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Introduction
Epithelial lumen formation is a fundamental process critical for 
early embryogenesis and development of tubular organs such 
as mammary gland, kidney, and lung. The lumen forms by one 
of the two mechanisms: invagination and fusion of an epithelial 
sheet or hollowing of a solid cell mass, which in turn is mediated 
by vacuolar exocytosis, directional fluid transport, membrane 
repulsion, and/or apoptosis-dependent cavitation (Hogan and 
Kolodziej, 2002; Datta et al., 2011). The latter contributes to the 
morphogenesis of mammary acini, salivary gland, ureteric buds, 
and the egg cylinder–stage embryo (Coucouvanis and Martin, 
1995; Debnath et al., 2002; Meyer et al., 2004; Mailleux et al., 
2007; Pradhan et al., 2010; Wells and Patel, 2010).

Embryoid bodies (EBs) differentiated from embryonic 
stem (ES) cells and embryocarcinoma cells have been used as 
a model to study the molecular mechanisms of cavitation dur-
ing epithelial morphogenesis (Coucouvanis and Martin, 1995; 

Li et al., 2003). When grown in aggregate suspension culture, 
ES cells undergo compaction and form spherical EBs in 1–2 d.  
Apoptotic cells are sparsely distributed in EBs at this stage of 
differentiation (Li et al., 2002; He et al., 2010). Later, endo-
derm develops on the EB surface, which is followed by the 
assembly of an underlying basement membrane. Beginning on 
day 3, the epiblast cells in contact with the basement mem-
brane polarize to form a pseudostratified columnar epiblast 
epithelium (CEE), which is characterized by the formation of 
an apical membrane domain separated from the basolateral 
membranes by adherens and tight junctions. At the same time, 
increased apoptosis of the inner nonpolar cells is observed 
in two distinct locations: one adjacent to the apex of the epi-
blast epithelium, which leads to the formation of slitlike clefts 
(peripheral apoptosis), and the other at the center of the EB, 
which proceeds outward (central apoptosis; He et al., 2010). 
In 5–7 d, all the core cells enclosed by the epiblast epithelium 

Apoptosis is an essential step in cavitation dur-
ing embryonic epithelial morphogenesis, but  
its mechanisms are largely unknown. In this paper, 

we used embryonic stem cell–differentiated embryoid  
bodies (EBs) as a model and found that Bnip3 (Bcl-2/ 
adenovirus E1B 19-kD interacting protein), a BH3-only 
proapoptotic protein, was highly up-regulated during 
cavitation in a hypoxia-dependent manner. Short hairpin 
RNA silencing of Bnip3 inhibited apoptosis of the core 
cells and delayed cavitation. We show that the Bnip3 
up-regulation was mediated mainly by hypoxia-inducible 

factor (HIF)–2. Ablation of HIF-2 or HIF-1, the common 
 subunit of HIF-1 and -2, suppressed Bnip3 up-regulation 
and inhibited apoptosis and cavitation. We further show 
that apoptosis-inducing factor (AIF) cooperated with 
Bnip3 to promote lumen clearance. Bnip3 silencing in 
AIF-null EBs nearly blocked apoptosis and cavitation. 
Moreover, AIF also regulated Bnip3 expression through 
mitochondrial production of reactive oxygen species and 
consequent HIF-2 stabilization. These results uncover a 
mechanism of cavitation through hypoxia-induced apop-
tosis of the core cells mediated by HIFs, Bnip3, and AIF.
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Altogether, our data provide evidence for a mechanism whereby 
HIF-dependent up-regulation of Bnip3 cooperates with AIF to 
promote cavitation and epithelial lumen formation by inducing 
apoptosis of the core cells.

Results
Bnip3 is selectively up-regulated in the 
core cells during EB morphogenesis
To seek the molecules implicated in apoptosis-mediated 
cavitation during embryonic epithelial morphogenesis, we 
determined the transcription profile of EBs at different 
stages of differentiation using Affymetrix GeneChip mouse 
whole-genome microarray. An analysis of proapoptotic genes 
revealed that Bnip3 was selectively up-regulated in 3-d EBs 
when cavitation was initiated and was further increased in 5-d 
EBs when cavitation was in rapid progression (Fig. 1 A;  
He et al., 2010). To confirm the microarray data, we examined 
the temporal expression of Bnip3 by RT-PCR and immuno-
blotting. Bnip3 mRNA was increased by 13 and 10 fold in  
3- and 5-d EBs when compared with 2-d EBs. This corresponds 
to an 11- and eightfold increase of Bnip3 at the protein level  
(Fig. 1, B and C). In contrast, the expression of Bim, a BH3-
only protein involved in apoptosis and cavitation of mam-
mary acini, was reduced during EB morphogenesis (Mailleux 
et al., 2007). Bnip3 has been reported to be induced by hy-
poxia in both normal and transformed cells (Bruick, 2000). 
During morphogenesis, EB size increases significantly, reaching 
50–100 µm in diameter by day 2 and 250–500 µm by day 3.  

are cleared by programmed cell death converged from these 
two sites, creating a proamniotic-like cavity.

A study using embryocarcinoma cell–derived EBs  
has indicated that a death signal produced by visceral endo-
derm induces the peripheral apoptosis and cleft formation  
(Coucouvanis and Martin, 1995). A further study has shown 
that bone morphogenetic protein (BMP)–2 is highly ex-
pressed in visceral endoderm and that expression of a dominant-
negative BMP receptor in EBs blocked the apoptosis and 
cavitation, suggesting BMP-2 to be the death signal (Coucouvanis 
and Martin, 1999). Basement membrane is also thought to 
play a role in the cleft formation, as targeted deletion of the 
laminin 1 gene prevents basement membrane formation 
and blocks the peripheral apoptosis (Murray and Edgar, 
2000). However, the apoptosis initiated from the EB center 
still occurs in the absence of endoderm and basement mem-
brane, and the mechanisms involved are unknown (Li et al., 
2002; Liu et al., 2009).

In this study, we show that Bnip3 (Bcl-2/adenovirus E1B 
19-kD interacting protein 3), a BH3-only proapoptotic protein, 
is markedly up-regulated in the core cells by hypoxia during EB 
differentiation. Short hairpin RNA (shRNA) silencing of Bnip3 
inhibits apoptosis of the core cells and delays EB cavitation. We 
further show that hypoxia-inducible factor (HIF)–2 is selec-
tively increased in the core cells in parallel with Bnip3, whose 
up-regulation is significantly attenuated in HIF-2/ and HIF-
1/ EBs. Lastly, we demonstrate that silencing of Bnip3  
in apoptosis-inducing factor (AIF)–null EBs leads to addi-
tional inhibition of apoptosis and a blockade of cavitation. 

