
Mol. Cells 33, 605-610, June 30, 2012 

DOI/10.1007/s10059-012-0051-0 

 

 

 

 

 

 

 

 

 

 

Differential Expression of BNIP Family Members of  
BH3-Only Proteins during the Development and  
after Axotomy in the Rat 
 

Bongki Cho, So Yoen Choi, Ok-hee Park
1
, Woong Sun, and Dongho Geum

1,
*

 

 

 

The BNIPs (BCL2 and adenovirus E1B 19 kDa interacting 
proteins) are a subfamily of BCL2 family proteins typically 
containing a single BCL2 homology 3 (BH3) domain. BNIPs 
exert important roles in two major degradation processes 
in cells - apoptosis and autophagy. Although it is known 
that the function of BNIPs is transcriptionally regulated 
under hypoxic conditions in tumors, their regulation in the 
developing brain and neurons following the induction of 
apoptosis/ autophagy is largely unknown. In this study, we 
demonstrate that three members of the BNIP family, BNIP1, 
BNIP3 and BNIP3L, are expressed in the developing brain 
with distinct brain region specificity. BNIP3 mRNA was 
especially enriched in the entorhinal cortex, raising a pos-
sibility that it may have additional biological functions in 
addition to its apoptotic and autophagic functions. Follow-
ing starvation-induced autophagy induction, BNIP1 mRNA 
was selectively increased in cultured neurons. However, 
the apoptogenic chemical staurosporine failed to modulate 
the expression of BNIPs, which is in contrast to the 
marked induction of all BNIPs by glucose-oxygen depriva-
tion. Finally, neonatal nerve axotomy, which triggers apop-
tosis in motoneurons, selectively enhanced BNIP3 mRNA 
expression. Collectively, these results suggest that the 
expression of BNIPs is differentially regulated depending 
on the stimuli, and BNIPs may exert unique biological 
functions. 
 
 
INTRODUCTION 
 
Degradation of cells and organelles is an essential processes 
of normal life in eukaryotic organisms. For instance, cell death 
is a major requirement for the systems-matching of the devel-
oping nervous system (Buss et al., 2006). During the innerva-
tion of motoneurons (MNs) into the target muscle, approxi-
mately 50% of the initially generated MNs undergo pro-
grammed cell death. The survival of MNs is largely dependent 
on target-derived neurotrophic signals, and the deprivation of 
target-derived signals by nerve axotomy promotes massive MN 
death within 1 week in early post-natal animals (Sun and Op-
penheim, 2003). Another degradation process in organisms is 

autophagy, which is the removal of organelles. Autophagy is 
also a catabolic program for maintaining metabolic homeostasis 
in response to starvation or changing nutrient conditions. Addi-
tional functions of autophagy in differentiation, development 
and cell death have been increasingly identified, indicating that 
autophagy is an essential biological process (Mizushima and 
Komatsu, 2011).  

Both apoptosis and autophagy are regulated by BCL2 family 
molecules. BCL2 can inhibit apoptosis and modulate auto-
phagy (Levine et al., 2008). BCL2 interacts with BH3-only pro-
teins, and the functions of BCL2 are associated with the diverse 
functions of BH3-only family proteins. For instance, many BH3-
only proteins, such as tBID, BIM, PUMA, NOXA and HRK, 
promote apoptosis (Lomonosova and Chinnadurai, 2008). In 
contrast, BECLIN is also a member of the BH3-only protein 
family and is involved in the induction of autophagy but not in 
the regulation of apoptosis (Liang et al., 1998).  

Intriguingly, BNIPs (BCL2 and adenovirus E1B 19 kDa inte-
racting proteins) are a third class of BH3-only proteins that can 
induce both apoptosis and autophagy (Zhang and Ney, 2009). 
At least 4 members have been identified; these proteins are 
BNIP1-3 and BNIP3L (also known as NIX). BNIP1-3 were first 
identified by a yeast two-hybrid screen using adenovirus protein 
E1B 19 kDa as bait (Boyd et al., 1994). The E1B 19 kDa pro-
tein protects cells from apoptosis after adenoviral infection, and 
anti-apoptotic BCL2 protein can functionally replace E1B 19 
kDa protein. In this context, BNIP1-3 are pro-apoptotic proteins 
that suppress the anti-apoptotic function of the E1B 19 kDa or 
BCL2 protein. BNIP3L was isolated from human placenta 
cDNA based on sequence homology with BNIP3 (Matsushima 
et al., 1998). BNIP3L also has a BH3 domain and is a pro-
apoptotic protein.  

