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from apoptosis, and antagonizes
the proapoptotic actions of p53
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Liver is generally refractory to apoptosis induced by the p53 tumor suppressor protein, but the molecular basis
remains poorly understood. Here we show that p53 transcriptional activation leads to enhanced expression of
hepatic IGFBP1 (insulin-like growth factor-binding protein-1). Exhibiting a previously unanticipated role, a
portion of intracellular IGFBP1 protein localizes to mitochondria where it binds to the proapoptotic protein
BAK and hinders BAK activation and apoptosis induction. Interestingly, in many cells and tissues p53 also has
a direct apoptotic function at mitochondria that includes BAK binding and activation. When IGFBP1 is in a
complex with BAK, formation of a proapoptotic p53/BAK complex and apoptosis induction are impaired, both
in cultured cells and in liver. In contrast, livers of IGFBP1-deficient mice exhibit spontaneous apoptosis that
is accompanied by p53 mitochondrial accumulation and evidence of BAK oligomerization. These data support
the importance of BAK as a mediator of p53’s mitochondrial function. The results also identify IGFBP1 as a
negative regulator of the BAK-dependent pathway of apoptosis, whose expression integrates the transcriptional
and mitochondrial functions of the p53 tumor suppressor protein.
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The mammalian p53 tumor suppressor protein serves as
a critical coordinator of cellular responses to a wide va-
riety of intrinsic and external stress signals (Oren 2003;
Levine et al. 2006; Vousden and Lane 2007). The loss of
p53 function contributes to the development and pro-
gression of many forms of cancer and, although less well
understood, can also lead to pathologies in normal tis-
sues. In response to any number of stresses, such as DNA
damage, inadequate growth factor levels, or oncogene ac-
tivation, the normally short-lived p53 protein is post-
translationally stabilized. This functionally engaged p53
protein then activates multiple signaling pathways, in-
cluding those that can be growth inhibitory, proapo-
ptotic, or even prosurvival. The actual cellular response
that occurs is influenced by a number of factors. Among
these are the cell type, the nature and degree of the ac-
tivating signal, and whether the cells are normal or
transformed. However, identifying the key elements that

define a particular p53-mediated stress response out-
come remains a central, yet unresolved, question in the
field. This issue is of practical importance, with direct
implications for understanding normal physiologic
events as well as for disease management in pathophysi-
ologic settings.

The p53 protein is best characterized as a nuclear tran-
scription factor, with the ability to positively or nega-
tively modulate the expression of a variety of target
genes, including some that are proapoptotic and others
that promote survival (Laptenko and Prives 2006; Vous-
den and Lane 2007). In addition, however, data have ac-
cumulated that p53 also has a transcription-independent
function in apoptosis induction (Caelles et al. 1994;
Haupt et al. 1995; Chen et al. 1996; Ljungman et al. 1999;
Chipuk et al. 2003; Speidel et al. 2006) with a direct
apoptotic role at mitochondria (Marchenko et al. 2000;
Dumont et al. 2003; Mihara et al. 2003; Chipuk et al.
2004; Leu et al. 2004; Arima et al. 2005; Strom et al.
2006). It is now well documented, for example, that dur-
ing a p53-dependent apoptotic response, a fraction of cel-
lular p53 protein rapidly translocates to mitochondria
(Marchenko et al. 2000; Dumont et al. 2003; Mihara et
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al. 2003; Arima et al. 2005). Such p53 mitochondrial lo-
calization is not observed during p53-mediated cell cycle
arrest, nor during p53-independent apoptosis. Additional
evidence supporting p53’s mitochondrial role is the ob-
servation that specifically targeting p53 to these cyto-
plasmic organelles, in the absence of detectable nuclear
function, can induce a rapid apoptotic response in cells
(Marchenko et al. 2000; Dumont et al. 2003; Mihara et
al. 2003). Also, a study of a common polymorphism of
p53 revealed that differences in apoptotic potential ex-
hibited by two codon 72 variants correlate with their
relative abilities to accumulate at mitochondria (Du-
mont et al. 2003). Interestingly, inhibition of RNA poly-
merase II-dependent transcription, which prevents p53-
mediated gene regulation, still induces a p53-dependent
apoptotic response that correlates with p53 mitochon-
drial localization (Arima et al. 2005). Accumulating data
of this kind underscore the need to better understand the
regulation, and contribution, of p53’s mitochondrial
pathway to its cellular apoptotic functions, as well as to
define how the transcriptional and nontranscriptional
activities of p53 may be integrated to mediate the differ-
ent p53-induced signaling events that occur in various
cell types.

Although some mammalian cells and tissues, such as
thymus and spleen, are very sensitive to p53-mediated
apoptosis as a response to genotoxic stress, many others,
including liver, tend to be much more resistant (Rubin
and Casarett 1968; Gudkov and Komarova 2003; Ring-
shausen et al. 2006). In fact, p53 activation in isolated
liver hepatocytes normally triggers cell cycle arrest
(Ringshausen et al. 2006), while a cellular senescence-
like program is the outcome in some murine liver carci-
nomas (Xue et al. 2007). Similarly, in one recent study of
mice subjected to DNA damage, evidence of apoptosis in
some tissues correlated positively with the accumula-
tion of p53 at mitochondria; however, neither apoptosis
nor mitochondrial p53 were detected in liver (Erster et al.
2004). It seems likely, therefore, that the mitochondrial
role of p53 is regulated, context dependent, and modu-
lated by the actions and/or abundance of yet-to-be-de-
fined critical apoptosis regulators.

The extranuclear activities of p53 have been reported
to involve its physical and/or functional interactions
with certain members of the BCL2 protein family, in-
cluding BAX, BAK, MCL1, BCL-xL, and BAD (Mihara et
al. 2003; Chipuk et al. 2004, 2005; Leu et al. 2004; Jiang
et al. 2006). In previous work employing affinity chro-
matography/mass spectrometry protocols, we identified
BAK as a p53-interacting partner at mitochondria (Leu et
al. 2004), a finding subsequently confirmed by others
(Lomonosova et al. 2005; Moll et al. 2006; Pietsch et al.
2007; Sot et al. 2007). BAK is an integral outer mitochon-
drial membrane protein and a key cell death initiator
(Griffiths et al. 1999; Wei et al. 2000; Sundararajan et al.
2001; Cuconati et al. 2003; Nijhawan et al. 2003; Gelinas
and White 2005; Adams and Cory 2007). Commitment
to apoptosis involves an activating conformational
change in BAK, leading to formation of higher-order BAK
multimers, mitochondrial membrane permeabilization,

and the release of proapoptotic factors such as cyto-
chrome c into the cytoplasm. The p53 protein can di-
rectly promote these mitochondrial alterations: Incuba-
tion of purified mitochondria with recombinant p53 pro-
tein results in BAK oligomerization and the release of
cytochrome c from these organelles (Mihara et al. 2003;
Leu et al. 2004). This p53-mediated cytochrome c release
is dependent on the presence of BAK, since it fails to
occur in BAK-deficient mitochondria (Leu et al. 2004).
These data suggest that an interaction with BAK is an
important component of p53’s role at mitochondria.

In healthy cells, the proapoptotic function of BAK
likely is held in check by interactions with prosurvival
proteins, particularly certain anti-apoptotic members of
the BCL2 family of proteins such as BCL-xL and MCL1
(Cuconati et al. 2003; Leu et al. 2004; Gelinas and White
2005; Willis et al. 2005, 2007; Shimazu et al. 2007). In-
deed, overexpression of the BCL-xL protein is a common
feature of many types of cancer, and correlates with en-
hanced resistance to death from chemotherapy or radia-
tion treatment (Amundson et al. 2000). In light of all of
these observations, we considered the possibility that
hepatic cells may express one or more BAK-binding fac-
tors that can interfere with the mitochondrial role of
p53. In a test of that hypothesis, we identified the liver
factor IGFBP1 (insulin-like growth factor-binding pro-
tein-1) as a novel BAK-binding protein whose expression
is induced following p53 activation. In turn, this activity
of IGFBP1 antagonizes the mitochondrial p53 program
and inhibits apoptosis.