Figure 1. Bnip3 is selectively up-regulated during 
embryonic epithelial morphogenesis. (A) Micro-
array analysis of mRNAs for BH domain–containing 
proapoptotic proteins revealed selective up-regula-
tion of Bnip3 during EB differentiation. The data 
shown are the mean of two detections. (B) RT-PCR 
analysis showed that the mRNA for Bnip3 but 
not Bim was increased during EB differentiation.  
(C) Normal EBs cultured for 2, 3, and 5 d were 
analyzed by immunoblotting for Bnip3 and Bim. 
Actin serves as a loading control. Bnip3 expres-
sion was significantly increased in 3- and 5-d EBs. 
(D) 2- and 3-d EBs were incubated with 10 µM  
hypoxyprobe-1 for 2 h and immunostained for 
Bnip3 and hypoxyprobe-1. A central hypoxic 
zone was evident in 3-d EBs. Bnip3 was mainly 
expressed in the cells in or near the hypoxic zone. 
Bnip3 knockdown (KD) EBs served as a nega-
tive control for Bnip3 staining. 3-d EBs were also 
costained for Bnip3 and the mitochondrial marker 
complex V (COX V). Bnip3 colocalized with com-
plex V. (E) E5.0 mouse embryos were immuno-
stained for Bnip3, cleaved caspase-3 (cas-3), and 
the basement membrane proteins perlecan (perl) 
and nidogen (Nd). (F) 1-d EBs were cultured at 
37°C for 16 h under the following conditions: 
in hypoxic pouches (GasPak EZ; BD), under 5% 
(pH 7.2) or 15% CO2 (pH 6.7), in media con-
taining 4.5 g/L or 1.0 g/L glucose, and in media 
with (pH 6.7) or without (pH 7.2) 10 mM lactic 
acid. EBs were analyzed by immunoblotting for 
Bnip3, actin, and glyceraldehyde 3-phosphate de-
hydrogenase (GAPDH). Hypoxia significantly up- 
regulated Bnip3 expression, whereas low glucose 
led to a moderate increase.
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increased Bnip3 expression. Collectively, these results sug-
gest that Bnip3 is selectively up-regulated during EB mor-
phogenesis mainly as a result of reduced oxygen availability 
in the interior of EBs.

Silencing of Bnip3 inhibits apoptosis of the 
core cells and delays cavitation
To elucidate the role of Bnip3 in EB morphogenesis, we 
established 12 ES cell clones that stably expressed four dis-
tinct shRNAs targeting mouse Bnip3. Immunoblotting showed 
that in clone 1B, Bnip3 expression was reduced by 97% at 
the protein level when compared with the scrambled control  
(Fig. 2 A). shRNA-mediated Bnip3 silencing inhibited caspase-
dependent apoptosis in the early stage of EB differentiation, 
particularly during days 3 and 4 when cavitation was in rapid 
progression (Fig. 2 B). Bnip3 can also induce autophagy in 
response to cellular stresses (Daido et al., 2004; Zhang and 
Ney, 2009), and autophagy has been suggested to contribute 
to the removal of apoptotic cells during EB cavitation (Qu  
et al., 2007). To test whether Bnip3 regulates autophagy in 
EBs, we analyzed the conversion of microtubule-associated 
protein light chain 3-I (LC3-I) to LC3-II, which correlates with 
the number of autophagosomes (Mizushima and Yoshimori, 
2007). Immunoblotting revealed no significant difference in 
the ratio of LC3-I to LC3-II between Bnip3 knockdown and 
control EBs (Fig. 2 B). In addition, the ratio was unchanged 

We reasoned that this increase in size may lead to hypoxia 
in the core cells. Our microarray analysis showed that tran-
scription of many hypoxia-regulated genes was markedly 
increased together with Bnip3 (Fig. S1). To determine the spa-
tial relationship between hypoxia and Bnip3 expression in  
EBs, we labeled the hypoxic zone in EBs with hypoxyprobe-1 
(pimonidazole hydrochloride), which binds to cells and forms 
adducts under hypoxic conditions (Varghese et al., 1976; 
Arteel et al., 1995). Coimmunostaining for hypoxyprobe-1 and 
Bnip3 showed that hypoxyprobe-1 did not label 2-d EBs in 
which Bnip3 was barely detectable. In contrast, in 86% of 
3-d EBs, hypxyprobe-1 clearly marked a central zone in which 
apoptotic cells could be identified by fragmented nuclei and 
cleaved caspase-3 staining (Fig. 1 D and not depicted). Bnip3 
was highly expressed in the cells within and/or adjacent to the 
hypoxic zone and was colocalized with mitochondrial com-
plex V. In embryonic day 5.0 (E5.0) mouse embryos, both 
Bnip3 and cleaved caspase-3 were detected in the centrally 
located cells before cavitation (Fig. 1 E). To test whether hy-
poxia induces Bnip3 in EBs, we cultured 1-d EBs in hypoxia 
pouches for 16 h and found that the Bnip3 protein level was 
significantly up-regulated (Fig. 1 F). In addition to hypoxia,  
there are gradients for glucose, lactate, and pH in differentiating 
EBs. However, our experiments showed that Bnip3 expression 
was not significantly affected by pH alterations or lactic acido-
sis (Fig. 1 F). A reduction in glucose concentrations moderately 

Figure 2. Bnip3 knockdown inhibits apoptosis 
and cavitation. (A) Stable ES cell clones express-
ing Bnip3 shRNAs or the scrambled control (ctl) 
were established based on puromycin resistance 
and GFP fluorescence. Immunoblot analysis of 
3-d EBs showed a reduction of Bnip3 expression 
by 97% in clone 1B. (B) Bnip3 knockdown (KD; 
clone 1B) and control EBs were cultured for 1–5 d  
and analyzed by immunoblotting for cleaved 
caspase-3 (cas-3), microtubule-associated pro-
tein 1 LC3, and actin. Bnip3 knockdown inhib-
ited caspase-3 activation but not the conversion 
of LC3-I to LC3-II. (C) Cytosolic (cyto) and mi-
tochondrial (mito) preparations of 3-d control 
and Bnip3 knockdown EBs were analyzed 
by immunoblotting for cytochrome C (cyto C).  
Actin serves as a cytosolic loading control, and 
complex V (COX V) serves as a mitochondrial 
loading control. Bnip3 knockdown inhibited 
cytochrome C release from the mitochondria to 
the cytoplasm. (D) Live-phase micrographs show 
the differentiation of endoderm (en) and the CEE 
and the formation of a proamniotic-like cavity 
(CV). Bnip3 knockdown significantly delayed 
the clearance of centrally located cells. (E) EBs 
with a central cavity were counted by live-phase 
microscopy and plotted as a percentage of 
total EBs examined. n = 7 independent experi-
ments with a total of 1,387–1,906 EBs for each 
group. Error bars represent the mean ± SD.  
*, P < 0.01. (F) EBs were cultured for 4, 5, and 
10 d and immunostained for cleaved caspase-
3, the apical polarity marker MUPP1, and base-
ment membrane perlecan (perl). The nucleus was 
counterstained with DAPI. Bnip3 knockdown in-
hibited apoptosis and delayed lumen clearance 
but had no effect on epiblast polarity.

http://www.jcb.org/cgi/content/full/jcb.201111063/DC1
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hydrocarbon receptor nuclear translocator) by immunoblotting. 
HIF-1 was hardly detectable during 5 d of EB differentiation, 
whereas HIF-2 was significantly increased on day 3 and re-
mained high thereafter in parallel to Bnip3 (Fig. 3, A and F). As 
expected, HIF-1 was constitutively expressed. Importantly, 
immunostaining demonstrated that HIF-2 was selectively ex-
pressed in the nucleus of the centrally located cells (Fig. 3 E). In 
contrast, HIF-1 was detected in the nucleus of all the cells. 
Immunoprecipitation of nuclear preparations of 3-d normal EBs 
revealed that HIF-2 bound to HIF-1, suggesting that they 
form a transcription complex in the nucleus (Fig. 3 D). Given 
that the mRNAs for HIF-1 and HIF-2 were unchanged dur-
ing EB morphogenesis, as assessed by microarray analysis (un-
published data), these results support the notion that the HIF-2 
protein is selectively stabilized under chronic hypoxia in the 
core cells of differentiating EBs.

