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Mechanisms that control the proliferation capability of
the initiated cells during hepatocarcinogenesis are still
largely unclear. We investigated the role of a pro-death
Bcl-2 family protein, Bid, in liver tumor development
using a neonatal diethylnitrosamine model. Diethylni-
trosamine was administrated to 15-day-old wild-type
and bid-null mice. The development of microfoci at the
early stage and of gross tumors at the later stage was
compared between the two groups of mice. Both micro-
foci and gross tumor development were significantly
retarded in the bid-null mice, despite reduced cell death
as measured by TUNEL staining. Further studies indi-
cated that there were significantly less proliferating
cells in diethylnitrosamine-treated bid-null livers. The
regulation of cell proliferation by Bid was confirmed in
two other systems not involving carcinogenesis. Hepa-
tocyte proliferation following partial hepatectomy and
T lymphocyte proliferation following anti-CD3 stimula-
tion were both retarded in bid-null mice. Thus, these
studies revealed a previously undisclosed function of
Bid in regulating cell proliferation, which can be impor-
tant to tumor development. Furthermore, the role of
Bid in promoting hepatocarcinogenesis is in contrast to
its reported role in suppressing myeloid leukemia and
thus suggests an organ- and/or etiology-specific role of
the Bcl-2 family proteins in regulating oncogenesis.
(Am J Pathol 2005, 166:1523–1532)

Hepatocellular carcinoma is a worldwide health concern
with diverse etiology. Viral hepatitis, alcohol liver disease,
and carcinogen exposures are the major causes.1 Rodents
have been traditionally used to study carcinogen-induced
liver cancers and to screen potential carcinogens. The
mouse models have become increasingly important with
the availability of various transgenic/knockout mice, which
offer a definite way to dissect genetic pathways in the
carcinogenesis. Diethylnitrosamine (DEN) is one of the most

extensively studied carcinogens for the liver.2,3 It is a com-
plete genotoxic carcinogen, and it can induce liver tumors
at a proper dosage without any promoting agents, particu-
larly in neonatal mice, whose proliferating hepatocytes are
particularly susceptible to it.3 The molecular mechanism of
how DEN induces liver cancer is not completely under-
stood. It is likely that the mutations accumulated in the
genome eventually lead to oncogenic transformation and
tumor development. Histologically, numerous microfoci ap-
pear in the first several months after a single DEN injection
at the neonatal stage, followed by the development of ad-
enomas and carcinomas by 8 to 12 months.2

Genetic elements that control and regulate DEN-in-
duced carcinogenesis are still in large part unknown,
although it seems that many different genes can affect
the process. Mice overexpressing c-myc or TGF-� in the
liver developed spontaneous hepatocellular carcinoma
and were also more susceptible to DEN-induced hepa-
tocarcinogenesis, although their actual contributions un-
der non-overexpression conditions are less clear.4 On
the other hand, deletion of cyclin G15 or c-Jun6 did not
seem to increase spontaneous liver cancer, but did re-
duce DEN-induced liver carcinogenesis, indicating their
importance in the natural history of the DEN-induced
tumor development.5,6 Not surprisingly, these genes
have been shown to regulate cellular proliferation and/or
cell death, the two critical events controlling cellular ho-
meostasis. Similar events may also determine the differ-
ent susceptibility to DEN carcinogenesis among different
strains of mice and between neonatal and adult mice.7,8

The Bcl-2 family of proteins are key molecules reg-
ulating apoptosis during development and homeosta-
sis maintenance.9 Family members share significant
sequence homology in one to four functional domains
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(BH1, 2, 3, and 4 domains), which are the structural
basis for their functions as well as for the interactions
between the members. This large family of proteins can
be divided into the anti-apoptosis group (including
Bcl-2, Bcl-xL etc) and the pro-apoptosis group. The
latter can be further divided into the multidomain sub-
family (including Bax), which has BH1–3 domains, and
the BH3-only subfamily (including Bid, Bad, Bim etc).
Overexpression of Bcl-2 in mouse livers suppressed
DEN-induced liver carcinogenesis,10 and TGF-�,11

c-myc12or SV40-T-Ag12 overexpression-induced tumor
development, in contrast to its tumor-promoting role in
other systems.13 It was speculated that Bcl-2 might
play an antiproliferation role in regulating liver tumor
development.10,14 However, whether Bcl-2 normally partic-
ipates in tumorigenesis in the liver is not known, since it is
not expressed in the normal mouse liver.14