In addition to the pro-apoptotic function of BNIPs, at least two 
members of the BNIP family, BNIP3 and BNIP3L, also play 
roles in autophagy (Zhang and Ney, 2009). Overexpression of 
BNIP3 or BNIP3L promotes autophagy in several cellular con-
texts (Daido et al., 2004; Hamacher-Brady et al., 2007; 
Sandoval et al., 2008). Furthermore, the expression of BNIP3 
and BNIP3L are increased in glioma cells during chemical- or 
hypo- xia-induced autophagy, suggesting that their functional 
activation is controlled at the transcriptional level (Daido et al., 
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2004; Kanzawa et al., 2005). However, BNIP regulation and 
function in the nervous system during neuronal apoptosis and 
autophagy are less well understood. Here, we examined the 
expression patterns of BNIP1, BNIP3, and BNIP3L during brain 
development, following the induction of autophagy and/or apop-
tosis in vitro, and after nerve axotomy in vivo. Our current ob-
servations suggest that the expression levels of BNIPs are 
differentially regulated depending on the cell type and apopto-
genic/autophagic stimuli, suggesting that they are differentially 
involved in cellular degradation processe. 
 
MATERIALS AND METHODS 
 
Cell culture and treatments 
Rat embryonic cerebral cortex neurons were obtained from 
embryonic day 17 (E17) Sprague-Dawley rats. Cerebral cortex 
cells were dissociated with 0.25% trypsin-EDTA (Gibco BRL, 
USA), and the dissociated cells were plated on poly-D-lysine 
(50 μg/ml)-coated coverslips at a density of 2 × 105 cells/cm2 in 
growth medium composed of Neurobasal medium (Gibco BRL, 
USA), B27 supplement (Gibco BRL, USA), 200 mM L-gluta-
mine (Gibco BRL, USA), 5 mM glutamic acid (Sigma-Aldrich, 
USA) and antibiotics (Gibco BRL, USA). The culture medium 
was changed to a medium having no glutamate at 3 days in 

vitro (DIV3). On DIV4, media were replaced with Hank’s Bal-
anced Salt Solution (Gibco BRL, USA) for starvation, or 1 μM 
staurosporine (Calbiochem, Germany) was applied for the in-
duction of apoptosis. 

Oxygen-glucose deprivation (OGD) was performed as de-
scribed previously (Noh et al., 2006). On DIV10, the culture 
medium was replaced with deoxygenated glucose-free DMEM 
(Gibco BRL, USA) in an anaerobic chamber maintaining 5% 
CO2, 10% H2, and 85% N2, and the cells were incubated under 
oxygen-glucose deprived conditions (OGD) for 60 min. OGD 
was terminated by removing the cultures from the chamber and 
returning them to normal growth medium. Control cultures were 
incubated for the same period in normoxic conditions. The start 
of reoxygenation (reperfusion) was assigned as the 0 h. 
 
Animals and treatments 
For nerve axotomy, post-natal day 2 (P2) rat pups were anes-
thetized on ice, and the facial nerve was cut at the exit position 
(Sun and Oppenheim, 2003). Following surgery, the skin inci-
sion was sutured and warmed, and the animals were returned 
to their mother. All experiments were carried out in accordance 
with the regulations and approval of the Animal Care and Use 
Committee of the Korea University. 
 
Reverse transcription-polymerase chain reaction (RT-PCR) 
RNAs were extracted using the Qiagen RNeasy kit following 
the manufacturer’s protocol. RNA (2 μg) was reverse-tran-
scribed by M-MLV reverse transcriptase (Promega, USA) with 
random primers (Promega, USA). For the RT-PCR of BNIP1, 
BNIP3 and BNIP3L, BNIP1-F (5′-CCA CAA AAA GCA GAT 
GCT CA-3′) and BNIP1-R (5′-AAG AGG CGC TTT TTC ACA 
AT-3′); BNIP3-F (5′-GCT CCC AGA CAC CAC AAG AT-3′) and 
BNIP3-R (5′-GCT ACA ATA GGC ATC AGT CTG ACA-3′); and 
BNIP3L-F (5′-GAG CTA CCC ATG AAC AGC AG-3′) and 
BNIP3L-R (5′-GGT GTG CTC AGT CGT TTT CC-3′) primer 
sets were used. 
 