In undifferentiated mouse ES cells, the activation of  
hypoxia-responsive genes is mainly mediated by HIF-1, whereas 
HIF-2 is transcriptionally inactive, although both HIF-1 and 
HIF-2 are increased at the protein level under acute hypoxic 
conditions (Hu et al., 2003). In addition, targeted disruption 
of HIF-1 but not HIF-2 inhibits hypoxia-induced ES cell 
apoptosis (Carmeliet et al., 1998; Brusselmans et al., 2001). 
To determine the role of HIFs in the up-regulation of Bnip3 
and apoptosis and the contribution of individual  subunits, 
we compared EBs differentiated from wild-type, HIF-1, 
HIF-2, and HIF-1/ ES cells. The loss of HIF-1 and  
-2 in the corresponding null mutant EBs was confirmed by 
immunoblot analysis of 1-d EBs cultured in hypoxia for 16 h 
(Fig. 3 B). Time-course experiments showed that Bnip3 ex-
pression increased significantly on day 3 and remained at high 
levels on days 4 and 5 in wild-type EBs (Fig. 3 F). The level of  
Bnip3 expression correlated well with that of cleaved caspase-3. 
Ablation of HIF-1 slightly attenuated Bnip3 up-regulation 
on day 3 but not on days 4 and 5, suggesting that HIF-1 par-
tially contributes to the early induction of Bnip3. In contrast, 
Bnip3 up-regulation was significantly inhibited in HIF-2/ 
and HIF-1/ EBs. It is worth pointing out that long expo-
sure of the blots revealed low levels of Bnip3 expression in 
HIF-1/ EBs, suggesting that Bnip3 expression is not en-
tirely dependent on HIFs. A previous study has indicated that 
Bnip3 is a unique HIF-1–responsive gene. Overexpression of 
HIF-1 but not HIF-2 in HEK293 cells up-regulates Bnip3 
expression (Wang et al., 2005). Our results suggest that in 
chronic hypoxia, HIF-2 can also mediate Bnip3 up-regulation. 
The suppression of Bnip3 in HIF-2/ and HIF-1/ EBs 
was accompanied by a marked reduction of cleaved cas-
plase-3, suggesting that HIFs are responsible for the induction 
of apoptosis during EB morphogenesis.

The promoter of the mouse Bnip3 gene contains a 
hypoxia-responsive element. To determine whether HIF-2 
binds to the Bnip3 promoter, we performed chromatin im-
munoprecipitation (ChIP) on 3-d EBs using anti–HIF-2 
antibody. The Bnip3 promoter sequence was immunoprecip-
itated in normal but not HIF-2/ EBs, suggesting that the 
PCR product generated from HIF-2 immunoprecipitates 
was specific (Fig. 3 G). We also performed ChIP assay for 

during EB morphogenesis. Immunostaining showed that LC3 
was expressed in the centrally located cells in a punctuate 
pattern, but again, no difference was observed between Bnip3 
knockdown and control EBs (unpublished data). Overexpres-
sion of Bnip3 in fibroblasts or treatment of isolated mito-
chondria with recombinant Bnip3 could induce mitochondrial 
membrane permeability and cytochrome C release (Kubli 
et al., 2007; Quinsay et al., 2010). Cytochrome C released 
into the cytoplasm can activate caspases and trigger the in-
trinsic apoptosis pathway (Green and Reed, 1998). To test 
whether Bnip3 knockdown inhibits cytochrome C release, we 
performed immunoblot analysis of cytosolic and mitochon-
drial preparations. Silencing of Bnip3 decreased cytosolic 
and increased mitochondrial cytochrome C levels (Fig. 2 C). 
These results suggest that Bnip3 mediates apoptosis but not 
autophagy during EB differentiation, likely through inducing 
cytochrome C release from mitochondria.

To assess the effect of Bnip3 silencing on EB cavita-
tion, we cultured EBs for 2–10 d and quantified the percent-
age of EBs with a central cavity by live-phase microscopy. 
As shown in Fig. 2 (D and E), control EBs cultured for 3 d 
formed slits between the apex of the CEE and the remaining 
inner cells. Apoptosis was detected in these slits by cleaved 
caspase-3 staining (He et al., 2010). By 4 d, nearly half of 
the control EBs developed a central cavity, and cavitated EBs 
reached 67% by 5 d. In contrast, most of the Bnip3 knock-
down EBs still remained at the slit stage on day 5, and only 
some small EBs displayed a central cavity. After 7 and 10 d, 
cavitation of Bnip3 knockdown EBs speeded up, but the ef-
ficiency was still lower than the controls. Immunostaining for 
cleaved caspase-3 showed massive apoptosis of the centrally 
located cells in 4-d control EBs, whereas only scattered cells 
were positively stained in the slits in Bnip3 knockdown EBs 
(Fig. 2 F). Altogether, these results show that Bnip3 induces 
apoptosis and promotes the formation of epithelial cysts dur-
ing EB morphogenesis. Bnip3 silencing causes a significant 
delay in cavitation.

Next, we tested whether Bnip3 knockdown affects epi-
blast polarity. 5-d EBs were immunostained for the apical po-
larity marker MUPP1, and the apical actin belt was visualized  
with rhodamine-phalloidin. Bnip3 silencing inhibited apoptosis-
dependent removal of the core cells in 5-d EBs and led to 
the formation of multiple peripheral slits and/or small cavi-
ties (Fig. 2 F). However, MUPP1 and F-actin were localized 
to the apex of epiblast cells (Fig. 2 F and not depicted). The 
basement membrane receptors integrin 1 and dystroglycan 
were also correctly targeted to the basal side of epiblast (un-
published data). By 10 d, these small cavities had fused into a 
central cavity. These results indicate that Bnip3 is not required 
for epiblast polarization.

HIFs are required for Bnip3 up-regulation 
and apoptosis
HIFs are key regulators of cellular responses to hypoxia 
(Majmundar et al., 2010). To determine the role of HIFs in 
Bnip3 up-regulation during EB morphogenesis, we examined 
the temporal expression of HIF-1, HIF-2, and HIF-1 (aryl 
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but still less than the normal control. These results suggest 
that HIFs induce apoptosis of the core cells and promote 
cavitation during EB morphogenesis.

To determine whether Bnip3 mediates HIF-1–dependent 
apoptosis of the core cells and cavitation, we stably over-
expressed Bnip3 in HIF-1/ EBs (Fig. 4 D). Compared with 
normal and HIF-1/ EBs transfected with the control vector, 
overexpression of Bnip3 in HIF-1/ EBs increased apoptosis, 
as indicated by elevated cleaved caspase-3 levels. Consequently, 
the cavitation process was accelerated compared with HIF-
1/ EBs transfected with the control vector (Fig. 4 E). Bnip3 
overexpression promoted apoptosis of the core cells (Fig. 4 F). 
In addition, the basement membrane–contacting epiblast cells, 
which are normally protected by anchorage-dependent survival 
factors (Coucouvanis and Martin, 1995; He et al., 2010), were 
often observed to undergo apoptosis. Similarly, we also stably 
overexpressed Bnip3 in HIF-2/ EBs and observed markedly 
increased apoptosis compared with HIF-2/ EBs expressing 
GFP alone (Fig. 4 G). This was accompanied by accelerated 
cavitation on days 4, 5, and 7 of culturing (Fig. 4 H). Collectively, 
these results suggest that HIFs promote apoptosis and cavitation 
through Bnip3 during EB morphogenesis.

HIF-2 binding to the promoter of CITED2, a known HIF-2 
target gene, as a positive control and obtained a similar re-
sult. These results suggest that HIF-2 directly binds to the 
Bnip3 promoter and transactivates its expression.