Bid is a BH3-only pro-death Bcl-2 family molecule.15 It
is normally expressed in mouse livers and is critical to
liver injury and hepatocyte apoptosis under a number of
pathophysiological conditions.15–18 Deletion of Bid can
cause chronic myelomonocytic leukemia in aged mice,19

suggesting that it can regulate homeostasis. However, it
was not known whether Bid might be also involved in
tumor development in the liver and how Bid might regu-
late oncogenesis. We therefore examined the role of Bid
in DEN-induced hepatic carcinogenesis using bid-defi-
cient mice. Surprisingly, we found that DEN-induced liver
tumor development was significantly impeded in the bid-
deficient mice. Further studies revealed a novel function
of Bid in promoting cell proliferation, which may be a
more dominant activity than its pro-death activity in de-
termining hepatocarcinogenesis.

Materials and Methods

Mice and the Hepatic Carcinogenesis Model

All mice were maintained in a specific pathogen-free
environment according to NIH and University of Pitts-
burgh guidelines. bid-deficient mice16 have been
backcrossed to C57BL/6 for 12 generations. Wild-type
mice were littermates in C57BL/6 background. The
neonatal DEN model of hepatocarcinogenesis was es-
tablished as previously described.2 Briefly, male mice
15 days old were given intraperitoneally a single injec-
tion of 15 mg/kg DEN. They were then analyzed at
designated time points.

Histology and Morphometric Analysis

Mouse livers were dissected and examined for gross
changes by the naked eye. Observable tumors were
recorded and the diameters were measured. Liver tis-
sues were fixed in 10% neutral buffered formalin and
paraffin embedded. Sections were cut at 5 �m in thick-
ness and stained with hematoxylin and eosin (H-E). Im-
ages were taken with a digital camera (SPOT, Diagnostic
Instruments, Sterling Heights, MI) under a light micro-
scope (Nikon Eclipse TE200, Melville, CA). Tumorigenic

foci were counted from at least four sections from all five
lobes and their sizes were determined using the morpho-
metric tools of the SPOT software.

For cell proliferation analysis, mice were given intra-
peritoneally 30 mg/kg BrdU 2 hours before sacrifice.
Livers were formalin-fixed, paraffin-embedded, and
sectioned. The sections were deparaffinized, rehy-
drated, and boiled in a microwave oven for 10 minutes
in 0.01 mol/L sodium citrate buffer (pH 6.0). The en-
dogenous peroxidase activity was inactivated by the
treatment with 0.73% H2O2 in methanol for 30 minutes.
After sequential rinses in tap water and in Tris-buffered
saline (TBS, pH 7.6), the sections were treated with
0.1% pronase E in TBS for 15 minutes. A primary
mouse antibody against BrdU (Dako Cytomation,
Carpinteria, CA) was applied to the sections for 1 hour
at room temperature, followed by wash and the appli-
cation of a biotinylated rabbit-anti-mouse antibody
(Dako Cytomation) for 30 minutes. After the incubation
with the StreptABComplex/HRP (Dako Cytomation), a
substrate mixture containing 0.06% DAB and 0.03%
H2O2 in TBS was applied. The sections was counter-
stained with hematoxylin, dehydrated, and mounted.

For cell death analysis, we used the method of terminal
deoxynucleotidyl transferase mediated dUTP-biotin nick
end labeling (TUNEL) with a commercial kit (ApopTag kit,
Chemicon International, Temecula, CA) according to the
manufacturer’s instructions. BrdU or TUNEL positive cells
were quantified digitally from at least 5 sections including
all five lobes at high power (�200), which covered at
least 2000 hepatocytes. The results were expressed as
the number of positive cells per high power field (HPF).

Partial Hepatectomy

This was performed as previously described20 by removing
two-thirds of the liver, including the left lateral, the right and
left median lobes of the liver. Mice were approximately 2 to
3 months old, and the procedure was conducted in the
morning between 9 and 12 a.m. Mice were then sacrificed
at designated time point and BrdU (30 mg/kg) was given 2
hours before sacrifice. Liver sections, BrdU staining and
analysis were conducted as described above, except that
the number of BrdU positive cells was expressed as the
percentage of total cells counted.