Results

IGFBP1 is a BAK-binding protein up-regulated
in response to p53 activation

Our initial studies on the mitochondrial p53 pathway
included the use of HepG2 human hepatoma cells,
which contain wild-type p53. We determined that these
cells generally exhibit greater resistance to apoptosis in-
duction by p53-activating agents than do many other cell
types, although they exhibit no obvious defect in p53’s
transcriptional regulatory activities. As detailed below,
we determined that apoptosis induction in these cells
can be promoted by conditions that inhibit transcription
and promote p53’s mitochondrial functions. Conse-
quently, we investigated whether the mitochondrial p53
pathway in these cells might be antagonized by the pres-
ence of a p53-induced BAK-binding survival protein. In a
test of this idea, we affinity-purified BAK-interacting
proteins in HepG2 cells both before and after treatment
with Nutlin-3. Nutlin-3 is a small molecule that binds to
the E3 ubiquitin ligase, MDM2, which is a critical nega-
tive regulator of p53. Nutlin-3 inhibits the interaction
between these proteins, and leads to an increase in p53
abundance and activity in a nongenotoxic manner (Vas-
silev et al. 2004). Among the potential BAK-binding pro-
teins eluted following p53 activation, we focused on a
prominent species with a relative molecular mass of ∼30
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kDa (Fig. 1A). Liquid chromatography–tandem mass
spectrometry analysis of this band identified eight tryp-
tic peptides derived from the human IGFBP1. While
IGFBP1 levels increased following p53 activation of the
HepG2 cells, there was no change in the relative abun-
dance of the anti-apoptotic BCL2 family proteins MCL1
or BCL-xL (Fig. 1B). Using immunoprecipitation (IP)-
Western blot analysis, we confirmed that endogenous
BAK forms a complex with endogenous IGFBP1 (Fig. 1C).
The specificity of the interaction between these proteins
also was supported by in vitro binding assays (Supple-
mentary Fig. S1A,B). Additionally, IGFBP1 colocalized
and cofractionated with BAK, based on immunofluores-
cence (Fig. 1D) and subcellular fractionation analyses
(Supplementary Fig. S1C), respectively.

The elevated expression of IGFBP1 in HepG2 cells fol-
lowing Nutlin-3 treatment suggested that the IGFBP1
gene may be a transcriptional target of p53 in hepatic
cells. Moreover, the pattern of IGFBP1 up-regulation oc-
curred with kinetics similar to that of established p53
direct targets, such as the activated genes mdm2, p21/
waf1/cdkn1a, and puma-�, as well as the repressed gene
survivin (Fig. 1E). Additionally, we only noted induction
of IGFBP1 mRNA and protein expression in HepG2, but
not in Huh7 hepatoma cells with mutated p53 (Fig. 1F) or
in the p53-null Hep3B hepatoma cell line (data not
shown). IGFBP1 induction also is impaired in HepG2
cells stably expressing human papillomavirus E6 protein
(HPV16), which mediates p53 degradation (Fig. 1G). In
addition to Nutlin-3, other agents that activate p53, such
as the chemotherapeutic drugs cisplatin (cis-diam-
minedichloroplatinum II) and doxorubicin (adriamycin),

also enhance IGFBP1 abundance in HepG2 cells (Supple-
mentary Fig. S2A). Together, these results provide evi-
dence that IGFBP1 RNA and protein expression are up-
regulated in response to p53 transcriptional activation.
However, it remains to be determined whether the
IGFBP1 gene is a direct p53 target or whether its expres-
sion is activated indirectly in response to p53 actions.
Also, since IGFBP1 is known to be up-regulated in re-
sponse to a wide variety of cell stresses and physiologic
conditions (Lee et al. 1997), it is very likely that its ex-
pression is regulated in both a p53-dependent and p53-
independent fashion.

The discovery that IGFBP1 targets to mitochondria
and forms a complex with BAK was intriguing for a num-
ber of reasons. First, IGFBP1 is an early-response hepatic
factor that is rapidly induced in both humans and ro-
dents following a number of stress-related events, in-
cluding infection, surgical resection, toxic damage, and
fasting (Lee et al. 1997; Leu et al. 2001, 2003a,b; Scharf et
al. 2004; White et al. 2005). IGFBP1 is one of six mem-
bers of a family of serum proteins best characterized by
their ability to bind to and modulate the bioavailability
of circulating insulin-like growth factors (IGFs). How-
ever, many recent studies have documented that these
IGFBP proteins also have important intracellular func-
tions that are independent of, and unrelated to, their se-
cretion and interactions with the IGFs (Lee et al. 1997;
Duan and Xu 2005). One such example is provided by
IGFBP3, a widely expressed protein that inhibits growth
or promotes apoptosis in several ways, and has IGF-in-
dependent functions in the nucleus and cytoplasm (Firth
and Baxter 2002; Cohen 2006). Unlike IGFBP3, IGFBP1 is

Figure 1. IGFBP1 is a p53-induced BAK-binding
protein. (A) Whole-cell extracts (WCE) prepared from
HepG2 cells before or after 10 µM Nutlin-3 treat-
ment were immunoprecipitated using an anti-BAK
antibody. The excised band of ∼30 kDa shown in the
Coomassie gel contained the following IGFBP1 pep-
tide sequences (**): IPGSPEIR, NGFYHSR, ALHVTNIK,
ALHVTNIKK, RIPGSPEIR, AQETSGEEISK,
IELYRVVESLAK, and ALPGEQQPLHALTR. (B)
Western blot analysis shows induction of IGFBP1
protein, but not BCL-xL or MCL1, in Nutlin-3-
treated HepG2 cells. (C) IP-Western blot (WB) analy-
sis of WCE from Nutlin-3-treated HepG2 cells shows
that BAK interacts with IGFBP1, but not p53. (D)
HepG2 cells were examined using immunofluores-
cent microscopy for IGFBP1 protein (red) and BAK
protein (green). The merged image provides evidence
of colocalization of these proteins (yellow). Bars, 20
µm. (E) HepG2 cells were treated with 10 µM Nut-
lin-3 for the indicated times, protein extracts were
prepared, and Western blot analysis was used to de-
termine expression of the proteins indicated. (F) Nut-
lin-3-treated HepG2 (wild-type p53) or Huh7 (mutant
p53) hepatoma cells were examined for the proteins
or RNA indicated. (G) Western blots of protein ex-
tracts prepared following Nutlin-3 treatment of the
parental HepG2 cells and two independent clones
(E6-1 and E6-2) that stably express the HPV-E6 pro-
tein.
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expressed in a tissue-restricted manner, having been de-
tected primarily in liver hepatocytes, decidualized endo-
metrium, and at low levels in kidney (Lee et al. 1997;
Duan and Xu 2005). IGF ligands, such as IGF1, bind to
IGF receptors in pathways that regulate cellular prolif-
eration, cell cycle progression, and/or apoptosis. How-
ever, it is important to note that normal adult liver he-
patocytes have negligible levels of IGF-1R receptors, and
the IGFs are thought to have little effect on the normal
growth or metabolism of the liver (Sjögren et al. 1999;
Skrtic et al. 2001). On the contrary, investigations car-
ried out using transgenic and gene knockout animal
models have indicated that IGFBP1 has prosurvival func-
tions within the liver that signal through IGF-indepen-
dent pathways (Leu et al. 2003b; Lu and Archer 2003).
Also, in an initial characterization of IGFBP1-null mice,
the absence of IGFBP1 in livers correlated with enhanced
caspase activation and proteolytic cleavage of caspase
substrates such as MMP-9 and TGF-� following hepatic
insults (Leu et al. 2003b). However, in those earlier stud-
ies, an underlying molecular explanation for such obser-
vations was not available (Leu et al. 2003a,b; Lu and
Archer 2003). The identification of IGFBP1 as a novel
BAK-binding protein now suggests a potential mechanis-
tic basis for its intracellular cytoprotective role.

