig. 5; data not shown), thus
serving as a specificity control. We also found that E2F2 mRNA
levels were higher at 1 h after partial hepatectomy in bi-1 /
compared with bi-1 +/+ mice, consistent with the more rapid
kinetics of cell cycle entry found for BI-1–deficient hepatocytes
and correlating with the data obtained for Rb phosphorylation. In
contrast, levels of E2F1 and E2F3 were not different in bi-1 +/+
versus bi-1 / liver partial hepatectomy (Fig. 5; data not shown).
In WT mice, levels of endogenous bi-1 mRNA declined in liver after
partial hepatectomy (Fig. 5C), indicating that reductions in bi-1
expression are associated with entry to cell cycle in hepatocytes
in vivo. In contrast, levels of Mcl-1 mRNA did not change significantly, thus serving as a specificity control (Fig. 5C).
Dephosphorylation of nuclear factor of activated T cells 1 is
accelerated in BI-1–deficient livers after partial hepatectomy.
Elevations in intracellular Ca2+ concentrations occur during cell
cycle entry in hepatocytes during liver regeneration (33–35). Of
relevance to cell proliferation, this increase in intracellular Ca2+ has
been correlated with activation of the calmodulin-dependent
phosphatase calcineurin (36, 37). Calcineurin dephosphorylates
and promotes the nuclear translocation of nuclear factor of
activated T cells (NFAT), which regulates the induction of multiple
genes, including TNF-a (37). Although NFAT1 is widely expressed
among tissues (37), no studies have thus far addressed the function
of NFAT1 during liver regeneration.
Because BI-1 has been shown to regulate Ca2+ handling by the
ER (12), we hypothesized that absence of this protein would
coincide with an alteration in calcineurin-dependent dephosphorylation of NFAT. Accordingly, we used phosphorylated-specific
antibodies to assess the phosphorylation status of NFAT1 by immunoblotting in regenerating livers from bi-1 / and bi-1 +/+ mice.
In bi-1 / mice, levels of phosphorylated NFAT1 declined rapidly
in lysates prepared from regenerating liver, consistent with Ca2+/
calcineurin-dependent dephosphorylation (Fig. 6A). In contrast,
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Figure 4. Increased elaboration of TNF-a
and IL-6 cytokines in bi-1 –deficient mice
after partial hepatectomy. Serum levels of
TNF-a, IL-6, and IFN-g (A and C ) proteins
and liver levels of TNF-a, IL-6, and IFN-g
(B and D ) mRNA levels were measured
before and at various times after partial
hepatectomy. Protein levels were
assessed by a fluorescence-activated cell
sorting–based method, whereas RNA
levels were evaluated by real-time reverse
transcription-PCR, normalizing RNA
relative to 18S rRNA. Similar results were
obtained by normalizing with L32 or
cyclophilin mRNAs (data not shown).
Columns, mean of three mice for each
condition shown; bars, SD. *, P < 0.05.

NFAT1 dephosphorylation was slower and less extensive in
regenerating bi-1 +/+ liver. Probing blots with a phosphorylatedindependent NFAT antibody confirmed loading of equivalent
amounts of protein for all samples.
Next, we analyzed NFAT1 localization by immunohistochemistry, comparing the percentages of hepatocytes with nuclear versus cytosolic NFAT1 in tissue sections from regenerating livers of
bi-1 / and bi-1 +/+ mice (Fig. 6B and C). At 15 min after partial
hepatectomy in bi-1 / mice, NFAT1 staining was found in the
nuclei of most hepatocytes and was essentially absent from the
cytosol. In contrast, NFAT1 staining remained predominantly in
the cytosol of bi-1 +/+ hepatocytes at 15 min after partial hepatectomy, with few cells exhibiting nuclear staining. We conclude
therefore that BI-1 deficiency markedly alters activation-induced
nuclear translocation of NFAT1 in the setting of liver regeneration.