Analysis of T Cell Proliferation

This was conducted as previously described.21 Mouse
splenic T cells were enriched using nylon-wool columns
in the flow-through portion. Flow cytometry analysis indi-
cated that more than 90% of isolated cells were CD3
positive. T cells (3–5 � 105/well) were then cultured in
24-well plates pre-coated with the anti-CD3 antibody
(clone 2C11, BD PharMingen, San Diego, CA; 500 ng/
well, overnight at 4°C). Cells were harvested at desig-
nated time after anti-CD3 stimulation and incubated with
the Krishan’s reagent (0.1 mg/ml propidium iodide, 0.02
mg/ml RNase A, 0.3% NP-40, 0.1% sodium citrate) for 30
minutes followed by flow cytometry analysis.
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Western Blot Analysis

Liver lysates were prepared using RIPA buffer (150
mmol/L NaCl, 50 mmol/L Tris-HCl, pH 7.4, 1 mmol/L
EDTA, 1% Triton X-100, 1% sodium deoxycholate, 0.1%
SDS) with standard protease inhibitors (1 �g/ml aprotinin,

1 �g/ml pepstatin A and 1 �g/ml leupeptin and 20 mg/ml
PMSF). About 50 �g of protein were separated on a 12%
SDS-PAGE, transferred to PVDF membranes, and ana-
lyzed with an anti-cyclin E (Upstate, Charlottesville, VA),
anti-cyclin D1 (BD PharMingen) or anti-p27Kip1 (Santa
Cruz Biotechnology, Santa Cruz, CA) antibody.

Figure 1. Impeded development of microfoci in DEN-treated bid-deficient livers. A: Typical morphology of microfoci detected in the wild-type (a-c) and
bid-deficient (d) livers 4 months after DEN treatment (�200). Shown are basophilic cell type (a, d), eosinophilic cell type (b) and clear cell type (c).
Intracytoplasmic inclusions could also be observed in some of the foci (a, c, d). Note the size difference in the foci between wild-type (a-c) and bid-deficient
livers (d). B: Analysis of the foci number and size in wild-type (open bar) and bid-deficient (closed bar) livers treated with DEN for 4 months. Foci in
bid-deficient livers are significantly lower in number and smaller in size. Data are from five liver sections of each of the 10 wild-type mice and 13 bid-deficient
mice and shown as mean � SE The P values are based on Student’s t-test.
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Results

Development of DEN-Induced Microfoci and
Large Tumor Lesions Were Impeded in bid-
Deficient Livers

We used a commonly used neonatal DEN-induced hepa-
tocarcinogenesis model,2 in which a single dose of 15
mg/kg DEN was intraperitoneally injected into 15-day-old
wild-type and bid �/� mice. The mice were sacrificed 4,
8, or 10–12 months later. DEN-induced microfoci could
be readily observed under light microscope in wild-type
liver by 4 months (Figure 1A). The most common foci
were basophilic cell type, followed by clear cell type and
the mixed type containing both types of cells, as previ-
ously described.22 Eosinophilic cell type was rare, but
could be observed (Figure 1A). These foci were glucose-
6-phosphatase (G-6-P) negative (data not shown), con-
sistent with previous report.22,23 Both basophilic and
clear cell type foci were observed in bid-deficient livers
and were not apparently different from those in the wild-
type mice. However, there were significant differences in
the number of foci and the size of foci between the two
types of mice (Figure 1B). Intriguingly, there were much
fewer foci found in the bid �/� livers and the foci were
also much smaller. Thus the percentage of areas affected
by the lesions was much smaller in the bid-deficient livers
(Figure 1B). These data indicate that in the bid-deficient
livers the microfoci development was impeded.

Like the microfoci development, the gross tumor de-
velopment in the wild-type mice seemed to be also more
advanced. The relative liver weight versus body weight in
treated wild-type mice was always larger than that of
treated bid-deficient mice, which was most prominent by
10 to 12 months post-DEN treatment (Figure 2A), sug-
gesting that the overall tumor burden was larger in wild-
type mice. However, a more detailed analysis of the size
distribution of gross lesions suggested a more compli-
cated pattern of tumor development in these mice (Figure
2B).