IGFBP1 expression interferes with apoptosis induction
and p53 mitochondrial accumulation

In evaluating the actions of endogenous IGFBP1 in
modulating apoptosis in the HepG2 cells, we attempted
to use small interfering RNA (siRNA) technology to re-
duce IGFBP1 expression following p53 activation; how-
ever, given the robust IGFBP1 induction, this approach
produced only a modest decrease in IGFBP1 levels (data
not shown). As an alternative strategy, therefore, we
treated the cells with increasing amounts of cisplatin
(3.5–50 µM) and asked whether this would elicit a dose-
dependent inhibition of IGFBP1 that related to HepG2
survival. We chose this approach because, while cis-
platin results in formation of inter- and intrastrand
cross-links that inhibit DNA replication, this drug also
inhibits RNA polymerase II-mediated transcription in a
dose-dependent fashion (Cullinane et al. 1999; Jung and
Lippard 2006). In addition, the use of higher doses of
cisplatin (35–50 µM) has been reported to induce apopto-
sis in hepatoma cell lines such as HepG2 in a manner
that is dependent on the presence of wild-type p53 pro-
tein (Muller et al. 1997; Qin and Ng 2002). Therefore, the
HepG2 cells were treated with several concentrations of
cisplatin, all of which stabilized p53 to comparable lev-
els (Fig. 2A). At the lower doses (3.5–30 µM), cisplatin did
not inhibit transcription, but led to increased expression
of the IGFBP1 and p21 proteins (Fig. 2A). Also, the
IGFBP1 protein colocalized (Fig. 2B; Supplementary Fig.
S2B) and coimmunoprecipitated (Fig. 2C,D; Supplemen-
tary Fig. S2C) with BAK; in the presence of IGFBP1, there
was negligible apoptosis (Fig. 2E,F; Supplementary Fig.
S2D). In contrast, at the higher concentrations of cis-
platin (40–50 µM), there was little if any IGFBP1 protein

expressed (Fig. 2A,E; Supplementary Fig. S2A,D). In the
absence of IGFBP1, the p53 protein complexed with BAK
(Fig. 2D; Supplementary Fig. S2C,D); this correlated with
the induction of apoptosis in the HepG2 cells (Fig. 2E,F;
Supplementary Fig. S2A,D). Induction of apoptosis in
these cells was indicated by cleavage of caspase-3 (Fig.
2E; Supplementary Fig. S2D), a major executioner
caspase in the mitochondrial apoptotic pathway, and by
cleavage of PARP (Fig. 2E; Supplementary Fig. S2A,D), a
cellular substrate of activated caspase-3, as well as by
Annexin V staining (Fig. 2F). It is also worth pointing out
that PUMA-�, a crucial mediator of mitochondrial p53
activities in certain cell types (Jeffers et al. 2003; Vil-
lunger et al. 2003; Chipuk et al. 2005), was up-regulated
following the lower (3.5 µM) dose of cisplatin (Fig. 2A;
Supplementary Fig. S2D); yet, in the presence of IGFBP1,
this was not sufficient to induce apoptosis (Fig. 2E,F;
Supplementary Fig. S2D). Previous investigations also
have found that liver hepatocytes and other cell types
can remain refractory to p53-mediated apoptosis despite
a potent induction of PUMA (Ringshausen et al. 2006;
Speidel et al. 2006; Xue et al. 2007). Similar to the results
obtained with cisplatin, doxorubicin also induced apo-
ptosis in the HepG2 cells in a dose-dependent fashion
that negatively correlated with expression of IGBFP1
(Supplementary Fig. S2A,E). Overall, the data revealed
that an interaction between IGFBP1 and BAK at mito-
chondria inversely correlates with the formation of a
p53/BAK complex and apoptosis induction in these cells.

The above findings prompted us to further investigate
the mitochondrial actions of p53 under conditions that
would preclude the up-regulation of IGFBP1 or other po-
tential survival factors. For these studies, we employed
�-amanitin, a specific inhibitor of RNA polymerase II-
mediated transcription. We chose this compound be-
cause previous work has shown that �-amanitin induces
caspase-mediated apoptosis in a manner that is both p53
dependent and correlates with the accumulation of p53
at mitochondria (Arima et al. 2005). Because �-amanitin
is not readily taken up by cultured cells (Ljungman et al.
1999), we carried out these studies over a 24- to 48-h
time period. As expected, the p53 target genes MDM2
and IGFBP1 were not induced in the presence of this
transcription inhibitor, and the abundance of PUMA
clearly decreased (Fig. 2G,H). Consistent with its effects
on other cell lines, �-amanitin induced caspase-mediated
apoptosis in the HepG2 cells, as indicated by the appear-
ance of cleaved forms of caspase-8 and caspase-3, as well
as by the accumulation of Annexin V-positive cells (Fig.
2H,I). Notably, the induction of apoptosis correlated
with p53 mitochondrial localization (Fig. 2J) and its in-
teraction with BAK (Fig. 2K).

These data indicated that in the HepG2 cells, the ap-
optosis induced by high-dose cisplatin, or �-amanitin,
was not dependent on p53-mediated transcription, but
correlated with an active mitochondrial p53 pathway.
Thus, we next tested whether inhibiting the ability of
p53 to localize to mitochondria would provide protec-
tion against the cell death induction. To this end, we
utilized pifithrin-µ (PFT-µ), a recently identified small
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molecule that was reported (Strom et al. 2006) to inhibit
p53-dependent apoptosis by interfering with the ability
of p53 to accumulate at mitochondria; however, this
compound has no discernable effect on p53-dependent
transactivation (see Fig. 3A), or p53-independent apopto-
sis. In the presence of PFT-µ, p53 did not accumulate at
mitochondria following cisplatin treatment of the
HepG2 cells (Fig. 3B), and therefore was not able to in-
teract with BAK (Fig. 3C; Supplementary Fig. S2F).
Concomitantly, PFT-µ markedly suppressed apoptosis
induction by high-dose (50 µM) cisplatin in these cells
(Fig. 3D).

p53’s mitochondrial role is mediated by BAK binding

The above studies reinforced the conclusion that an in-
teraction with mitochondrial BAK is important for p53’s
mitochondrial role in the induction of apoptosis. These
data also raised the question of whether p53, which lacks
obvious mitochondrial targeting domains, would still ac-
cumulate at mitochondria in the absence of BAK bind-
ing. To address this question, we prepared cultures of

primary mouse embryonic fibroblasts (MEF) from mouse
embryonic day 13.5 (E13.5) BAK-null animals and wild-
type controls. Consistent with previous observations
(Ljungman et al. 1999), high-dose cisplatin (50 µM) elic-
ited an apoptotic response in the wild-type MEFs; how-
ever, this cell death response was markedly attenuated
in the BAK-null cells. The difference in apoptosis exhib-
ited by these cells was evident by immunoblot analysis
of cleaved caspase-3 and PARP (Fig. 3E), as well as by
TUNEL assays (Fig. 3F,G). Correspondingly, the apopto-
sis induction in the wild-type MEFs correlated with p53
mitochondrial localization (Fig. 3H) and formation of a
p53/BAK complex (Fig. 3I). In contrast, there was negli-
gible mitochondrial p53 accumulation in the BAK-null
cells (Fig. 3H), despite the mitochondrial presence of the
proapoptotic protein BAX (Fig. 3H). Perhaps because they
are compromised in their apoptotic response, a portion of
the BAK-null cells expressed senescence-associated �-ga-
lactosidase, both before and after cisplatin treatment
(Supplementary Fig. S3A,B); however, further studies are
needed to determine the underlying molecular mecha-
nisms involved, including whether this is p53 depen-

Figure 2. IGFBP1 expression negatively correlates
with mitochondrial accumulation of p53 and induc-
tion of apoptosis in cultured cells. (A) HepG2 cells
were treated for 24 h with cisplatin (3.5–50 µM), pro-
tein extracts prepared, and Western blot analysis was
used to examine expression of the proteins indicated.
(B) Cytosolic (Cyto) and enriched mitochondrial
(Mito) fractions isolated from HepG2 cells were ex-
amined by Western blot for the presence of the pro-
teins indicated following treatment of the cells with
low-dose (L-Cis, 3.5 µM) or high-dose (H-Cis, 50 µM)
cisplatin (Cis). As controls for the integrity of the
preparations, the extracts were probed for the mito-
chondrial proteins GRP75 and BAK. (C) IP-Western
blot (WB) analysis reveals that IGFBP1 interacts with
BAK, but not BCL-xL, in HepG2 cells after exposure
to L-Cis (3.5 µM). (D) IP-Western blot analysis re-
veals that p53, but not IGFBP1, coimmunoprecipi-
tates with BAK following H-Cis (50 µM) treatment of
HepG2 cells. In contrast, cisplatin did not alter the
BCL-xL/BAK complex. (E) Samples in D were exam-
ined by immunoblotting for the proteins indicated.
(F) Apoptosis in HepG2 cells untreated or treated
with either L-Cis or H-Cis was analyzed by staining
for Annexin V followed by flow cytometry. (G)
HepG2 cells were treated with 10 µM Nutlin-3 or 10
µg/mL �-aminitin for 24 h, protein extracts were pre-
pared, and Western blot analysis was used to exam-
ine expression of the proteins indicated. (H) HepG2
cells were treated with 10 µg/mL �-aminitin for 24 or
48 h, and Western blot analysis was used to examine
protein expression. (I) HepG2 cells untreated or
treated with 10 µg/mL �-aminitin for 24 or 48 h were
analyzed by staining for Annexin V. (J) Total (T), cy-
tosolic (C), and mitochondrial (M) fractions were iso-
lated from HepG2 cells before and after treatment
with 10 µg/mL �-amanitin. Samples were examined

by immunoblotting for the proteins indicated. (K) IP-Western blot analysis reveals that endogenous p53 interacts with BAK after
exposure to �-amanitin for the indicated times. In contrast, no interaction between cytochrome c (Cyt c) and BAK was noted.
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dent. Together with previous investigations (Leu et al.
2004; Pietsch et al. 2007), the results of these analyses
using primary untransformed cultures of MEFs provide
support for the idea that, at least in some cell types, the
relative abundance and/or the accessibility of BAK is a
critical factor in p53’s mitochondrial program.