HIFs promote apoptosis and cavitation 
through Bnip3
Because HIFs induce Bnip3 up-regulation and apoptosis, we 
reasoned that HIFs might also facilitate cavitation during EB 
morphogenesis. To test this, we compared the differentiation 
of normal EBs with those deficient for HIF-1, the common 
 subunit for HIF-1 and -2. Similar to Bnip3 knockdown 
EBs, HIF-1/ EBs could differentiate to form endoderm 
and polarized epiblast, but cavitation was delayed (Fig. 4,  
A–C). After 5 d in culture, >50% of normal EBs formed a 
central cavity, which often contains residual apoptotic cells 
and debris, whereas most of the HIF-1/ EBs only devel-
oped clefts between the apex of the CEE and the remaining 
core cells. Central apoptosis rarely occurred in the mutant EBs. 
Cavitation (<20% of the mutant EBs) was observed mostly in 
small EBs, which is less dependent on apoptosis. After 10 d, cavi-
tation efficiency of the mutant EBs was significantly increased 

Figure 3. HIFs mediate Bnip3 up-regulation and 
apoptosis. (A) Immunoblot analysis of normal EBs 
cultured for 1–5 d showed that HIF-2 was selec-
tively up-regulated during EB differentiation. (B) 1-d 
EBs were cultured in hypoxic pouches for 16 h and 
then analyzed by immunoblotting for HIF-1 and -2.  
HIF-1 and -2 were absent from HIF-1/ and 
HIF-2/ EBs, respectively. Black lines indicate that 
intervening lanes have been spliced out. WT, wild 
type. (C) Immunoblots show that HIF-1 was not ex-
pressed in HIF-1/ EBs. (D) Nuclear lysates of 3-d 
normal EBs were immunoprecipitated (IP) with HIF-2 
antibody or control IgG followed by immunoblotting  
for HIF-1. HIF-2 coimmunoprecipitated with HIF-1. 
(E) Immunostaining showed that HIF-2 was lo-
calized to the nucleus of the core cells of 3-d EBs, 
whereas HIF-1 was detected in the nucleus of all 
cells. perl, perlecan. (F) EBs were cultured for 1–5 d  
and analyzed for Bnip3 and cleaved caspase-3 
(cas-3) by immunoblotting. Bnip3 was significantly 
up-regulated during EB differentiation in wild-type 
and HIF-1/ EBs but was only minimally induced 
in HIF-2/ and HIF-1/ EBs. The level of cleaved 
caspase-3 correlated with that of Bnip3. (G) ChIP 
of HIF-2 interactions with the Bnip3 and CITED2 
promoters. Bands are PCR products targeting 308 
to 101 of the Bnip3 promoter and 1,512 to 
1,329 of CITED2 promoter. HIF-2 specifically in-
teracted with the Bnip3 promoter. CITED2 ChIP was 
used as a positive control.
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differentiated from AIFy/+ and AIFy/ (AIF is encoded by a 
single gene located on the X chromosome) ES cells gener-
ated using a conventional targeting strategy (Joza et al., 
2001; Brown et al., 2006). Time-course experiments showed 
a significant elevation of caspase-3 activation in 3- and 4-d 
AIFy/+ EBs but only a moderate increase in 4-d AIFy/ EBs 
(Fig. 5 B). We counted EBs with a central cavity by phase 
microscopy and observed a significant delay in cavitation 
(Fig. 5, C, D, and F). After 4 d, 41% of the AIFy/+ EBs formed 
a central cavity, whereas only 2% of AIFy/ EBs cavitated. 
By 7 d, the cavitation efficiency of AIFy/+ EBs was still twice 
that of AIFy/ EBs (84% vs. 39%), although the cavitation 
efficiency of the null EBs was close to normal in 10-d EBs. 
Immunostaining of 4- and 5-d EBs with anti–cleaved cas-
pase-3 and anti-MUPP1 antibodies demonstrated normal 
epiblast polarity despite reduced apoptosis and lumen clear-
ance in AIFy/ EBs (Fig. 5 D). To test whether AIF cooper-
ates with Bnip3 to mediate EB cavitation, we suppressed 
Bnip3 expression in AIFy/ EBs by stable shRNA transfec-
tion. Immunoblot analysis of 5-d EBs showed that silencing 
of Bnip3 in the AIF-null background further reduced caspase-3 
activation (Fig. 5 E). Consequently, cavitation of the EBs was 

Bnip3 cooperates with AIF to induce 
apoptosis and cavitation
Bnip3-null mice are born and fertile, suggesting that other 
factors also contribute to apoptosis and cavitation in the 
early embryo (Diwan et al., 2007). To determine whether 
Bnip3 fulfills the task in combination with other proapoptotic 
proteins, we examined the role of Bim and AIF, two mito-
chondrial death–inducing factors highly expressed in early 
embryos and differentiating EBs. In contrast to silencing of 
Bnip3, knockdown of Bim had no effect on apoptosis and 
cavitation (Fig. S2 [C and E] and not depicted). Furthermore, 
combined knockdown of Bnip3 and Bim in EBs did not fur-
ther inhibit cavitation (Fig. S2, D and E), suggesting that Bim 
is not involved in EB apoptosis and cavitation.

A previous study has demonstrated that AIF induces 
apoptosis in many cell types and is believed to act in a cas-
pase-independent manner (Modjtahedi et al., 2006). Genetic 
studies in mice revealed that AIF is required for embryogen-
esis, and its inactivation inhibits apoptosis, although a dif-
ferent strategy of gene targeting showed that AIF-null EBs 
could cavitate (Joza et al., 2001; Brown et al., 2006). To clarify 
the role of AIF in apoptosis and cavitation, we analyzed EBs  

Figure 4. HIFs promote cavitation through 
Bnip3. (A) Live-phase micrographs show a 
delay in cavitation in HIF-1/ EBs. Arrowheads 
indicate the remaining core of a 7-d mutant 
EB. WT, wild type. (B) EBs with a central cav-
ity were counted and plotted as a percentage 
of total EBs examined. n = 10 independent 
experiments with a total of 856–932 EBs for 
each group. Error bars represent the mean ±  
SD. *, P < 0.01. (C) Immunostaining for 
cleaved caspase-3 (cas-3) revealed reduced 
central apoptosis in 5-d HIF-1/ EBs. Arrow-
heads indicate the remaining core of a 7-d 
mutant EB. perl, perlecan. (D) Wild-type EBs 
stably transfected with GFP and HIF-1/ EBs 
transfected with Bnip3 or GFP were cultured 
for 2 d and subjected to immunoblotting for 
Bnip3 and cleaved caspase-3. Glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) 
serves as a loading control. Overexpression of 
Bnip3 increased apoptosis in HIF-1/ EBs. 
(E) HIF-1/ EBs transfected with Bnip3 or 
GFP were cultured for 4 and 5 d and exam-
ined by live-phase microscopy. The percent-
age of EBs with a central cavity was plotted. 
n = 8 independent experiments with a total of 
952–1,114 EBs for each group. Error bars 
represent the mean ± SD. *, P < 0.01. (F) 5-d 
EBs were immunostained for cleaved caspase-3, 
MUPP1, and perlecan. F-actin was stained 
with rhodamine-phalloidin. Overexpression 
of Bnip3 in HIF-1/ EBs promoted central 
apoptosis and cavitation. It also caused apop-
tosis of the epiblast cells in contact with the 
basement membrane (arrowheads). (G) Wild-
type GFP EBs and HIF-2/ EBs transfected 
with Bnip3 or GFP were cultured for 3 d and 
subjected to immunoblotting for Bnip3 and 
cleaved caspase-3. Overexpression of Bnip3 
increased apoptosis in HIF-2/ EBs. (H) The 
cavitation efficiency of HIF-2/ EBs express-
ing Bnip3 or GFP was counted and plotted.  
n = 9–23 independent experiments with a total 
of 900–2,270 EBs for each group. Error bars 
represent the mean ± SD. *, P < 0.01.
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Reactive oxygen species (ROS) mediate 
AIF-dependent HIF-2 stability, Bnip3  
up-regulation, apoptosis, and cavitation
ROS produced in mitochondria has been shown to participate 
in oxygen sensing under hypoxic conditions (Brunelle et al., 
2005; Guzy et al., 2005). To examine whether ROS produc-
tion is changed in the absence of AIF, we incubated 3- and 4-d 
EBs with the fluorescent indicator dihydroethidium (DHE), 

significantly inhibited compared with AIFy/ and Bnip3 
knockdown EBs (Figs. 2 E and 5 F). Altogether, these results 
suggest that Bnip3 and AIF cooperate to induce apoptosis 
and cavitation during EB morphogenesis.