Grossly observed liver lesions (white spots or bigger
lesions) could be detected in 10 of 13 wild-type mice and
in 11 of 13 bid-deficient mice by 8 months and in all mice
(n � 17–20) by 10 to 12 months after DEN treatment. The
number of lesions and the size of the lesion were variable
among the mice. However, it seemed that lesions in the
bid-deficient livers tended to be smaller and there were
more large lesions (�5.0 mm) in the wild-type livers
(25.8% vs. 14.7% in bid-deficient livers), although the
total number of lesions was not significantly different
between the two types of mice (Figure 2B). The size of the
tumor was represented by the largest diameter across
the observable area.24 For tumors that could be individ-
ually measured, the average largest diameter of the tu-
mors was 3.7 � 3.5 mm (n � 89 from 14 mice) in the
wild-type livers and 2.5 � 2.3 mm (n � 95 from 14 mice)
in the bid-null livers, which was statistically significant
(P � 0.007 by Student’s t-test). Furthermore, by 10 to 12
months, about 43% wild-type mice had tumors all over
the liver, which could not be counted as individual ones,

whereas only 25% bid-deficient mice had tumors at this
stage. These data were consistent with the microfoci
development at the early stage in the two types of mice
and suggested that tumor development in the absence of

Figure 2. Reduced gross tumor development in DEN-treated bid-deficient
livers. A: Liver weight in percentage of body weight. Livers of male DEN-
treated and age-matched control wild-type and bid-deficient mice were
weighted at different times after DEN administration. The ratios of the liver to
body weight were determined and plotted as the percentage (open dia-
mond, DEN-treated wild-type mice; closed diamond, DEN-treated bid-
deficient mice; open triangle, untreated wild-type mice; closed triangle,
untreated bid-deficient mice). Data are means � SD from 4 to 13 mice per
group. P values are obtained from Student’s t-test (treated wild-type versus
treated bid-null). B: Size distribution of gross lesions. Gross lesions were
countered and their sizes were measured in DEN-treated wild-type (open
bar) and bid-deficient (closed bar) livers. The lesions are categorized to
four different size groups based on the largest diameters and the average
number of lesions per mouse in each size group is shown. Data are obtained
from 17 to 20 mice of each genotype treated with DEN for 8–12 months.
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Bid was delayed, rather than accelerated as it might be
expected from the loss of the pro-apoptosis function.

All mice developed histological changes by 8 months
after treatment, even gross lesions might not be ob-
served. These changes were much more extensive than
those in the 4-month livers, which were focal and limited,
and were essentially as described previously.22,24,25 He-
patocyte dysplasia was apparent with increased nuclear/
cytoplasm ratio, pleomorphism, vacuolization and clear
cell change. Hepatocellular carcinomas were present
with the typical trabecular structure containing more than
three layers of cells. In general, while variations existed,
there were no apparent differences in the histological
changes between the wild-type and bid-deficient livers
(data not shown).

Reduced Proliferation and Cell Death in bid-
Deficient Livers during DEN-Induced
Carcinogenesis

The impeded development of microfoci and tumor le-
sions in bid-deficient livers could not be simply explained
by the known pro-apoptosis function of Bid. We thus
examined cell proliferation in the DEN-treated livers.

Enhanced hepatocyte proliferation could be observed
soon after DEN administration. We examined the BrdU
labeling in wild-type and bid-deficient mice at 3 days and
10 days after the DEN administration (Figure 3). Hepato-
cyte proliferation was evident at this young age, but an
apparent increase in proliferation could be observed 10
days after the DEN treatment in wild-type livers. However,
such an increase was not observed in bid-deficient livers,
suggesting that bid deficiency led to a suppression of
such a reaction in hepatocyte proliferation.

Examination of BrdU incorporation in mice treated with
DEN for 4 months indicated that there were significantly
fewer proliferating cells in the bid-deficient livers (Figure
4A). By 8 months, larger lesions were developed in both
wild-type and bid-deficient livers. BrdU incorporation
within the lesions was still lower in the bid-deficient livers
but not significantly (Figure 4A). However, BrdU labeling
outside the lesions remained to be significantly lower in
the bid-deficient liver, which might represent proliferation
of those initiated cells that were still at their early phase of
expansion (a situation similar to the 4-month livers).
These data suggest that there was a proliferation defect
in the bid-deficient livers, which was prominently present
in the early phase of tumor development, but less so at
the advanced stage, when other pro-growth oncogenes
might be actively involved.

As a pro-death molecule, Bid was anticipated to neg-
atively regulate tumor development, particularly at the
later stage when apoptosis rate could constitute an im-
portant factor determining tumor expansion. We exam-
ined the status of cell death in DEN-treated livers by
TUNEL staining. Indeed, cell death in bid-deficient livers
was significantly lower at both 4 and 8 months after DEN
treatment (Figure 4B). This suggests that Bid did partic-
ipate in the cell death process. The contribution of this
Bid function to DEN-induced tumor development might

be more significant at the later stage (�8 months), as the
difference in cell proliferation between the wild-type and
bid-deficient livers became smaller by that time (Figure
4A). However, overall, the pro-proliferation function of Bid
seemed to outweigh its pro-death function in determining the
expansion of DEN-induced tumors in the mice (Figure 2).