p53’s mitochondrial role is antagonized by IGFBP1

We then tested whether the overexpression of IGFBP1 by
itself would alter p53-mediated apoptosis in nonhepatic
cell types. We stably expressed IGFBP1 in the U2OS hu-
man osteosarcoma cells and in MCF7 human breast car-
cinoma cells, two cell lines that exhibit apoptosis-re-
lated p53 mitochondrial localization and BAK binding in
response to genotoxic stress (Fig. 4A; Supplementary Fig.
S4A,B). The exogenously expressed IGFBP1 in the U2OS
and MCF7 cells coimmunoprecipitated with (Fig. 4B;
data not shown), colocalized with (Fig. 4C), and cofrac-
tionated with BAK (Fig. 4D; data not shown). When com-
pared with the parental cells, the IGFBP1-expressing
U2OS and MCF7 cells also exhibited enhanced resis-

tance to apoptosis induction in response to the anti-can-
cer drugs cisplatin or doxorubicin, as indicated by at-
tenuation in PARP cleavage (Fig. 4D; Supplementary Fig.
S4B). We noted that, following extended exposure to high
levels of the DNA damaging agents, there was a reduc-
tion in the expression of IGFBP1 protein that correlated
with a delayed appearance of p53 at mitochondria to-
gether with the proteolytic cleavage of PARP (Fig. 4D;
Supplementary Fig. S4B). A similar correlation between
the changes in IGFBP1 expression levels and the exist-
ence of a temporally limited protection against death
signaling in vivo was reported previously (Leu et al.
2003b). Consequently, stress signaling events that
modulate IGFBP1 expression would be expected to have
an important influence on the timing and extent of this
protein’s cytoprotective actions.

To better understand the mechanism by which
IGFBP1 antagonizes p53-mediated apoptosis, we investi-
gated whether, in a cell-free system, IGFBP1 can inter-
fere with p53’s ability to bind to BAK. We also examined
whether the mitochondrial presence of IGFBP1 affects
the ability of p53 to promote an activating conforma-

Figure 3. Interaction between p53 and BAK is required
for apoptosis induction. (A) HepG2 cells were either
untreated or pretreated with PFT-µ (20 µM) for 1 h,
followed by the addition of 50 µM cisplatin (H-Cis) for
22 h; Western blot analysis examined the proteins in-
dicated. (B) Mitochondrial (Mito) fractions were iso-
lated from HepG2 cells that were either untreated or
pretreated with PFT-µ (20 µM) for 1 h, followed by the
addition of 50 µM cisplatin (H-Cis) for 22 h. Western
blots analyzed the proteins indicated. (C) IP-Western
blot (WB) analysis confirms the presence of a p53/BAK
complex in whole-cell extracts (WCE) prepared from
cisplatin-treated HepG2 cells indicated in A. (D)
Samples in A were examined by immunoblotting for
the proteins indicated. The cleaved products of
caspase-3 and caspase-8 are marked with arrows. (E)
WCE prepared from primary MEFs (wild type or BAK−/−)
either untreated or treated with cisplatin (50 µM, 15 h)
were examined for the proteins indicated. The cleaved
products of caspase-3 and PARP are marked with ar-
rows. (F) TUNEL staining of primary MEFs (wild type or
BAK−/−), either before or after cisplatin (50 µM, 15 h)
treatment. The brown staining indicates positive
TUNEL staining. Bars, 50 µm. (G) Quantification of
TUNEL-positive cells in MEFs from F. Average of eight
random 20× fields ± SD. (H) Mito fractions prepared
from the same samples indicated in E were examined by
immunoblotting for the proteins indicated. (I) IP-West-
ern blot analysis confirms the presence of an p53/BAK
complex in WCE prepared from the cisplatin-treated
wild-type MEFs indicated in E.
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tional change in BAK, since our previous investigations
confirmed that an interaction with BAK is needed for
p53 to induce BAK oligomerization (Leu et al. 2004; Pi-
etsch et al. 2007). For these studies, we used a well-es-
tablished in vitro assay (Wei et al. 2000), as we described
previously (Leu et al. 2004; Pietsch et al. 2007). In this
case, we compared the relative ability of p53 to bind to
BAK and to induce BAK oligomerization in the presence
or absence of IGFBP1. In one approach, we incubated
recombinant p53 protein with mitochondria that were
purified either from control HepG2 cells or from cells
that had been treated with Nutlin-3 to induce mitochon-
drial accumulation of IGFBP1 (Fig. 4E). The results
showed that when mitochondria contain IGFBP1, the
amount of p53 coimmunoprecipitating with BAK is
clearly reduced (Fig. 4F; Supplementary Fig. S4C). More-
over, mitochondria from IGFBP1-expressing HepG2 cells
displayed a dose-dependent resistance to the p53-medi-
ated BAK oligomerization (Fig. 4G; Supplementary Fig.
S4D). Similarly, when these assays were carried out us-
ing mitochondria isolated from either the parental con-
trols or IGFBP1-expressing U2OS (U-BP1) cells (Supple-
mentary Fig. S4E), a p53-mediated change in BAK con-
formation was attenuated when the mitochondria
contained IGFBP1 (Supplementary Fig. S4F). These data
suggest a model in which, at least for some cell types, the
relative ability of the p53 protein to target to mitochon-
dria and form a complex with BAK is a key determinant
of its proapoptotic actions. Moreover, the enhanced ex-

pression of BAK-sequestering prosurvival factors, such as
IGFBP1, can inhibit this function of p53.

IGFBP1 binds to BAK in mouse livers following
a variety of hepatic insults

To further characterize the prosurvival role of IGFBP1,
we turned to the use of mouse models. Both intracellular
and secreted forms of IGFBP1 have been described in
human liver-derived cells and in rodent livers (Leu et al.
2001, 2003a,b; Scharf et al. 2004; Marchand et al. 2006).
First, we confirmed the presence of IGFBP1 in both of
these locations in human HepG2 cultures following its
induction with Nutlin-3 or with low-dose cisplatin (Fig.
5A). We also examined the localization of hepatic
IGFBP1 in the wild-type mouse in response to a variety
of stimuli previously shown to up-regulate the expres-
sion of this protein (Lee et al. 1997; Leu et al. 2001,
2003b). As expected, IGFBP1 was present in both the
serum samples, as well as in the liver mitochondrial frac-
tions, after overnight fasting (24 h) of the animals, as
well as after a 90-min, nonlethal dose of the following:
epidermal growth factor (EGF), cisplatin, or anti-Fas ago-
nist (also known as Fas mAb) (Fig. 5B). In fact, following
exposure to Fas mAb, the majority of the IGFBP1 was
intracellular (Fig. 5B). The intracellular IGFBP1 protein
coimmunoprecipitated with BAK in liver extracts pre-
pared from mice exposed to each of these IGFBP1-induc-
ing conditions (Fig. 5C), a finding that is in accordance with