AIF regulates Bnip3 expression  
through HIFs
To investigate the mechanisms through which AIF induces 
apoptosis, we first immunostained 4-d EBs containing a 
central apoptotic zone with anti-AIF antibody. Strong AIF 
expression was detected in a punctate pattern in endoderm 
and polarized epiblast as well as the core cells undergoing 
apoptosis (Fig. 6 A). AIF colocalized with mitochondrial 
complex V in both live and dying cells. We were unable to 
detect AIF in the nucleus of the apoptotic cells. A similar 
distribution of AIF was also observed in E5.0 mouse em-
bryos (Fig. 6 B). This spatial expression pattern indicates 
that apoptosis induced by AIF during EB morphogenesis 
is not caused by AIF translocation to the cytoplasm and 
then to the nucleus, as previously suggested (Susin et al., 
1999). AIF is a flavoprotein critical for the normal function 
of mitochondria, which not only act as the cell’s power-
house but also as an oxygen sensor in hypoxia. To deter-
mine whether AIF induces apoptosis at least partly through 
Bnip3, we analyzed AIFy/+ and AIFy/ EBs cultured for  
3–5 d when Bnip3 is significantly up-regulated. Immuno-
blotting showed that Bnip3 was expressed in AIFy/ EBs 
at much lower levels compared with AIFy/+ EBs (Fig. 6 C), 
suggesting that AIF regulates Bnip3 expression. The re-
duced Bnip3 expression in AIFy/ EBs corresponded to 
a 90% reduction of HIF-2 (Fig. 6, D and E). Treatment 
of normal EBs with the mitochondrial complex I inhibitor  
rotenone also reduced expression of HIF-1/2, Bnip3, and 
cleaved caspase-3 (Fig. 6 F). These data suggest that loss 
of AIF in the mitochondria impairs oxygen-sensing func-
tion, reduces HIF- stability, and thereby inhibits hypoxia-
 induced Bnip3 up-regulation. To test this hypothesis, we 
stably expressed in AIFy/ EBs mutant HIF-1 PP (P402A 
and P564A) or HIF-2 PPN (P405A, P531A, and N847Q) 
that are stable under normoxia but still bind to DNA and  
activate transcription. Expression of either HIF-1 PP (clones 
C3 and C5) or HIF-2 PPN markedly increased Bnip3 ex-
pression compared with control EBs expressing GFP (Fig. 6,  
G and H). Collectively, these results suggest that AIF- 
induced apoptosis is partly mediated by HIF-2–dependent 
Bnip3 expression.

To determine whether AIF itself is regulated by hypoxia 
during EB differentiation, we performed immunoblotting on 
normal EBs cultured for 1–5 d. We observed no change in AIF 
expression over time during EB differentiation (Fig. S3 A). 
In line with this result, the AIF level was not altered in EBs 
cultured in hypoxia (Fig. S3 B). We also compared the AIF 
level of 4-d normal EBs with those null for HIF-1, HIF-2, 
or HIF-1 and found no difference among them (Fig. S3 C). 
These results suggest that AIF is not regulated by hypoxia per 
se but is permissive to hypoxia-induced HIF-2 stabilization 
and Bnip3 expression.

Figure 5. Bnip3 cooperates with AIF to induce apoptosis and cavitation.  
(A) 4-d AIFy/+ and AIFy/ EBs were analyzed by immunoblotting for AIF. Actin 
was used as a loading control. (B) EBs were cultured for 1–4 d and analyzed 
by immunoblotting for cleaved caspase-3 (cas-3) and actin. Ablation of AIF 
inhibited caspase-3 activation. The 3 and 4 d actin data are the same as those 
in Fig. 6 C, where the same blots were analyzed for Bnip3 levels. (C) Live-
phase micrographs show cavitation delay in AIFy/ EBs cultured for 4, 5, and 
7 d. After 10 d, most of the AIFy/ EBs were cavitated similar to AIFy/+ EBs. 
Bars, 100 µm. (D) 4-d EBs were immunostained for cleaved caspase-3. F-actin 
was stained with rhodamine-phalloidin to show the apical actin belt. Ablation 
of AIF inhibited apoptosis of the core cells. 5-d EBs were immunostained for 
the apical marker MUPP1. Apical polarization of the AIFy/ epiblast was not 
affected despite delayed lumen clearance. (E) AIFy/ ES cells were stably trans-
fected with Bnip3 shRNA (Bnip3 knockdown [KD]) or GFP. 5-d EBs were ana-
lyzed by immunoblotting for Bnip3 and cleaved caspase-3. Bnip3 silencing in 
AIFy/ EBs further inhibited caspase-3 activation. (F) AIFy/+ EBs expressing GFP 
and AIFy/ EBs stably transfected with Bnip3 shRNA or GFP were cultured for 
4, 5, and 7 d. EB cavitation was quantitated by phase microscopy. EB cavita-
tion was significantly delayed in the absence of AIF. Knockdown of Bnip3 in 
AIFy/ EBs nearly blocked cavitation. n = 6 independent experiments with 
a total of 529–808 EBs counted for each group. Error bars represent the 
mean ± SD. *, P < 0.01 versus AIFy/+ GFP; #, P < 0.01 versus AIFy/ GFP.
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Discussion
Cells in the center of a solid tissue primordium are usually lim-
ited by oxygen availability. However, the role of hypoxia in 
tissue morphogenesis has not been explored. In this study, we 
provide evidence that Bnip3 is up-regulated by hypoxia in the 
core cells of EBs and cooperates with AIF to induce apoptosis 
and cavitation in an HIF-dependent manner. Our data suggest 
a model in which hypoxia selectively stabilizes HIF-2 in the 
core cells via mitochondrial ROS production. HIF-2 translo-
cates to the nucleus and dimerizes with constitutively expressed 
HIF-1 to activate Bnip3 transcription. AIF is also implicated 
in the regulation of ROS production, HIF-2 stabilization, and 
Bnip3 expression. In turn, Bnip3 induces apoptosis of the core 
cells and cavitation in cooperation with AIF.

AIF is a proapoptotic protein present in the intermem-
brane space of mitochondria and is released to the cytoplasm 
in response to death stimuli. The AIF gene is localized to the 
X chromosome. Targeted mutation of the AIF gene in ES cells 
failed to form chimeric mice after injected into host blastocysts 
(Joza et al., 2001). EBs cultured from AIFy/ ES cells had sig-
nificantly reduced cell death and were unable to cavitate. Later, 
AIF was inactivated by crossing mice with a floxed AIF locus 
with mice expressing a -actin Cre transgene (Joza et al., 2005; 
Brown et al., 2006). This approach revealed that AIF was not 
essential for EB cavitation and the formation of the proamniotic  
cavity. These studies suggest that proapoptotic proteins other than 
AIF or in combination with AIF may be required for apoptosis-
dependent cavitation of the early embryo. In the present study, 
we showed that the BH3-only proapoptotic protein Bnip3 