Figure 3. Reduced cell proliferation in bid-deficient livers soon after DEN
administration. A: Fifteen-day-old wild-type mice (open bar) were treated
with DEN. Three and 10 days later, these mice and their non-treated age-
matched littermates (gray bar) were injected with BrdU and sacrificed. BrdU
incorporation in the liver was determined by anti-BrdU immunohistochem-
ical staining and BrdU positive cells were counted in high power fields
(�200). At least five fields were counted for each of the three mice in each
group. B: DEN-treated 15-day-old bid-deficient mice (closed bar) and their
non-treated age-matched littermates (gray bar) were analyzed in the same
way as the wild-type mice. C: Comparison of BrdU incorporation in wild-
type (open bar) and bid-deficient (closed bar) mouse livers at 3 days and
10 days after DEN treatment. Significant increase of BrdU incorporation could
be detected in treated wild-type livers by day 10 (A) but not in bid-deficient
(B) livers and the difference between the treated wild-type and bid-null mice
are significant (C). The P values are based on Student’s t-test.
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Bid Possesses an Intrinsic Activity in Regulating
Cell Cycle Progression

The reduced BrdU labeling in DEN-treated bid-deficient
livers might be due to the endogenous difference in the
capability of proliferation between wild-type and bid-de-
ficient cells. To examine this hypothesis, we determined
the effects of Bid on cell proliferation in conditions other
than tumorigenesis.

We first compared the regenerative hepatocyte prolif-
eration induced by two-thirds partial hepatectomy (PH) in
wild-type and bid-deficient mice. The physical removal of
a large portion of liver should provide the same strength
of growth stimulation to the regenerative proliferation of
the remaining hepatocytes, thus eliminating the potential
impact of Bid on cell death and allowing an independent
assessment of its ability to regulate cell proliferation. The
mainly synchronous regenerative proliferation would also

facilitate the determination of the role of Bid in cell cycle
progression.

We found that wild-type livers began to show signifi-
cant DNA synthesis around 36 hours after PH based on
BrdU incorporation, suggesting the entry of the quiescent
hepatocytes into the S phase (Figure 5A). However bid-
deficient hepatocytes did not show obvious DNA synthe-
sis until 40 hours later, which suggested a delay in S
phase transition. The percentage of BrdU positive cells
remained relatively low in bid-deficient livers after 40
hours, consistent with the notion that fewer bid-deficient
cells entered into S phase during this period of time.

G1-S phase transition is driven by many factors, par-
ticularly by cyclin D/CDK4/6, and by cyclin E/CDK2.26

Previous work on the similar effects of Bcl-2 overexpres-
sion on hepatocyte proliferation had found alterations in
the kinetics of cyclin E expression, but not in cyclin D
expression.14 We therefore examined the kinetics of cy-

Figure 4. Reduced cell proliferation and cell death in long-term DEN-treated bid-deficient livers. A: Wild-type (open bar) and bid-deficient (closed bar) mice
treated with DEN for 4 or 8 months were sacrificed following BrdU labeling. BrdU incorporation in the liver was determined by anti-BrdU immunohistochemical
staining and BrdU positive cells were counted in high power fields (�200). The BrdU positive cells in 8-month livers were further grouped into those inside and
those outside histological lesions. At least five fields were counted for each liver section and 10–13 mice were included in each group. Data are presented as
mean � SE and the P value are based on Student’s t-test. B: Representative figures of BrdU positive cells (brown) outside (a, b) and inside (c, d) of the lesions
in wild-type (a, c) and bid-deficient (b, d) livers 8 months after DEN treatment. C: Wild-type (open bar) and bid-deficient (closed bar) mice treated with DEN
for 4 or 8 months were sacrificed. Cell death in the liver was determined by TUNEL and TUNEL positive cells were counted in high power fields (�200). The
positive cells in 8-month livers were further grouped into those inside and those outside histological lesions. At least five fields were counted for each liver section
and 10 to 13 mice were included in each group. Data are presented as means � SE and the P values are based on Student’s t-test. D: Representative figures of
TUNEL positive cells (arrows) outside (a, b) and inside (c, d) of the lesions in wild-type (a, c) and bid-deficient (b, d) livers 8 months after DEN treatment.
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clin D1 and cyclin E expression by immunoblot analysis
in wild-type and bid-deficient livers. We found that cyclin
D1 expression was increased in both wild-type and bid-
deficient livers following PH, but there were no apparent
differences in the expression levels (Figure 5B). In con-
trast, cyclin E expression in the bid-deficient livers was
reduced in amount and delayed in both first appearance
and peak time (Figure 5C). Cyclin E could be detected in
the wild-type regenerating livers at 28 hours after PH and
its level peaked around 45 hours. It became observable
in the bid-deficient regenerative livers at 32 hours with a
peak at 50 hours after PH. These results were consistent
with the BrdU labeling analysis (Figure 5A) and sug-
gested that deficits in cyclin E expression contributed to
the reduced proliferation in bid-null livers. It did not seem
that the delayed expression of cyclin E was due to a
higher p27Kip1 expression in the bid-deficient livers, as
the expression level of p27Kip1 in both normal livers and
regenerating livers were compatible in the two types of
mice (Figure 5B). Taken together, these data indicate that
Bid does have an endogenous function in regulating cell
proliferation.