Figure 4. Exogenous IGFBP1 expression interferes
with mitochondrial accumulation of p53, p53/BAK
interaction, and p53-mediated BAK oligomerization.
(A) Western blot (WB) analysis shows cleavage of
caspase-8, caspase-3, and PARP in whold-cell ex-
tracts (WCE) prepared from U2OS treated with cis-
platin (50 µM, 24 h). Note these antibodies detect
both intact (top) and cleaved (bottom) forms of these
proteins. IP-Western blots show a p53/BAK complex
in U2OS treated with cisplatin (50 µM, 24 h). (B)
IP-Western blot analysis reveals that IGFBP1 inter-
acts with BAK in U2OS stably expressing exogenous
IGFBP1 (U-BP1 cells). (C) Immunofluorescence
analysis of U-BP1 cells for IGFBP1 protein (red) and
BAK protein (green) before and after cisplatin (50
µM, 8 h). The merged image indicates colocalization
of IGFBP1 with BAK (yellow). Bars, 20 µm. (D) West-
ern blots of the indicated proteins in WCE or mito-
chondrial fractions (Mito) prepared from untreated
or cisplatin-treated (50 µM, 15 h or 24 h) U2OS and
U-BP1 cells. Note cleaved PARP is not detected in
U-BP1 cells until 24 h following high dose of cis-
platin, which blocks transcription (Cullinane et al.
1999; Jung and Lippard 2006). (E) Western blots of
the indicated proteins in Mito fractions pre-
pared from HepG2 cells, untreated or treated with
Nutlin-3 (10 µM, 24 h). (F) Mito prepared from
HepG2 cells untreated or treated with 10 µM of Nut-

lin-3 were incubated with 50 ng of purified p53 recombinant protein followed by IP-Western analyses. (G) The same samples (20 µg)
indicated in E were incubated with 0, 5, 25, or 100 pmol of purified p53 recombinant protein. The reactions were cross-linked with
5 mM BMH (the uncleavable protein cross-linker 1,6-bismaleimidohexane) followed by Western analysis using an anti-BAK antibody
(a conformation-specific antibody directed to the N terminus).
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the data obtained in our experiments with both HepG2
and the IGFBP1-expressing nonhepatic cell lines, de-
scribed above. In contrast to the up-regulation of
IGFBP1, there was no consistent change in BCL-xL pro-
tein levels (Fig. 5B).

IGFBP1 regulates the mitochondrial actions of p53
in vivo

To gain additional insight into the physiological role of
IGFBP1, and to investigate whether the expression of
this hepatic protein acts as a modulator of the p53 mi-
tochondrial pathway of apoptosis in liver, we employed
IGFBP1 knockout mice. An initial characterization of
livers from the IGFBP1−/− mice had revealed the pres-
ence of chronic low-level spontaneous apoptosis, but the
molecular basis for this observation was not defined (Leu
et al. 2003b). Because secreted IGFBP1 protein binds to
IGF1 and changes in circulating IGF1 may affect apopto-
tic signaling (Lee et al. 1997; Duan and Xu 2005), we
tested for possible differences in circulating IGF1 levels
that might contribute to the phenotype of these animals.
The serum IGF1 levels in untreated IGFBP1−/− (n = 4)
and IGFBP1+/+ (n = 3) mice were 0.99 ± 0.13 ng/mL and
0.9 ± 0.07 ng/mL, respectively, thus showing no signifi-
cant differences.

In cultured cells, IGFBP1’s interaction with BAK in-
terferes with p53’s mitochondrial activities; thus, we
were prompted to examine the subcellular distribution
of p53 in livers of untreated IGFBP1−/− animals. First, we
noted that the relative abundance of p53 protein in qui-
escent livers of IGFBP1−/− mice was higher than that in
livers of untreated controls (Fig. 5D). We also were

struck by the finding that, in contrast to the situation in
wild-type animals, the p53 protein was present in puri-
fied mitochondrial fractions isolated from livers of un-
treated IGFBP1−/− mice (Fig. 5E). The liver is a major
detoxifying site in the body that is continuously exposed
to potentially damaging agents; thus, even under normal
physiologic conditions, some proportion of hepatocytes
are subject to oxidative and metabolic stresses and/or
genotoxic damage—conditions that might be expected to
contribute to p53 activation. Consistent with that idea,
the IGFBP1−/− livers contained a p53/BAK complex (Fig.
5F) and evidence of apoptosis, as revealed by the presence
of cleaved forms of caspase-8, caspase-3, and PARP (Fig.
5G). Higher-order aggregates of BAK, consistent with
BAK activation, also were present (Fig. 5H). These re-
sults point to a role for IGFBP1 in helping to maintain at
least a portion of the proapoptotic BAK in an “inactive”

configuration, thereby protecting the liver from apopto-
sis under physiologic conditions.

To gain additional insight into the physiological role
of IGFBP1, and to investigate the impact of p53 mito-
chondrial pathway of apoptosis in liver following DNA
damage, the wild-type and IGFBP1−/− mice were intra-
peritoneally injected with cisplatin. This led to a robust
accumulation of mitochondrial IGFBP1 (Figs. 5B, 6A)
and formation of an IGFBP1/BAK complex (Fig. 5C) in
the wild-type livers, and there was little evidence of liver
damage or apoptosis (Fig. 6B,C). In contrast, the cisplat-
in-treated IGFBP1−/− livers exhibited much more hepa-
tocellular injury and prominent histological features of
apoptosis (Fig. 6D–G). At 1 h (Fig. 6E) or 3 h (Fig. 6F,G)
post-cisplatin treatment, evidence of a greater degree of
cellular condensation, hypereosinophilic cytoplasm, and

Figure 5. IGFBP1 binds to BAK in mouse liver. (A)
Western blots of whole-cell extracts (WCE) or cul-
ture media (Media) prepared following 10 µM Nut-
lin-3 or 3.5 µM cisplatin (L-Cis) treatment of the
HepG2 cells. (B) Western blots show that IGFBP1
protein is induced and present in both Sera and mi-
tochondrial (Mito) fractions of IGFBP1+/+ (BP1+/+)
mice after overnight fasting, or after a 90-min treat-
ment with each of the following: EGF, Fas mAb, or
cisplatin. The cisplatin results are from two differ-
ent mice. (C) IP-Western blots confirm the presence
of an IGFBP1/BAK complex in liver WCE prepared
from the same samples indicated in B. The results
shown are representative of the analysis of at least
three mice per genotype. (D) Western blot of pro-
teins from WCE prepared from untreated IGFBP1+/+

(BP1+/+) and IGFBP1−/− (BP1−/−) livers. (E) Western
blot of proteins from Mito fractions prepared from
untreated BP1+/+ and BP1−/− livers. (F) IP-Western
blot analysis confirms the presence of an p53/BAK
complex in WCE prepared from untreated BP1−/−

liver indicated in D. (G) Proteins from liver WCE of
control (untreated) BP1+/+ and BP1−/− mice were ex-
amined by Western blotting for the proteins indi-
cated. (H) Proteins from liver Mito of control (un-
treated) BP1+/+ and BP1−/− mice were cross-linked with 5 mM BMH followed by Western analysis using an anti-BAK antibody. In
addition to the BAK monomer (*), BAK aggregates (**) were detected in untreated IGFBP1-deficient livers.
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aggregation of chromatin at the nuclear membrane were
all noted in the IGFBP1−/− hepatocytes relative to the
controls (Fig. 6C). Immunohistochemical analysis also
revealed a greater degree of staining for active caspase-3
(p17) in the IGFBP1−/− hepatocytes, relative to those in
the wild-type IGFBP1+/+ livers at 1 h (data not shown)
and 3 h following intraperitoneal injection of cisplatin
(Fig. 6H).

In the cisplatin-treated wild-type livers containing
IGFBP1, there was no evidence of mitochondrial p53
accumulation or p53/BAK complexes (Fig. 6A,I,J). In
contrast, p53 coimmunoprecipitated with BAK in the
IGFBP1−/− livers, both before and after cisplatin exposure
(Fig. 6J). While there was no obvious increase in the rela-
tive abundance of mitochondrial p53 or the p53/BAK
complex after cisplatin treatment, we attribute this to a
rapid destruction in mitochondrial membrane integrity
and perhaps mitochondrial fragmentation (Brooks et al.
2007), which precedes caspase activation and the more
stable appearance of cleaved forms of caspase-3 and
PARP, as also illustrated in Figure 2.

�-Amanitin induces p53-mediated mitochondrial
apoptosis in liver

Genotoxic agents such as cisplatin (see Figs. 5, 6) and
�-irradiation (Reynolds et al. 2004) trigger a temporally
related increase in the expression of IGFBP1. The func-
tions of IGFBP1 reported here provide a reasonable ex-
planation for the lack of p53 mitochondrial accumula-
tion or apoptosis induction reported previously for livers

of mice following exposure to �-irradiation (Erster et al.
2004). In contrast to such DNA damaging agents, �-am-
anitin has been shown to inhibit transcription and to
elicit apoptosis in hepatocytes both in vitro and in vivo
(Leist et al. 1994; Hentze et al. 2004; Wills et al. 2005;
Zhao et al. 2006). This compound is the primary toxico-
logical amatoxin in the “death cap” mushroom Amanita
phalloides, and liver is one of the most sensitive organs
to �-amanitin poisoning (Wills et al. 2005; Zhao et al.
2006). However, little is known about the underlying
molecular pathways involved. Therefore, we were inter-
ested in determining if �-amanitin would induce p53 mi-
tochondrial accumulation and concomitant apoptosis in-
duction in mouse liver as it does in cultured cells.