Discussion
We report here that the ER protein BI-1 regulates hepatocyte
proliferation in vivo following partial hepatectomy. We showed that
BI-1 deficiency accelerates liver regeneration after partial hepatectomy. Regenerating hepatocytes of BI-1–deficient mice enter cell
cycle faster as documented by more rapid accumulation of BrdUrdincorporating cells, associated with earlier increases in cyclin D1,
cyclin D3, Cdk2, and Cdk4 protein levels, more rapid hyperphosphorylation of Rb, and faster degradation of p27. BI-1 deficiency,
however, does not disturb the homeostatic mechanisms responsible for cessation of hepatocyte proliferation once liver size has
been restored, as liver weights of bi-1 / mice did not exceed
normal values after completion of regeneration.
The mechanisms by which BI-1 regulates hepatocyte emergence
from quiescence and entry into cell cycle remain to be delineated.
We hypothesize, however, that the ability of BI-1 to regulate Ca2+
accumulation by the ER may play a role. In this regard, we recently
observed a role for the BI-1 protein in suppressing cell death linked
to ER stress in cultured primary hepatocytes and other types of
cells (12). Among the inducers of ER stress to which BI-1 deficiency
increased sensitivity is thapsigargin, a selective inhibitor of the
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Ca2+-ATPase of the ER that induces cell death due to a leakage of
Ca2+ from the ER into the cytosol. Ca2+ imaging studies showed
that loss of BI-1 results in an increase in the pool of thapsigarginreleasable intracellular Ca2+, whereas BI-1 overexpression reduces
the amount of intracellular Ca2+ released from ER by thapsigargin
treatment (12). Thus, because ER Ca2+ plays important roles in
G0-G1 transition and progression to S phase (16, 22), it is conceivable that the effects of BI-1 on ER Ca2+ homeostasis directly or
indirectly account for the accelerated proliferation of hepatocytes
seen in this model of liver regeneration. Consistent with this
hypothesis, we observed in regenerating bi-1 / liver more rapid
dephosphorylation and nuclear translocation of NFAT1, a Ca2+dependent event linked to calcineurin activation.
Although BI-1 deficiency perturbed NFAT1 regulation in
regenerating liver, a causal role for accelerated NFAT1 activation
in more rapid hepatocyte cell cycle entry in vivo cannot be inferred
from these data alone. Many diverse cellular functions are
regulated by alterations in intracellular Ca2+, including secretion,
cytoskeleton organization, protein synthesis and folding, and gene
expression, in addition to cell cycle entry and progression. Thus,
multiple cellular pathways could be altered by effects of BI-1 on ER
Ca2+ homeostasis. Nevertheless, given the role of cytokines in
‘‘priming’’ hepatocytes for cell division and the recognized role of
NFAT family transcription factors in controlling cytokine gene
expression (22, 24), it might be speculated that increased
accumulation of Ca2+ in BI-1–deficient cells results in enhanced
or accelerated activation of the calcineurin-NFAT axis, thereby
promoting cytokine gene expression and facilitating hepatocyte
entry into cell cycle (as manifested by earlier increases in cyclin D1,
cyclin D3, Cdk2, and Cdk4 protein levels and by more rapid
hyperphosphorylation of Rb). However, because BI-1 deficiency also
resulted in increased proliferation in vitro of isolated hepatocytes
treated with exogenous growth factors and cytokines, a cell
autonomous role of BI-1 in controlling cell cycle entry and/or
S-phase progression also seems likely.
The observation that regenerating liver in bi-1 / mice has more
c-fos expression could be a manifestation of the increased
production of IL-6 or TNF-a, both of which are known to induce
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c-fos expression (38, 39). Conversely, c-Fos protein is reported to
enhance IL-6 gene promoter activity in collaboration with STAT3 in
HepG2 hepatocellular carcinoma cells (40), raising the possibility
that c-Fos accounts for elevated IL-6 production in bi-1 / mice.