To further evaluate this novel function of Bid, we took a
second approach examining the proliferative response of
T lymphocytes to mitogenic stimulation. Resting splenic T
cells were isolated and stimulated with anti-mouse CD3
antibodies. Flow cytometry analysis indicated that bid-
deficient T cells were slower in entering S phase in re-
sponse to anti-CD3 stimulation and the numbers of pro-
liferating cells were always lower in the bid-deficient
population than in the wild-type population (Figure 6A).
Cell size changes as cells enter into S phase. Corre-
spondingly, wild-type T cells enlarged more quickly than
bid-deficient T cells (Figure 6B).

These data clearly indicate that the regulation of cell
proliferation by Bid is intrinsically inherited and is global,
regardless of cell type (hepatocytes or lymphocytes) and
stimulation (DEN, PH or anti-CD3). This function of Bid

Figure 5. Regulation of regenerative hepatocyte proliferation by Bid. A:
Wild-type (open bar) and bid-deficient (closed bar) mice were subjected to
two-thirds partial hepatectomy. Mice were then sacrificed at designated time
points after 2 hours of BrdU labeling. BrdU positive hepatocytes were
counted and expressed as the percentage of total hepatocytes. At least 500
positive cells were counted. B: Liver lysates from mice treated as in A were
separated on SDS-PAGE, followed by immunoblot analysis using antibodies
against p27Kip1, cyclin D1 or �-actin. C: Liver lysates from mice treated as in
A were separated on SDS-PAGE, followed by immunoblot analysis using an
anti-cyclin E antibody (upper panel). Asterisks indicate a nonspecific
cross-reactive band, which serves as a surrogate loading control. The lower
panel shows densitometric analysis of the cyclin E bands and the surrogate
loading control bands. Results were expressed as the relative cyclin E density in
percentage of that of the loading control. Cyclin E expression was reduced and
delayed in the bid-null regenerating livers. All data are representative of three or
four experiments performed with three or four mice at each time point.

Figure 6. Delayed cell cycle progression in stimulated bid-deficient T cells.
A: Splenic T cells from wild-type (open diamond) and bid-deficient
(closed diamond) were stimulated with anti-CD3 antibodies for different
times as indicated and then analyzed by flow cytometry for the DNA profiles.
The percentage of S and G2/M T cells were plotted. There were less prolif-
erating bid-deficient T cells at all time points. B: The relative cell size as
determined by forward scatter analysis was also smaller for anti-CD3-stimu-
lated bid-deficient cells (closed diamond) than wild-type cells (open dia-
mond). All data are representative of three experiments performed with
three or four mice at each time point.
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can affect tumor development as shown in the DEN-
induced hepatic carcinogenesis.

Discussion

Hepatic carcinogenesis is a complicated process and
despite numerous efforts the early molecular events are
still largely unknown. DEN is a commonly used liver car-
cinogen and causes DNA ethylation, which can thus
induce mutations in genes key to oncogenesis. The early
step of DEN-induced carcinogenesis would include the
expansion of the mutated cells (the initiated cells), which
would be critically affected by the proliferation capability
of these cells. Susceptibility of mice to DEN-induced liver
carcinogenesis varies between neonatal and adult mice
and among different strains, which has been attributed to
the variations in the proliferation capability of the hepa-
tocytes.7,8 These studies indicate the importance of var-
ious genetic factors that contribute to hepatocyte prolif-
eration in liver tumor development. We have now
demonstrated that Bid is one such gene based on a
loss-of-function mouse model.