For these analyses, we used both wild-type mice and
the IGFBP1-deficient animals, to determine if they
would differ in the extent of hepatic toxicity induced
since, as anticipated, there was no up-regulation of
IGFBP1 expression following �-amanitin treatment (Fig.
7A). Histological examination of �-amanitin-treated
wild-type livers (n = 8) revealed multiple areas of focal
hemorrhage and destruction of parenchymal architec-
ture (Fig. 7B), which was comparable with that in the
treated IGFBP1−/− livers (n = 7) (Fig. 7B). In addition, the
hepatic injury noted in both wild-type and IGFBP1−/−

livers was accompanied by widespread apoptosis, as in-
dicated by TUNEL-positive and caspase-3 p17-positive
staining (Fig. 7C; Supplementary Fig. S4G). Consistent
with our in vitro and in vivo analyses (Figs. 2–6), apopto-
sis induction in the �-amanitin-treated wild-type livers
coincided with mitochondrial accumulation of p53 (Fig.

Figure 6. Increased injury and apoptosis after acute
cisplatin treatment in IGFBP1−/− livers. (A) Total
(T), cytosolic (C), and mitochondrial (M) liver ex-
tracts were examined by Western blot for the pro-
teins indicated, following a 90-min treatment of the
animals with cisplatin or Fas mAb. The internal
control BCL-xL is present in both cytosolic and mi-
tochondrial fractions. (B–G) Hematoxylin and eosin
(H&E) staining of control BP1+/+ liver (B), BP1+/+

liver 3 h after cisplatin (Cis) injection (C), control
BP1−/− liver (D), BP1−/− liver 1 h after cisplatin chal-
lenge (E), BP1−/− liver 3 h after cisplatin exposure (F),
and BP1−/− liver 3 h after cisplatin treatment (G). F is
enlarged in G to show greatly enhanced hepatocel-
lular injury and prominent histological features of
apoptosis (i.e., cellular condensation, hypereosino-
philic cytoplasm, and aggregation of chromatin at
the nuclear membrane) in the BP1−/− livers 3 h fol-
lowing acute cisplatin exposure. Bars, 100 µm. (H)
Immunohistologic staining of control BP1+/+ liver,
control BP1−/− liver, BP1+/+ liver 3 h after cisplatin
injection, and BP1−/− liver 3 h after cisplatin chal-
lenge using anti-caspase-3 p17 antibody. The brown
staining indicates positive anti-caspase-3 p17 stain-
ing. Arrowheads in control BP1−/− liver indicate

positive anti-caspase-3 p17 staining. Bars, 100 µm. (I) Western blot of proteins from mitochondrial (Mito) fractions prepared from
control and cisplatin-treated BP1+/+ and BP1−/− livers. (J) IP-Western blot analysis reveals that Mito p53 interacts with BAK in both
untreated and cisplatin-treated BP1−/− livers. In contrast, formation of a BCL-xL/BAK complex is found in all cohorts before and 90 min
following intraperitoneal cisplatin injection. The results shown are representative of the analysis of at least three mice per genotype.
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7D). Additionally, mitochondrial accumulation of p53
correlated with proteolytic cleavage of PARP and
caspase-3 in the �-amanitin-treated wild-type livers (Fig.
7A,C), as noted previously in both primary MEFs and the
HepG2 cells.

We extended these studies to test the in vivo require-
ment for p53 and its mitochondrial binding partner BAK
in contributing to the amanitin-induced liver damage.
For these analyses, we employed p53-null (n = 3) or BAK-
null (n = 9) animals. Unlike the �-amanitin-treated wild-
type or IGFBP1−/− cohorts (Fig. 7B,C), there was a signifi-
cant reduction in the amount of liver hemorrhage, pa-
renchymal injury, and TUNEL-positive and caspase-3
p17-positive apoptotic cells in either the �-amanitin-
treated p53-deficient or �-amanitin-treated BAK-defi-
cient animals (Fig. 7E–G; Supplementary Fig. S4G). Also,
consistent with the results we obtained using primary
BAK-null MEFs, the BAK−/− livers exhibited no detect-
able accumulation of p53 at mitochondria (Fig. 7H).
Taken together, the absence of BAK (Fig. 7E,F) or the
absence of p53 (Fig. 7E,G) provided protection from the
�-amanitin-induced liver damage. More significantly,
these data strengthen the physiologic relevance of p53’s
direct apoptotic role at mitochondria, at least in these
cell types, as well as the importance of BAK as a media-
tor of p53’s mitochondrial functions.

Discussion

A p53/IGFBP1 regulatory circuit and liver apoptosis

In this work, we uncovered a previously unrecognized
physiologic function of intracellular IGFBP1—as a BAK-
binding regulator of apoptosis in hepatocytes. IGFBP1 is
up-regulated in response to activation of the p53 tumor
suppressor. In turn, the intracellular IGFBP1 protein im-
pairs the induction of apoptosis, antagonizing the ac-
tions of p53 at mitochondria. Our studies indicate that
the induced expression of IGFBP1 coordinates the tran-
scription-dependent and transcription-independent ac-
tivities of p53 and affects the stress response outcome in
hepatocytes. In addition, as an antagonist of the interac-
tion between p53 and BAK, the actions of IGFBP1 iden-
tify another aspect of p53 regulation, at the level of its
extranuclear mitochondrial functions.

As a transcription factor, stress-activated p53 up-regu-
lates the expression of a number of genes whose products
act to promote apoptosis. On the other hand, p53 also
induces factors, such as IGFBP1, that help to evade cell
death (Oren 2003; Levine et al. 2006; Vousden and Lane
2007). Also illustrative of the latter activity is the finding
that �-irradiation of certain hematopoietic progenitor
cells leads to the p53-induced up-regulation of the tran-
scription factor SLUG. The SLUG protein then represses

Figure 7. Markedly attenuated �-amanitin-medi-
ated hepatic injury and apoptosis in p53−/− or BAK−/−

livers. (A) Whole-cell extracts (WCE) were prepared
from wild-type (WT) livers and examined by West-
ern blot analyses for the proteins indicated, follow-
ing a 90-min treatment of the animals with cisplatin
(Cis) or 24 h �-amanitin (�-am). (B) H&E staining of
control wild-type (WT) liver, control IGFBP1−/−

(BP1−/−) liver, wild-type liver 24 h after �-amanitin
treatment, and BP1−/− liver 24 h after �-amanitin
treatment. Bars, 100 µm. (C) Apoptosis assayed in
the indicated livers by TUNEL or anti-caspase-3 p17
staining. The brown staining indicates positive
TUNEL or anti-caspase-3 p17 staining. Arrowheads
in control BP1−/− liver indicate positive TUNEL
staining. Bars, 100 µm. (D) Western blot of proteins
from mitochondrial (Mito) fractions prepared from
control and �-amanitin-treated wild-type livers. (E)
H&E staining of control BAK−/− liver, BAK−/− liver
24 h after �-amanitin treatment, and �-amanitin-
treated p53−/− liver. Negligible parenchymal injury
and focal hemorrhage were noted in the �-amanitin-
treated BAK−/− or p53−/− livers relative to the corre-
sponding wild-type or BP1−/− livers (shown in B).
Bars, 100 µm. (F) Markedly reduced positive TUNEL
or anti-caspase-3 p17 staining noted in BAK−/− liver
24 h after �-amanitin treatment. Bars, 100 µm. (G)
TUNEL or anti-caspase-3 p17 staining in p53−/− liv-
ers 24 h after �-amanitin treatment. Note the gen-
erally intact parenchyma in either the p53−/− (E) or
BAK−/− (E) livers. Like the �-amanitin-treated
BAK−/− livers (F), trace amounts of positive TUNEL
or anti-caspase-3 p17 staining were noted in p53−/− liver 24 h after �-amanitin treatment, relative to the corresponding wild-type or
BP1−/− livers (C). Bars, 100 µm. (H) Western blot of proteins from Mito fractions prepared from control wild-type, control BAK−/−,
�-amanitin-treated wild-type, and �-amanitin-treated BAK−/− livers. The results shown are representative of the analysis of at least
three mice per genotype.
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the p53-mediated transactivation of the proapoptotic
gene puma, thereby antagonizing the induction of apo-
ptosis (Wu et al. 2005). Other recent examples include
TIGAR (Bensaad et al. 2006) and RhoE (Ongusaha et al.
2006), two p53-regulated factors that can provide protec-
tion against oxidative or genotoxic stress-mediated apo-
ptosis, respectively. Normal tissues and cells exhibit a
good deal of variability in terms of their sensitivity to
p53-mediated apoptosis (Rubin and Casarett 1968; Gud-
kov and Komarova 2003; Ringshausen et al. 2006). Thus,
it seems likely that diverse signaling mechanisms may
have evolved to prevent, or delay for a time, the poten-
tially lethal effects of p53, perhaps allowing time for re-
pair of damage or resolution of metabolic distress.