which emits red fluorescence after being oxidized by ROS. 
As shown in Fig. 7 A, ROS production was detected at the 
center of 3- and 4-d AIFy/+ EBs and was significantly reduced 
in AIFy/ EBs. Incubation of 2-d AIFy/ EBs with 0.1 mM 
H2O2 for 24 h increased levels of HIF-2, Bnip3, and cleaved 
caspase-3 (Fig. 7 B). In agreement with these findings, treat-
ment of AIFy/+ EBs with the ROS scavenger EUK134 reduced 
HIF-2, Bnip3, and cleaved caspase-3 (Fig. 7 C). When 2-d 
EBs were incubated with 2 µM EUK134 for 5 d, cavitation 
was also significantly inhibited (Fig. 7 D). Surprisingly, we 
observed further inhibition of cavitation in Bnip3 knock-
down EBs treated with EUK134, suggesting that ROS can 
promote cavitation independently of Bnip3. To test whether 
this is mediated by caspase activation, we treated 2-d Bnip3 
knockdown EBs with 0.1 mM H2O2 for 24 h. H2O2 treatment 
only slightly increased cleaved caspase-3. We also incubated 
1-d normal and HIF-1/ EBs with 0.1 mM H2O2 for 3 d. 
H2O2 treatment caused a small increase in the cavitation effi-
ciency of both normal and HIF-1/ EBs (Fig. 7 F). Collec-
tively, our results support a hypothesis that reduced oxygen 
availability to EB core cells stimulates ROS production in 
an AIF-dependent manner. In turn, ROS stabilizes HIF-, 
which translocates to the nucleus and combines with HIF-1 
to activate Bnip3 transcription. Bnip3 induces apoptosis of  
the core cells. ROS can also induce apoptosis and cavitation 
independently of HIFs and Bnip3 (Fig. 7 F). In addition,  
glucose reduction also contributes to Bnip3 elevation through 
HIFs because low glucose concentration moderately in-
duced Bnip3 expression in normal but not HIF-1/ EBs  
(Figs. 1 F and S4).

Figure 6. Mitochondrial AIF regulates Bnip3 expression by 
stabilizing HIF-. (A) 4-d AIFy/+ and AIFy/ EBs were stained 
for AIF and basement membrane perlecan. Nuclei were 
counterstained with DAPI. AIF was expressed in a punctate 
pattern in both polarized epiblast cells and core cells. AIF 
was not observed in the nucleus of the core cells undergoing 
apoptosis. The middle images show costaining of the core 
cells for AIF and mitochondrial complex V (COX V) in AIFy/+ 
EBs. AIF colocalized with complex V. AIFy/ EBs were used 
as a negative control for AIF staining. (B) E5.0 embryos were 
immunostained for AIF and perlecan. AIF was expressed in 
both endoderm and epiblast. (C) AIFy/+ and AIFy/ EBs were 
cultured for 3–5 d and analyzed for Bnip3 by immunoblot-
ting. Bnip3 expression was significantly reduced in the ab-
sence of AIF. The 3 and 4 d actin data are the same as those 
in Fig. 5 B, where the same blots were analyzed for cleaved 
cas-3 levels. (D) Immunoblots show that the level of HIF-2 
was much lower in 3-d AIFy/ EBs than in AIFy/+ EBs. GAPDH, 
glyceraldehyde 3-phosphate dehydrogenase. (E) The blots 
were analyzed by densitometry, and the ratio of HIF-2 
to glyceraldehyde 3-phosphate dehydrogenase was plotted.  
n = 4. Error bars represent the mean ± SD. *, P < 0.01.  
(F) Normal EBs were cultured in the presence or absence 
of 0.1 nM of the mitochondria complex I inhibitor rotenone 
for 3 d. Immunoblots show that rotenone treatment reduced  
the expression of HIF-1, HIF-2, Bnip3, and cleaved  
caspase-3 (cas-3). (G) AIFy/ EBs were stably transfected 
with GFP or mutant HIF-1 PP that is stable under normoxia 
but still binds to DNA and activates transcription. Expression 
of HIF-1 PP (clones C3 and C5) increased Bnip3 levels.  
(H) Immunoblots show that AIFy/ EBs stably expressing 
mutant HIF-2 PPN that is stable in normoxia led to Bnip3 
up-regulation compared with the EBs expressing GFP. Actin 
serves as a loading control.

http://www.jcb.org/cgi/content/full/jcb.201111063/DC1
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AIFy/+ EBs, and H2O2 increases HIF-2 in AIFy/ EBs. In ad-
dition, we have demonstrated that AIF not only cooperates 
with Bnip3 to induce apoptosis and cavitation but also regu-
lates Bnip3 expression through HIFs. The latter is supported 
by the fact that ablation of AIF in EBs inhibits Bnip3 expression, 
whereas stable transfection of AIFy/ EBs with constitutively 

is selectively up-regulated at both mRNA and protein levels 
during EB differentiation and is localized in the hypoxic core 
cells. shRNA-mediated silencing of Bnip3 inhibits apoptosis 
and delays cavitation. Moreover, knockdown of Bnip3 expres-
sion in the AIF-null background further decreases apoptosis 
and nearly blocks EB cavitation. These data suggest that Bnip3 
cooperates with AIF to induce apoptosis and cavitation during 
embryonic epithelial morphogenesis. Bim, another BH3-only 
protein highly expressed in early embryos and differentiating 
EBs, has been shown to induce apoptosis of mammary gland 
cells and contribute to cavitation-mediated acinar morphogen-
esis (Reginato et al., 2005; Mailleux et al., 2007). However, it 
is not involved in EB cavitation because Bim silencing does not 
promote apoptosis of the core cells. Furthermore, knockdown 
of both Bim and Bnip3 has no additive/synergistic effects on 
EB cavitation.

A previous study in various cultured cells has demon-
strated that Bnip3 is a hypoxia-responsive gene regulated by 
HIF-1 (Chinnadurai et al., 2008). During EB morphogenesis, 
however, we detected very low levels of HIF-1 expression 
by immunoblotting, although HIF-1, HIF-2, and HIF-1 
are similar at the mRNA level (unpublished data). In contrast, 
the HIF-2 protein is increased considerably over time and 
localized to the nucleus of the hypoxic core cells, closely cor-
relating with the expression of Bnip3 and cleaved caspase-3. 
Importantly, genetic ablation of either HIF-2 or HIF-1 in-
hibited Bnip3 up-regulation and apoptosis. These results indi-
cate that HIF-2 is selectively stabilized in the core cells during 
EB cavitation and is mainly responsible for Bnip3 induction. 
The stabilization of HIF-2 is likely a result of a gradual 
reduction of oxygen availability (chronic hypoxia) to the core 
cells as the size of EBs increases during differentiation. On the 
other hand, HIF-1 is preferably stabilized under acute hypoxic 
conditions (Holmquist-Mengelbier et al., 2006). We could also 
consistently detect elevated HIF-1 protein expression in 
EBs cultured overnight in hypoxia pouches. Under this condi-
tion, hypoxia-induced Bnip3 expression is inhibited by ablation 
of HIF-1 in EBs (unpublished data). Our data support a notion 
that acute hypoxia induces Bnip3 expression mainly through 
HIF-1, whereas chronic hypoxia selectively stabilizes HIF-2, 
which joins with HIF-1 in the nucleus and transactivates 
Bnip3 transcription.