Our findings for BI-1 are similar to results obtained previously
during studies of Bcl-2 family proteins with respect to their effects

Figure 5. Comparison of induction of immediate early genes in bi-1 / and
bi-1 +/+ mice following partial hepatectomy. Quantitative PCR was used to
compare mRNA levels for c-Fos, Rel-B, E2F2, STAT3, BI-1, and Mcl-1. Total
RNA was isolated from liver at time 0 (Sham ) and at various times after partial
hepatectomy. Results were normalized relative to 18S rRNA. Similar results
were also obtained by normalization using L32 or cyclophilin mRNA (data not
shown). Columns, mean (arbitrary units) based on analysis of three animals for
each condition and analyzing specimens from each animal in triplicate; bars, SD.
*, P < 0.05.

Cancer Res 2007; 67: (4). February 15, 2007

on cell proliferation, thus implying commonalities in the cellular
mechanisms regulated by these two classes of proteins. For
example, studies of transgenic mice overexpressing antiapoptotic
protein Bcl-2 in liver showed that Bcl-2 expression delays
hepatocyte cell cycle progression during liver regeneration by
delaying the increase of proliferating cell nuclear antigen, cyclin E,
cyclin E–associated kinase activity, cyclin A, and p107 (41). A similar
phenotype was observed in T cells overexpressing Bcl-2, which led
to sustained levels of Cdk inhibitor p27, correlating with prolonged
G1 phase (24). Consistent with a role in controlling cell proliferation,
other studies have also found effects of Bcl-2 overexpression on
the Rb/E2F complex and on p21 expression (42). Conversely, Bcl-2–
deficient T cells showed increased cell cycle progression and
acceleration degradation of p27 (25). The accelerated cell cycle
progression in Bcl-2–deficient T cells involved nuclear translocation
of NFAT (24). In contrast to antiapoptotic protein Bcl-2, it has also
been shown, using transgenic mice, that overexpressing proapoptotic protein Bax in T cells increased the number of cycling thymocytes and that mature T cells enter S phase in response to IL-2
stimulation faster than control cells (26). This effect of Bax was
associated with an earlier decline in p27Kip1 levels.
Bcl-2 and Bax also have in common with BI-1 that they regulate
Ca2+ handling by the ER (reviewed in refs. 43, 44). Overexpression
of Bcl-2 phenocopies the effects on ER Ca2+ produced by BI-1
overexpression, with both proteins reducing the pool of thapsigargin-releasable Ca2+ (17, 18, 20). Studies using ER-targeted, Ca2+sensitive fluorescent proteins have provided evidence that Bcl-2
overexpression reduces the basal concentration of free Ca2+ in
the lumen of the ER (17), and we have obtained similar results
for BI-1–overexpressing cells using this technology.3 Ablation of the
genes encoding proapoptotic proteins Bax and Bak also produces
a similar ER phenotype as overexpression of BI-1 with respect to
Ca2+ regulation (17, 21). Altogether, therefore, this study of the
effects of BI-1 deficiency on liver regeneration reveals additional
similarities between BI-1 and Bcl-2/Bax family proteins, showing
a role for BI-1 in regulating cell proliferation in vivo, in addition to
its previously described actions as a regulator of apoptosis.
More rapid induction of genes encoding transcription factors,
c-Fos, c-Myc, and Rel-B was observed in bi-1 / liver. Many cytokine receptors trigger rapid expression on these genes, which may
account for the biphasic expression of c-Fos observed in time
course studies of the partial hepatectomy model. Thus, expression
of c-Fos, c-Myc, and Rel-B is presumably induced by the surgical
liver resection, with ensuing cytokine production inducing a
second wave of signals that triggers or maintains c-Fos, c-Jun,
and c-Myc expression. In this regard, the promoters of the TNF-a
and IL-6 genes have been reported to directly bind and to be
transactivated by c-Fos and c-Jun (45, 46).