RNA in situ hybridization 
Rat brains were obtained at the E16, P12 and adult stages and 
rapidly frozen in pre-chilled isopentane (-80°C). The frozen 
brains were cut (12 μm thick), thaw-mounted onto (3-aminopro-

pyl) triethoxysilane (Sigma-Aldrich, USA) coated slides, and 
fixed in 4% paraformaldehyde. Sections were treated with 
0.25% acetic anhydride in 0.1 M triethanolamine/0.9% NaCl 
(pH 8.0), dehydrated and defatted in ethanol and chloroform, 
and then air-dried. Riboprobes used in this study were directed 
against bases 260-685 of rat BNIP1 (NM_080897), 309-909 of 
rat BNIP3 (NM_053420), and 115-644 of rat BNIP3L (NM_ 
080888). The antisense probes were labeled by in vitro tran-
scription in the presence of [35S]-UTP (Perkin Elmer, USA), and 
the sections were hybridized overnight at 63°C with labeled 
probes. On the following day, the sections were washed in 4× 
SSC, treated with 0.02 mg/ml RNase A (USB, USA) in SSC for 
30 minutes at 37°C, washed in graded serial dilutions of SSC 
(2× SSC, 1× SSC, 0.5× SSC), incubated in 0.1× SSC at 62°C 
for 30 min, and dehydrated in ethanol. The hybridized sections 
were then exposed to X-ray film. 
 
RESULTS 

 
Expression patterns of BNIPs during development and  
in the adult brain 
The expression patterns of BNIP1, BNIP3, and BNIP3L were 
examined in E16 embryos, and P12, and adult brains (Fig. 1). 
BNIP1 expression was ubiquitously observed in embryos, with 
moderate-to-strong signals in the nervous system. BNIP1 
mRNA signals were especially strong in the ganglion eminence, 
superior colliculus and spinal cord in the central nervous sys-
tem (Fig. 1A). Expression of BNIP1 was also strong in the em-
bryonic liver. At stage P12, BNIP1 mRNA expression was strong 
in the cerebellum granule cell layer (Fig. 1B). In the adult brain, 
habenular nuclei, granule cell layers in the olfactory bulb, den-
tate gyrus, and cerebellum exhibited significantly stronger 
BNIP1 mRNA signals than other brain regions (Fig. 1C).  

BNIP3 mRNA expression was more confined to restricted 
regions including the developing cartilage in the spinal disc, 
cardiac muscle, and olfactory epithelia in the embryo, whereas 
BNIP3 mRNA expression in the central nervous system was 
only weak-to-marginal (Fig. 1D). At stage P12, weak BNIP3 
mRNA signal was observed in most brain regions. Interestingly, 
a strong signal was observed in the entorhinal cortex (Fig. 1E). 
A similar expression pattern was maintained in the adult brain, 
with moderate signals in the CA3 region of the hippocampus, 
habenular nuclei, and mitral/tufted cell layers in the olfactory 
bulb (Fig. 1F). 

BNIP3L mRNA expression was strong and ubiquitous through- 
out the whole embryo, with the strongest expression in the liver, 
olfactory epithelium, and spinal cord (Fig. 1G). Strong signals 
were found in the hippocampus and cerebellum at stage P12 
(Fig. 1H). In the adult, the mitral/tufted cell layer of olfactory 
bulb, habenular nuclei, CA1-3 and dentate gyrus of the hippo-
campus, and cerebellum exhibited strong BNIP3L mRNA sig-
nals (Fig. 1I). 
 