Mitochondria have been suggested to play a key role in 
sensing changes of oxygen concentrations in cells and tissues 
(Brunelle et al., 2005; Guzy et al., 2005). AIF is a flavoprotein 
that is essential for maintaining the structural and functional 
integrity of mitochondrial complexes I and III (Vahsen et al., 
2004). Inactivation of AIF in ES cells reduces the content of 
complexes I and III and suppresses oxidative phosphorylation. 
However, it is unknown whether AIF participates in HIF regu-
lation. In this study, we observed a significant reduction of 
HIF-2 in the absence of AIF. Treatment of normal EBs with 
the complex I inhibitor rotenone also destabilizes HIF-2. 
The reduced HIF-2 protein expression likely results from inhibi-
tion of ROS production in the core cells because increased 
ROS production is detected in the interior of AIFy/+ but not 
AIFy/ EBs, the ROS scavenger EUK134 reduces HIF-2 in 

Figure 7. ROS mediate AIF-dependent HIF- stabilization, Bnip3 eleva-
tion, apoptosis, and cavitation. (A) 3- and 4-d EBs were incubated with  
60 nM DHE for 30 min and fixed in 3% PFA for 10 min. Basement mem-
brane was stained with anti–laminin 1 antibody (Lm 1). DHE strongly 
labeled the centrally located cells in AIFy/+ EBs, whereas DHE fluorescence 
was much weaker in AIFy/ EBs. (B) 2-d AIFy/ EBs were incubated with 
or without 0.1 mM H2O2 for 24 h and harvested for immunoblot analysis. 
H2O2 treatment led to a marked increase of HIF-2, Bnip3, and cleaved 
caspase-3 (cas-3). GAPDH, glyceraldehyde 3-phosphate dehydrogenase. 
(C) 2-d AIFy/+ EBs were treated with or without 2 μM EUK134 for 24 h. Im-
munoblots show that EUK134 treatment reduced the expression of HIF-1, 
HIF-2, Bnip3, and cleaved caspase-3. (D) 2-d wild-type (WT) and Bnip3 
knockdown (KD) EBs were cultured with or without 2 µM EUK134 for an 
additional 5 d. EB cavitation was quantitated by phase microscopy. Cavi-
tation of normal EBs was inhibited by EUK134 treatment. The cavitation 
efficiency was lower in Bnip3 knockdown EBs and was further reduced by 
EUK134 treatment. n = 6 independent experiments with a total of 634–
753 EBs for each group. Error bars represent the mean ± SD. *, P < 0.01 
versus EUK134 untreated group. (E) 2-d control and Bnip3 knockdown EBs 
were incubated with or without 0.1 mM H2O2 for 24 h and analyzed by 
immunoblotting for cleaved caspase-3. Bnip3 silencing markedly reduced 
cleaved caspase-3, whereas H2O2 treatment slightly increased its level. 
(F) 1-d EBs were treated with or without 0.1 mM H2O2 for 3 d. H2O2 
treatment slightly increased the cavitation efficiency of both wild-type and 
HIF-1/ EBs. n = 9 independent experiments with a total of 909–1,004 
EBs counted for each group. Error bars represent the mean ± SD. *, P < 0.01  
versus control. (G) A model for EB cavitation. Hypoxia increases ROS pro-
duction by mitochondria of the core cells in an AIF-dependent manner. In-
creased ROS and reduced glucose availability lead to HIF-2 stabilization 
and subsequent transactivation of Bnip3 expression. In turn, Bnip3 induces 
apoptosis of the core cells and cavitation. ROS can additionally trigger 
apoptosis independent of Bnip3.
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Materials and methods
Culturing of ES cell and EBs
The ES cell lines used for this study were wild-type R1, HIF-1/, HIF-2/, 
HIF-1/, AIFy/+, and AIFy/ ES cells (Maltepe et al., 1997; Carmeliet et al., 
1998; Brusselmans et al., 2001; Joza et al., 2001). All the ES cells were 
cultured on mitomycin C–treated STO cells. EB differentiation was initi-
ated from ES cell aggregates in suspension culture, as previously de-
scribed (Li and Yurchenco, 2006). In brief, subconfluent ES cells were 
dispersed into small aggregates containing 20–30 cells with 0.05% tryp-
sin/0.53 mM EDTA. Cells were collected into 15-ml conical tubes. Large 
ES cell aggregates and STO feeder cells were selectively removed by 
sedimentation under gravity. ES cell aggregates were cultured in nonad-
herent bacteriological Petri dishes in DME medium containing 15% FCS 
without leukemia inhibitory factor (Millipore).

Antibodies and cDNA constructs
pAbs to Bnip3, cleaved caspase-3, cytochrome C, and HIF-1 were pur-
chased from Cell Signaling Technology. Perlecan mAb was purchased 
from Santa Cruz Biotechnology, Inc. Actin pAb was purchased from Sigma-
Aldrich. HIF-1 and HIF-2 pAbs were purchased from Novus Biologicals. 
Bim pAb was purchased from Epitomics, Inc. AIF pAb was purchased from 
BD. Mitochondrial complex V mAb was purchased from Invitrogen. LC3 
pAb was provided by M. Sakai (National Institute of Genetics, Shizuoka, 
Japan). MUPP1 pAb was provided by M. Adachi (Kyoto University, Kyoto, 
Japan). Cy3-, Cy5-, and HRP-conjugated secondary antibodies were pur-
chased from Jackson ImmunoResearch Laboratories, Inc. Alexa Fluor 488–
conjugated secondary antibodies were purchased from Invitrogen.

Four pGFP-V-RS–based shRNA vectors targeting to mouse Bnip3 
and four pRFP-V-RS–based vectors targeting to Bim together with scrambled 
controls were purchased from OriGene. The effective sequence for Bnip3 
is 5-GGAGCAGCGTTCCAGCCTCCGTCTCTATT-3 and for Bim is  
5-GAATGAGTTCGAGCGGCAGAGGTTCTGTT-3. Mouse Bnip3 cDNA 
was amplified from 3-d normal EBs and cloned to the pCXN2-flag-IRES-GFP 
vector. The construct was confirmed by DNA sequencing. Mutant human 
HIF-1 PP and HIF-2 PPN in the pBabe-puro vector were obtained from 
Addgene (Yan et al., 2007).

Stable transfection of ES cells
For stable expression of Bnip3 or Bim shRNAs, normal ES cells were 
transfected with the shRNA vectors using Lipofectamine 2000 reagent 
(Invitrogen). Stable ES cell clones were selected with 2 µg/ml puromycin. 
For silencing of both Bnip3 and Bim, stable Bnip3 knockdown cell lines 
were transfected with the effective Bim shRNA, and double knockdown 
ES cell clones were selected based on the expression of both GFP and 
RFP. Similarly, pCXN2-Bnip3, pBabe–HIF-1 PP, pBabe–HIF-2 PPN, or 
the empty vector was introduced into ES cells using Lipofectamine 2000, 
and stable cell lines were selected based on either GFP fluorescence or 
puromycin resistance.

Gene expression profiling and RT-PCR
Total RNA was isolated from 2-, 3-, and 5-d normal EBs with TRIZOL 
reagent (Invitrogen) and was reverse transcribed to cRNA. Fragmented 
cRNAs were hybridized to mouse genome 430 2.0 microarray chips 
(Affymetrix). Hybridization data were analyzed by MAS software (v5.0; 
Affymetrix). For RT-PCR analysis, total RNA was reverse transcribed to 
cDNA. The PCR primers for mouse Bnip3 are 5-TGAATCTGGACGAAG-
TAGCTCC-3 (forward) and 5-CAGACGCCTTCCAATGTAGATC-3 (re-
verse). The primers for mouse Bim are 5-GCCAAGCAACCTTCTGATG-3 
(forward) and 5-CCAGACGGAAGATAAAGCG-3 (reverse). 18S RNA 
served as a loading control.