It is well know that a potential connection exists between Bcl-2
and liver tumorigenesis. Bcl-2 overexpression delays the development and reduces the frequency of transforming growth factor-a
(TGF-a)–induced liver tumors in transgenic mice (41). Studies
also showed that Bcl-2 expression inhibits liver tumor development
in c-myc transgenic mice (47) as well as in mice injected with the
carcinogen diethylnitrosamine (5, 23). Data support the hypothesis that the delay in hepatocarcinogenesis in Bcl-2 transgenic mice is predominantly due to a direct effect of Bcl-2 on
hepatocyte cell cycle progression (23). Our results presented in this
study and the previous results showing in vitro binding of BI-1 with
Bcl-2 (and Bcl-XL; ref. 10) suggest that down-regulation of BI-1
protein in liver cancer cells (and other cancers) could accelerate
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Figure 6. NFAT1 dephosphorylation and
nuclear translocation are accelerated in
bi-1 –deficient mouse liver after partial
hepatectomy. A, livers were harvested at
0 to 5 to 15 min and 1 h after partial
hepatectomy. Whole extracts were
analyzed by immunoblotting using
antibodies specific for NFAT1 and Grp78.
Arrow, phosphorylated form of NFAT1
(NFAT1p ). Data were quantified by
scanning densitometry, bottom.
Columns, mean (n = 3–4); bars, SE.
Statistical significance was determined by
t test. *, P V 0.05. B and C, BI-1
expression impairs NFAT1 nuclear
translocation. Liver sections from bi-1 +/+
(WT) and bi-1 / (KO ) mice were stained
with anti-NFAT1 antibody. Antibody
detection was accomplished by a
colorimetric DAB method (brown), and
nuclei were counterstained with
hematoxylin (blue ). B, representative
high-power views. C, quantification of
data, representing the percentage of
NFAT1-positive nuclei based on counting
at least 1,500 nuclei. Columns, mean
(n = 3); bars, SD.

hepatocarcinogenesis by removing a restraining influence on cell
proliferation. Conversely, up-regulated BI-1 expression in liver conceivably could promote carcinogenesis by inhibiting apoptosis.
A potential connection has been identified between Bcl-2 and
liver tumorigenesis. Bcl-2 overexpression delays the development
and reduces the frequency of TGF-a–induced liver tumors in
transgenic mice (41). Bcl-2 expression inhibits liver tumor
development in c-myc transgenic mice (48) as well as in mice
injected with the carcinogen diethylnitrosamine (41). It has been
proposed that the delay in hepatocarcinogenesis in Bcl-2
transgenic mice is predominantly due to a direct effect of Bcl-2
on hepatocyte cell cycle entry or progression (41). Our results
presented in this study, when taken together with previous studies
showing binding of BI-1 to Bcl-2 (and Bcl-XL; ref. 10), suggest that
BI-1 protein operates in the same pathway as Bcl-2 and Bcl-XL to
suppress cell proliferation. Consequently, bi-1 overexpression
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would be expected to delay whereas loss of bi-1 might be expected
to accelerate hepatocellular carcinogenesis because of the effect of
BI-1 protein on cell proliferation. On the other hand, the ability of
BI-1 to suppress cell death could favor tumorigenesis. In this
regard, little is known about the expression of BI-1 in human
cancers. Previous studies have shown BI-1 overexpression in
prostate carcinoma and prostate cancer cell lines. Moreover,
application of RNA interference to reduce BI-1 increases apoptosis
of prostate cancer cells, indicating that BI-1 contributes to
maintaining the survival of these malignant cells in culture (13).
Higher levels of BI-1 mRNA have been described as a prognostic
factor in lung adenocarcinoma (49), and tumor-associated
increases in BI-1 mRNA expression have also been reported in
breast, uterine, and ovarian cancers (49, 50).
Although much remains to be learned about the molecular
mechanisms involved, elucidation of the signaling pathways
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modulated by BI-1 may provide new insights for improved
understanding and possibly treatment of hepatocellular carcinoma
and other forms of cancers in the future.
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