Role of the p53 mitochondrial pathway in the cellular
response to a transcription blockade

Current information indicates that the transcription-in-
dependent role of p53 likely potentiates, or cooperates
with, its transcriptional regulatory activities to achieve
apoptosis under many circumstances. In addition, how-
ever, it has long been recognized that inhibiting mRNA
transcription acts as a trigger for the induction of p53-
mediated apoptosis in both normal and transformed
cells. While a transcriptional blockage impedes p53’s
ability to induce the expression of critical proapoptotic
genes as well as prosurvival factors, it results in the mi-
tochondrial targeting of p53 and apoptosis induction
(Figs. 2, 3, 7; Arima et al. 2005). Thus, through its direct
apoptotic role at mitochondria, the p53 tumor suppres-
sor retains the ability to eliminate cells that are geneti-
cally damaged or metabolically compromised even when
the transcriptional machinery is impaired. In this regard,
it is known that infection of mammalian cells with viral
or bacterial pathogens can lead to a mRNA degradation
or inhibition of protein synthesis that induces an apo-
ptotic response. Among the mechanisms used by patho-
gens to evade such host defense mechanisms is the pro-
duction of survival proteins that suppress BAK-mediated
apoptosis (Cuconati et al. 2003; Wasilenko et al. 2005;
Kvansakul et al. 2007; Shimazu et al. 2007). It will be of
interest, therefore, to determine whether the p53 mito-
chondrial pathway also participates in cell death medi-
ated by such protein synthesis inhibition.

Prosurvival BAK-binding proteins and the response
of hepatocytes to stress

Approximately 80% of hepatic parenchyma is comprised
of hepatocytes, which normally do not divide in healthy
adults. However, the liver is somewhat unique in that it
retains an ability to restore loss of mass following injury
by compensatory proliferation of hepatocytes. The toxin-
or injury-mediated death of hepatocytes can trigger a re-
active response in nonhepatocyte liver cells, often asso-
ciated with inflammation and cytokine production to
promote proliferation. Current models suggest that
chronic or elevated hepatocyte apoptosis, resulting in

compensatory proliferation in the presence of inflamma-
tory cytokines and increased oxidative stress, may pro-
mote genetic and metabolic changes that predispose to
tissue injury and dysplasia, conditions that constitute a
risk factor for tumor development (Fausto 2000; Cole-
man 2003; Guicciardi and Gores 2005). Thus, in a tissue
such as liver it may be beneficial for p53 to have an
initially protective role in response to various forms of
stress; induction of a prosurvival factor such as IGFBP1
would allow time for hepatocytes to repair or recover
from low-level damage and escape apoptosis. However, if
the damage persists or exceeds a critical threshold and
IGFBP1 levels decrease, the hepatocytes would then be
susceptible to cell death induction.

The identification of IGFBP1 as an inducible BAK
regulator also raises the question of whether IGFBP1
works coordinately with, or is independent of, the vari-
ous BCL2-related proteins in controlling hepatocyte ap-
optosis. Recent studies suggest that in healthy cells, the
prodeath role of BAK can be held in check through se-
questration, most likely in separate complexes, by pro-
survival proteins such as BCL-xL and MCL1 (Cuconati et
al. 2003; Leu et al. 2004; Willis et al. 2005; Shimazu et al.
2007; Willis et al. 2007). Currently, the relative propor-
tion of BAK that normally is bound by particular prosur-
vival factors in different cells and tissues is not known;
as recently noted, this question has been challenging to
address, in part because buffer conditions can affect the
interactions of certain BCL2 family proteins (Willis et al.
2005; Uren et al. 2007). However, the presence in a cell of
multiple prosurvival guardians of BAK, whose abun-
dance and activity are subject to diverse and complex
mechanisms of regulation, suggests that there exist dif-
ferent pathways to BAK activation, and/or that multiple
levels of restraint on BAK may protect against an acci-
dental or undesirable induction of apoptosis. Such redun-
dancy also would allow for a greater measure of control
over mitochondrial integrity in response to different
kinds and degrees of physiologic stress and exogenous
insult.

It is well documented that an important determinant
of whether or not a cell will undergo apoptosis is the
relative abundance and availability of the various pro-
apoptotic and anti-apoptotic members of the BCL2 pro-
tein family; they are subject to complex regulatory con-
trol, and some members of this family physically and/or
functionally interact to either promote or inhibit the ac-
tivation of BAK (Gelinas and White 2005; Adams and
Cory 2007). The IGFBP1, BCL-xL, and MCL1 proteins all
are expressed at low levels in the quiescent adult mouse
liver (Tzung et al. 1997). Although MCL1 expression re-
mains low or is lost following hepatic insults (Tzung et
al. 1997), IGFBP1, which is not a BCL2 family protein, is
one of the most highly induced liver factors following
many forms of hepatic stress, including liver regenera-
tion (Leu et al. 2001, 2003a; White et al. 2005). In addi-
tion, IGFBP1 induction precedes increases in BCL-xL
levels in the liver following exogenous insults (Tzung et
al. 1997; Fausto 2000; Leu et al. 2003b). Interestingly,
enhanced BCL-xL expression following Fas mAb chal-
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lenge (Leu et al. 2003b) or the presence of a BCL-xL/BAK
complex following cisplatin-mediated toxicity (Fig. 6J) is
not sufficient to protect IGFBP1−/− livers from apoptosis.
Thus, the stressed-induced up-regulation of IGFBP1 may
act within a defined window of time as a first line of
defense to antagonize BAK activation in hepatocytes. In-
creases and decreases in the expression levels of IGFBP1
have been associated with a variety of liver diseases. For
instance, a significant down-regulation of IGFBP1 has
been noted in obese patients with nonalcoholic steato-
hepatitis (NASH), a disorder associated with increased
apoptosis and mitochondrial dysfunction (Younossi et al.
2005). In contrast, elevated levels of IGFBP1 have been
reported in patients with liver cirrhosis and/or hepato-
cellular carcinoma (Lee et al. 1997; Hwang et al. 2003),
which often correlate with enhanced cellular prolifera-
tion and evasion of cell death (Guicciardi and Gores
2005). Consequently, stress signaling events that alter
IGFBP1 expression and its interaction with BAK could
have an important influence on the timing, or extent, of
this protein’s cytoprotective actions.

The importance of BAK for the p53 mitochondrial
pathway of apoptosis

Our analyses of genetic mouse models, together with in
vitro analyses and cell culture experiments, provide ad-
ditional support for the physiologic relevance of mito-
chondrial actions of p53, and the importance of its inter-
actions with BAK, for promoting apoptosis. We found
that when cells are BAK-deficient, or when p53’s access
to mitochondrial BAK is antagonized by the small mol-
ecule PFT-µ or by the formation of a complex between
BAK and IGFBP1, then the induction of apoptosis is se-
verely inhibited. In contrast, the loss of IGFBP1 sensi-
tizes liver hepatocytes to spontaneous and stress-in-
duced apoptosis, associated with p53 mitochondrial ac-
cumulation and BAK binding, as noted in the IGFBP1−/−

livers (Figs. 5–7), or in the �-amanitin-treated wild-type
livers (Fig. 7).

�-Amanitin is the major amatoxin peptide found in
the Amanita species of poison mushrooms. Liver is a
primary site of amanitin toxicity, but little is known
about the underlying molecular mechanisms involved.
Moreover, there is no effective therapy for amanitin poi-
soning; it is often lethal and liver transplantation re-
mains the primary treatment. Data obtained in this work
on p53-null and BAK-null mice indicate that amanitin-
induced liver damage is greatly reduced in the absence of
p53 mitochondrial accumulation. Thus, additional in-
sight regarding the actions of IGFBP1, p53, and the mi-
tochondrial pathway of apoptosis in hepatocytes could
lead to new treatment strategies to reduce the pathologic
effects of this mushroom toxin. Correspondingly, restor-
ing critical aspects of p53 function represents a current
target for the development of strategies and therapeutics
in oncology. Progress in this area will benefit from a
better understanding of the potentially opposing func-
tions of p53 in promoting cell survival or apoptosis, and

a characterization of the various cell-specific signaling
pathways that modulate the p53 response.