Immunofluorescence
EB processing and immunostaining were performed as previously de-
scribed (Li and Yurchenco, 2006). In brief, EBs were collected into 15-ml 
conical tubes and allowed to sediment by gravity. After washing in PBS, 
the EBs were fixed for 15 min with 3% PFA in PBS and then incubated in 
7.5% sucrose-PBS for 3 h at room temperature. The EBs were embedded 
in optimal cutting temperature compound (Tissue-Tek; Miles Inc.), and 
4-µm-thick cryosections were prepared on a cryostat (Leica). Alexa Fluor 
488–, Cy3-, and Cy5-conjugated antibodies were used as secondary 
reagents. Nuclei were counterstained with DAPI. Slides were examined 
with an inverted fluorescence microscope (Eclipse TE2000; Nikon) and 
an oil immersion objective (40×, 1.30 NA, Plan Fluor; Nikon). Live-phase 
microscopy was performed at room temperature using a dry, extra-long 

active HIF-2 or HIF-1 restores Bnip3 expression. In all  
of these circumstances, the level of Bnip3 closely corre-
lates with caspase-3 activation. Collectively, our results sug-
gest a new mechanism of apoptosis induced by mitochondrial 
AIF under hypoxia. It is mediated through ROS production, 
HIF stabilization, and Bnip3 up-regulation. ROS produced in 
mitochondria could also induce apoptosis independent of 
Bnip3 (Simon et al., 2000). This is in line with our findings 
that the ROS scavenger EUK134 further inhibits cavitation in 
Bnip3 knockdown EBs, whereas H2O2 treatment slightly in-
creases the cavitation efficiency of HIF-1/ EBs. Although 
AIF has been shown to directly induce nuclear condensation 
and chromatinolysis (Susin et al., 1999), we could not detect 
nuclear translocation of AIF even in the apoptotic cells in the 
EB interior.

In addition to hypoxia, the core cells of EBs are subject 
to limited glucose and increased lactic acid. We did not ob-
serve any effect of lactic acidosis on Bnip3 expression, al-
though acidosis has been suggested to stabilize Bnip3 and 
increase its association with mitochondria (Kubasiak et al., 
2002). Previous studies have shown that glucose depriva-
tion can stabilize HIF- through the AMP-activated protein 
kinase and mammalian target of rapamycin pathway (Hudson 
et al., 2002; Lee et al., 2003). In mouse ES cells, reduction in 
glucose levels in the culture medium causes apoptosis, and 
this is prevented by genetic ablation of HIF-2, suggesting 
that HIF-2–activated gene transcription inhibits hypogly-
cemia-induced apoptosis (Brusselmans et al., 2001). In this 
study, we show that the reduced glucose concentration  
up-regulates Bnip3 expression, which is mediated by HIFs, as 
inactivation of HIF-1 abolishes the Bnip3 up-regulation. There-
fore, our data provide a mechanistic insight into hypoglycemia-
induced apoptosis.

The mechanisms whereby Bnip3 induces apoptosis are 
incompletely understood. It is suggested that Bnip3 triggers 
apoptosis by inserting into the outer mitochondrial membrane 
through its C-terminal transmembrane domain (Chen et al., 
1999; Kim et al., 2002; Regula et al., 2002). It opens the perme-
ability transition pore and leads to loss of mitochondrial mem-
brane potential. In cardiomyocytes, hypoxia-induced Bnip3 
expression caused the opening of the permeability transition 
pore and DNA fragmentation, a hallmark of apoptotic cell 
death. However, the Bnip3-dependent apoptosis was not attenu-
ated by caspase inhibition, suggesting that it is caspase indepen-
dent (Kubasiak et al., 2002). Similarly, in neurons, Bnip3 has 
been shown to induce endonuclease G release from mitochon-
dria and its translocation to the nucleus, where it cleaves DNA 
(Zhang et al., 2007). In fibroblasts, overexpression of Bnip3 
caused loss of mitochondrial transmembrane potential, release 
of cytochrome C, and apoptosis, although caspase activation 
was not assessed (Kubli et al., 2007). In the present study, we 
show that apoptosis of the core cells during EB cavitation is 
associated with mitochondrial cytochrome C release and caspase-3 
activation, both of which are inhibited by shRNA-mediated si-
lencing of Bnip3. Altogether, these findings suggest that Bnip3 
can induce apoptosis in both a caspase-dependent and -independent 
manner based on cell types studied.
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working-distance objective (20×, 0.45 NA, Plan Fluor; Nikon). Digital 
images were acquired with a cooled charge-coupled device camera 
(ORCA-03; Hamamatsu Photonics) controlled by IPLab software (Scana-
lytics). Cropping and rotation of images were performed with Photoshop 
CS4 (Adobe).

Immunoblotting and immunoprecipitation
EBs were collected by settling by gravity, washed once in PBS, and lysed 
in radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris, pH 7.4, 
150 mM NaCl, 1 mM EDTA, 1% NP-40, and 0.25% sodium deoxycho-
late) or SDS lysis buffer (50 mM Tris, pH 7.4, and 1% SDS) containing 
protease and phosphatase inhibitor cocktails. Immunoblottings were per-
formed as previously described (Li et al., 2002). For immunoprecipitation, 
EBs were briefly lysed in RIPA buffer without sodium deoxycholate. After 
centrifugation, the pellet was washed and lysed in SDS lysis buffer. The 
nuclear lysates were then diluted with 10× RIPA buffer and immunopre-
cipitated using anti–HIF-2 antibody. Immunoblotting was followed using 
anti–HIF-1 antibody to determine HIF-2 binding to HIF-1. Preparation 
of cytosolic and mitochondrial fractions was performed as previously 
described (Frezza et al., 2007). In brief, EBs were washed three times 
with NKM buffer (1 mM Tris-HCl, pH 7.4, 130 mM NaCl, 5 mM KCl, and  
7.5 mM MgCl2) and homogenized in homogenization buffer (10 mM 
Tris-HCl, pH 6.7, 10 mM KCl, 0.15 mM MgCl2, 1 mM DTT, and protease 
inhibitor cocktail). Unbroken cells, nuclei, and large debris were removed 
by centrifugation at 1,200 g for 5 min. The mitochondria were pelleted by 
centrifugation at 7,000 g for 10 min and washed twice with mitochondria 
suspension buffer (10 mM Tris-HCl, pH 6.7, 0.15 mM MgCl2, 250 mM 
sucrose, 1 mM DTT, and protease inhibitor cocktail). The mitochondria 
were lysed with RIPA buffer for immunoblotting.

ChIP assay
ChIP assay was performed using a ChIP assay kit (Millipore) as per the 
manufacturer’s instruction. The PCR primers for the HIF-2 binding se-
quence in the Bnip3 promoter are 5-CCGGTCCACTTCTGCATTAGACC-3 
and 5-TGCGCCGCTCAGTTCTGAGG-3. The primers for the HIF-2 
binding sequence in the CITED2 promoter are 5-TATTATTATCACCGCC-
TATTGC-3 and 5-AAGAAATTCGAGGGCTGAG-3.

Statistical analysis
The percentages of EB cavitation were converted to arcsin values, and one-
way analysis of variance was performed using SigmaStat 3.5. The immuno-
blot densitometry data were analyzed using Student’s t test. All error bars 
represent the mean ± SD. The immunoblots shown are representatives of 
three experimental repeats, except for the time-course studies which are 
shown as a single representative experiment out of two repeats.

Online supplemental material
Fig. S1 shows the expression of HIF-1 and HIF-2 target genes during EB 
differentiation, as analyzed by global mRNA profiling. Fig. S2 shows 
the spatial expression of Bim in differentiating EBs and an E5.0 mouse  
embryo. It also depicts the effect of Bim knockdown and Bim/Bnip3 double 
knockdown on EB cavitation. Fig. S3 shows the expression of AIF during 
EB differentiation under hypoxia or in the absence of HIF-1, HIF-2, or 
HIF-1. Fig. S4 shows the expression of Bnip3 in response to high- and 
low-glucose concentrations. Online supplemental material is available at 
http://www.jcb.org/cgi/content/full/jcb.201111063/DC1.
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