Bid is normally expressed in the mouse liver,15,16 but it
had not been recognized to be able to function in cell
proliferation. In contrast, it has been identified as a pro-
apoptosis molecule of the Bcl-2 family, whose functions
are better known to regulate apoptosis. Nevertheless,
several Bcl-2 family proteins have been recently shown to
regulate cell proliferation.9 Early studies on T cell activa-
tion found that T cells from bcl-2 transgenic mice prolif-
erated more slowly than the wild-type cells,21,27,28

whereas T cells from bcl-2-deficient mice moved into cell
cycle more rapidly than the wild-type cells.21 The anti-
proliferation effects of Bcl-2 could be also observed in
re-entry of serum-deprived cells into cell cycle in
vitro27–29 and in entry of quiescent hepatocytes into cell
cycle after partial hepatectomy.14 Conversely, the pro-
death molecules, Bad30,31 and Bax32 could promote cell
proliferation and antagonize the effects of Bcl-228,2933 or
Bcl-xL.30,34 We have found that the ability of the pro-
death molecule Bid to promote proliferation is intrinsic to
the cell, regardless of cell type and simulation. We have
documented the effect of Bid on hepatocyte proliferation
induced by DEN or partial hepatectomy and on T lym-
phocyte proliferation induced by anti-CD3 antibodies.
Thus Bcl-2 family proteins with opposing functions in
regulating cell death seem to have also opposing func-
tions in regulating cell proliferation.

How Bcl-2 family proteins regulate cellular proliferation
is not as clear as their regulation of apoptosis. However,
it seems that at least some of the biochemical activities of
the Bcl-2 family proteins may be shared in the regulation
of both apoptosis and proliferation, since all important
structural features required for apoptosis regulation are
also required for proliferation regulation.33,34 Thus it
seems which function will be manifested would be de-
pendent on whether the cells are stimulated with a death
signal or a proliferation signal. The effect of Bcl-2 family
proteins in cell proliferation is most prominent in the entry
of quiescent cells14,21,27,28,31,33 (Figure 6) or the re-entry

of growth arrested cells into the cycle,27–30,34 although
effects on continuously cycling cells were also report-
ed.29 Thus the Bcl-2 family proteins could regulate the
transition into S phase. In non-hepatocytes, overexpres-
sion of Bcl-2 or Bcl-xL induced a prolonged presence of
G0 markers following mitogenic stimulations, such as
smaller cell size, lower RNA content, and higher p27Kip1

expression,21,33–36 and a delayed appearance of G1

markers, such as the phosphorylation of Rb27 and CDK2
activation.27,36,37 In hepatocytes, overexpression of Bcl-2
did not affect significantly the kinetics of cyclin D expres-
sion, but did delay the expression of cyclins E and A, and
CDK2 activity following PH.14 How these events are af-
fected by the Bcl-2 family proteins is not known. How-
ever, our analysis of bid-deficient hepatocytes following
PH was in agreement with these observations, showing
delayed and reduced cyclin E expression but normal
cyclin D1 expression in bid-deficient livers. Interestingly,
expression of p27Kip1 in both normal livers and regener-
ating livers showed overall no apparent differences be-
tween the two types of mice. Thus future endeavor will be
devoted to the understanding of how exactly Bcl-2 family
proteins regulate the S phase transition, which may be
influenced by specific cell type and the context of growth
stimulation.

How do the Bcl-2 family proteins regulate tumorigene-
sis while possessing two functions that seem to have
conflicting effects on tumor development? In the current
study, it seems that the effect of Bid on DEN-induced liver
carcinogenesis is more correlated with its regulation on
cell proliferation. Our data indicated that DEN-induced
liver carcinogenesis was delayed and reduced in the
absence of Bid, rather than being promoted as it would
be expected based on its orthodox pro-death function.
The development of both microfoci at the early stage and
the grossly observable tumors at the later stage was
greatly delayed in bid-deficient mice, suggesting that
expansion of the tumorigenic cells was hindered in the
absence of Bid. This notion is supported by the finding
that bid-deficient livers displayed significantly reduced
proliferation capability following DEN treatment.

We noted that the effect of Bid on cell death was still
present. The bid-deficient livers still manifested less cell
death following DEN treatment, particularly at the later
stage (�8 months), when apoptosis could be a more
influencing factor for tumor expansion. It is likely that the
pro-death function of Bid still plays a role in DEN-induced
tumor development, but this effect seems to be out-
weighted by the more prominent pro-proliferation func-
tion of Bid at the early stage of tumor initiation.