Materials and methods

Mice

The IGFBP1 knockout mouse was generated as reported previ-
ously (Leu et al. 2003a,b) and backcrossed to C57BL/6 (The Jack-
son Laboratory) for 12 generations. The p53−/− and BAK−/− ani-
mals in the C57BL/6 background were purchased from The
Jackson Laboratory. All experiments with mice conformed to
the guidelines of The Institutional Animal Care and Use Com-
mittee of the University of Pennsylvania School of Medicine,
which approved all animal work according to federal and insti-
tutional policies and regulations. For Figures 5 and 6, we used
livers isolated from IGFBP1+/+ and IGFBP1−/− male (only) mice,
10–12 wk of age in the C57BL/6 background. The mice were
either deprived of food (but not water) for 24 h or injected in-
traperitoneally for 90 min with EGF (1 µg per gram of body
weight; Roche Applied Science), cisplatin (50 µg per gram of
body weight; EMD Biosciences, Inc.), or Fas mAb (0.25 µg per
gram of body weight; BD Biosciences-Pharmingen). For Figure 6,
we also isolated livers from IGFBP1+/+ and IGFBP1−/− male
(only) mice, 10–12 wk of age in the C57BL/6 background, before
and after intraperitoneal treatment with cisplatin (50 µg per
gram of body weight; EMD Biosciences, Inc.). For Figure 7, we
isolated livers from wild-type, IGFBP1−/−, BAK−/−, and p53−/−

male mice, 4–5 wk of age in the C57BL/6 background, following
intraperitoneal injection with �-amanitin (5 µg per gram of body
weight; EMD Biosciences, Inc.). We chose to use animals be-
tween 4 and 5 wk of age for the �-amanitin study, in part be-
cause the p53-null animals have a relatively short life span and
a natural propensity to develop tumors by ∼9 wk of age. All
livers were analyzed histologically by staining sections with
hematoxylin and eosin (H&E).

Cell culture

Primary wild-type and BAK−/− MEFs were harvested from 13.5-
d-old embryos and used at passage 3–5. U2OS, MCF7, and
HepG2 cell lines were cultured in DMEM as described (Dumont
et al. 2003; Leu et al. 2004). The HepG2 cells were maintained
at 40%–50% confluency, because IGFBP1 is a density-regulated
factor. The U2OS and MCF7 cells were transfected with full-
length human IGFBP1-encoding cDNA using Fugene 6 (Roche
Applied Science). The stable clones were selected as described
(Dumont et al. 2003). Nutlin-3 was purchased from Cayman
Chemical Company. Cisplatin, doxorubicin, PFT-µ, and �-am-
anitin were purchased from EMD Biosciences, Inc.

Identification of BAK-interacting proteins

HepG2 cells, untreated or treated with 10 µM Nutlin-3, typi-
cally for 24 h, were lysed in 0.5% CHAPS IP-Buffer (50 mM
Tris-HCl at pH 7.5, 150 mM NaCl, 5 mM EDTA, 250 mM
sucrose, 0.5% CHAPS) supplemented with protease inhibitors.
The homogenates were spun at 14,000 rpm for 15 min at 4°C,
and 10–30 mg of supernatants (whole-cell extracts) were incu-
bated with anti-BAK NT antibody overnight at 4°C on a rocker.
The BAK-containing immunocomplexes were captured by add-
ing the recombinant Protein G Agarose (Invitrogen). The immu-
nocomplex-agarose beads were washed three times using 0.5%
CHAPS IP-Buffer, and the associated proteins were resolved by
SDS-PAGE in a 4%–20% gradient gel (Cambrex Bio Science
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Rockland, Inc.) and visualized by Coomassie staining (Bio-Rad
Laboratories, Inc.). The Coomassie-stained band of ∼30 kDa was
excised from the gel and subjected to trypsin digestion, and the
resulting peptides were analyzed by liquid chromatography–

tandem mass spectrometry at the Genomics Institute and
Abramson Cancer Center Proteomics Core Facility, University
of Pennsylvania School of Medicine.

Immunoblotting, cell fractionation, BAK oligomerization,

immunoprecipitation, and in vitro binding

HepG2 culture media samples containing secreted IGFBP1 pro-
tein were harvested and centrifuged at 14,000 rpm for 5 min to
remove cellular debris. The HepG2 cells were washed twice
with 1× Dulbecco’s Phosphate-Buffered Saline (D-PBS without
calcium or magnesium; Invitrogen Corporation) and lysed ei-
ther in RIPA Buffer or in 0.5%–2% CHAPS IP-Buffer. Protein
concentration of cellular and medium extracts was determined
using the Bradford Reagent (Rio-Rad Laboratories). Immuno-
blotting (Western blotting) of cultured cell extracts was per-
formed as described (Dumont et al. 2003; Leu et al. 2004). Cell
fractionations and BAK oligomerization assays were performed
as published (Dumont et al. 2003; Leu et al. 2004). Five milli-
grams to 10 mg of whole-cell extracts prepared in 0.5%–2%
CHAPS IP-Buffer were used for coimmunoprecipitation assays.
The in vitro binding experiments were performed as described
(Leu et al. 2004) in 0.5% CHAPS IVT-Buffer (50 mM Tris-HCl at
pH 7.5, 150 mM NaCl, 5 mM EDTA, 0.5% CHAPS). For the in
vitro binding studies employing isolated mitochondria from
HepG2 cells before and after Nutlin-3 treatment, 75 µg of mi-
tochondria were mixed with 50 ng of purified p53 recombinant
protein in Fractionation Buffer B (Leu et al. 2004) for 30 min at
30°C. Following incubation, the preparations were spun at
7000g for 10 min at 4°C, and the mitochondria–protein com-
plexes were washed with Fractionation Buffer B. The post-
washed mitochondria–protein complexes were resuspended in
2% CHAPS-IP Buffer for coimmunoprecipitation assays. The
following primary antibodies were used in this work: anti-BAK,
anti-caspase-3, anti-cleaved-caspase-3, anti-caspase-8 (human
specific), anti-caspase-8 (mouse specific), anti-PUMA, anti-
cleaved PARP (mouse specific), and anti-BCL-xL (Cell Signaling
Technology, Inc.); anti-p53 (AB-6), anti-MDM2, anti-p21, anti-
HSP60, anti-PARP, and anti-PUMA (EMD Biosciences, Inc.);
anti-p53 CM5 (mouse specific, Vector Laboratories); anti-p53
(NCL-p53-505, Vision Biosystems, Inc.); anti-IGFBP1 (sc-6000)
and anti-GRP75 (Santa Cruz Biotechnology, Inc.); anti-IGFBP1
(human specific) and anti-BAK NT (Upstate Biotechnology
USA, Inc.); anti-MCL1 and anti-BCL-xL (BD Biosciences-
Pharmingen); and anti-BID and anti-active caspase-3 (R&D Sys-
tems, Inc.). The peroxidase-conjugated secondary antibodies
(i.e., donkey anti-rabbit, donkey anti-mouse, and donkey anti-
goat) were from Jackson ImmunoResearch Laboratories, Inc.

Immunofluorescence and immunohistochemical analyses

The immunohistochemical analysis using anti-active caspase-3
(R&D Systems, Inc.) was performed as described (Leu et al.
2003b). The immunofluorescence microscopy was performed as
described (Dumont et al. 2003). The TUNEL staining was done
using ApopTag Peroxidase In Situ Apoptosis Detection Kit
(S7100, Chemicon International, Inc.). Detailed protocols for
both TUNEL and active caspase-3 immunohistochemical stain-
ing can be obtained by contacting University of Pennsylvania
Department of Medicine, Gastroenterology Division Center for
Molecular Studies of Digestive and Liver Diseases, Morphology
Core. Determination of apoptosis-positive cells by staining for

Annexin V was performed as described previously (Dumont et
al. 2003). The results presented are the mean Annexin V-posi-
tive staining ± standard deviation from three independent
analyses. For senescence-activated �-galactosidase staining, we
used Senescence Cells Histochemical Staining Kit (Sigma-Al-
drich) following the manufacturer’s instructions.

Plasmid constructs and site-directed mutagenesis

Plasmids BAK, BAX, MCL1, and BCL-xL have been described
(Leu et al. 2004). The full-length human pcDNA-BAD construct
was purchased from Sciencereagents. The pcDNA-IGFBP1 con-
struct was obtained by PCR amplification using a pCR-IGFBP1
construct (kindly provided by Douglas Yee, University of Min-
nesota Cancer Center, Minneapolis, MN).
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