Results from studies using gene overexpression mod-
els, while less physiologically relevant, are largely con-
sistent with those based on the bid-deletion model. Over-
expression of Bcl-2 in the liver, which does not normally
express this molecule,14 did not by itself lead to tumor
formation but did delay tumor development induced by
DEN,10 or by overexpression of c-myc,12 SV40-T-Ag,12 or
TGF-�.11 In these cases, the antiproliferative effects of
Bcl-2 were clearly documented and seemed to out-
weight its anti-apoptosis function in tumor develop-
ment.14 However, it was concerned that Bcl-2 was not
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normally expressed in the liver and therefore the overex-
pression results might not be relevant to its normal role in
regulating tumorigenesis. Our studies with the bid-dele-
tion model now firmly indicate that the function of the
Bcl-2 family proteins in cell proliferation regulation does
seem to be important to tumorigenesis. Moreover, we did
not observe any histological alterations in tumors devel-
oped in bid-deficient livers, suggesting that it is likely the
progression of tumors rather than the alteration of tumor
profile that is affected by the function of Bcl-2 family
proteins in DEN-induced liver carcinogenesis.

It seems that the overall negative effect of Bid defi-
ciency (this study) and Bcl-2 overexpression10–12 on tu-
mor development may be liver-specific. In fact, bid defi-
ciency by itself led to an increased incidence of chronic
myelomonocytic leukemia in aged mice.19 This is similar
to bad deficiency in which aged mice developed more
frequently lymphoid tumors either spontaneously or in
response to sublethal �-irradiation.38 In addition, while
loss of Bax led to few spontaneous tumors, it enhanced
tumor development induced by SV40 T antigen in brain
choroid plexus39 and by c-myc in B cells.40 Similarly, loss
of Bim did not lead to increased tumor incidence, but
could collaborate with c-myc to promote B cell leuke-
mia.41 On the other hand, overexpression of the anti-
death members, Bcl-2 or Bcl-xL, clearly promoted tumor
development in the lymphoid cells,42–45 in the myeloid
cells46 and in the pancreatic � cells.47,48 It seems that in
all these settings, the Bcl-2 family proteins affect tumor-
igenesis mainly via their regulation on apoptosis with the
result of overexpression of Bcl-2 being equivalent to the
loss of p53.40,41,45,47,48

The effect of Bcl-2 family proteins on mammary tumors
seems to be varied with the oncogenic stimulations. Loss
of one copy of Bax seemed sufficient to enhance tumor
development induced by SV40 T antigen in mammary
epithelium.49 Similarly, overexpression of Bcl-2 in combi-
nation of c-myc overexpression also promoted mammary
tumor development.50 However, when the tumor was in-
duced by the carcinogen, dimethylbenz(a)anthracene,
overexpressed Bcl-2 actually led to tumor development
at a much slow pace than that in the non-transgenic mice
and significantly inhibited cell proliferation.51

What may determine such a tissue or etiology specific
effect of the Bcl-2 family proteins on tumorigenesis is not
clear. We speculate that the control and regulation of
cellular proliferation and apoptosis could be different in a
tissue specific way, eg, due to the expression variations
of relevant molecules. Thus the relative importance of the
two functions of the Bcl-2 family proteins to tumorigenesis
would depend on the actual cellular environment and
specific tumor induction regime. In the case of liver tu-
morigenesis, cell proliferation might be more severely
affected by the Bcl-2 family proteins than in other cases.
Future experiments would be directed to test these
hypotheses.

In conclusion, using a loss-of-function genetic model,
we demonstrated convincingly for the first time that a
pro-death Bcl-2 family protein could have a significant
role in the natural history of hepatocellular carcinomas
induced by a chemical carcinogen. We have discovered

a novel function of Bid in regulating cell proliferation,
which seems to be more important than its pro-death
function in affecting liver tumor development. In contrast
to its tumor-promoting effect in the myeloid cell lineage,
loss of Bid in the hepatocytes impeded tumorigenesis. No-
tably, previous studies with enforced overexpression of
Bcl-2 in hepatocytes, although arguably being artificial to
some extent, came with largely consistent results10–12,14.
Together, these studies suggest that the impact of the
Bcl-2 family proteins on oncogenesis would be affected
not only by their regulation on cell death, but also by their
regulation on cell proliferation. We further suggest that
there is a tissue-specific and/or etiology-specific choice
for which of the two functions would be more critical in
determining the ultimate fate of the tumor development in
a particular setting.
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