Induction of BNIPs mRNA in cultured neurons during  
autophagy and apoptosis 
The action of a large subset of BH3-only proteins is regulated 
by transcriptional induction upon stimulation (Youle and Strasser, 
2008). Because BNIPs are related to autophagy and apoptosis, 
we next tested whether the mRNA expression levels of BNIPs 
are regulated during starvation-induced autophagy and the 
staurosporine-induced apoptosis (Figs. 2A and 2B). Following 
starvation (switching growth media to minimal conditions), we 
found that level of LC3-II, which is associated with auto-
phagosomes as the cleaved form of LC3-I, was increased, and 
the intracellular localization of LC3 showed enhanced puncta 
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formation (Data not shown). Interestingly, BNIP1 mRNA ex-
pression was progressively increased, whereas BNIP3 and 
BNIP3L expression levels were unchanged by starvation (Fig. 
2A). On the other hand, staurosporine treatment did not affect 
the expression of BNIPs in cultured cerebral cortex neurons 
(Fig. 2B), although Caspase-3 was activated (Data not shown). 

It is known that the expression of BNIP family mRNAs is in-
duced by hypoxia in many tumor cells (Chinnadurai et al., 2008). 
Similarly, the expression of BNIPs was also affected by oxygen-

glucose deprivation (OGD) in cultured cerebral cortex neurons 
(Fig. 2C). BNIP1 mRNA expression was slightly induced by the 
0 hour of reperfusion time when cells were exposed to OGD for 
1 h. It increased by 1 h after reperfusion, and returned to basal 
levels by 6 h. On the other hand, BNIP3 and BNIP3L mRNA 
expressions rapidly reached peak levels by OGD and sustained 
at a high level until 3 h after OGD. The induced expression 
returned to the basal level by 6 h after OGD-reperfusion. 

Fig. 1. The expression patterns of BNIP1 (A-

C), BNIP3 (D-F) and BNIP3L (G-I) in devel-

oping embryos (E16, A, D, G), post-natal day

12 (P12, B, E, and H) and adult (C, F, and I)

brains. Embryos were parasagitally cut, and

post-natal/adult brains were horizontally cut.

At least two independent sections from differ-

ent individuals were examined, and typical

images are shown. The abbreviations used

are as follows: ge, ganglion eminence; Lv,

liver; sc, superior colliculus; sp, spinal cord;

cbll, cerebellum; Gro, granule cell layer of

olfactory bulb; hab, habenular nuclei; dg,

dentate gyrus of hippocampal formation; oe,

olfactory epithelia; ht, heart; ent, entorhinal

cortex; M/T, mitral/tufted cell layer of olfactory

bulb; ca1, CA1 region of hippocampus; ca3,

CA3 region of hippocampus. 

Fig. 2. Induction of BNIPs mRNAs after star-

vation (A), staurosporine treatment (B), and

oxygen-glucose deprivation (OGD)-reperfu-

sion (C) in cultured rat cerebral cortex neu-

rons. Expression levels of mRNAs were de-

tected by RT-PCR, and typical agarose gel

(1.5%) images are shown in the upper pan-

els. The arrowheads indicate the BNIP3L

cDNA PCR product (530 bps), and the aster-

isks indicate a non-specific PCR product.

Experiments were duplicated, and similar

results were obtained. Graphs in the lower

panels show the quantification of DNA band

intensities. 
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Induction of BNIP3 mRNA in facial motoneurons after  

nerve axotomy  

Transection of the facial nerve in the neonatal rat triggers the 
apoptosis of MNs (Oppenheim et al., 1995; Sendtner et al., 
1992; Sun and Oppenheim, 2003; Yan et al., 1995). To test 
whether BNIPs are involved in apoptosis in vivo, we examined 
the induction of BNIP mRNAs following facial nerve axotomy 
(Fig. 3). Among the three BNIP family members, the mRNAs of 
BNIP3 and BNIP3L were found in the control facial nuclei, 
whereas BNIP1 mRNA was not detected in the facial nuclei 
(Figs. 3A and 3B). Following axotomy, BNIP3 mRNA was rap-
idly induced in the axotomized facial nuclei within 1-3 days 
(Figs. 3C and 3D). However, BNIP3L mRNA was only margin-
ally induced 1 day after axotomy, but returned to the basal level 
by day 3 (Figs. 3E and 3F). 
 

DISCUSSION 

 
In this study, we found that the expression levels of BNIP1, 3 
and 3L were differentially regulated during development and 
upon apoptosis- and/or autophagy-inducible signals. In the rat 
brain, moderate and significant expression of BNIP1 and BNIP3L 
mRNAs was observed. Considering that all neurons expressing 
BNIPs do not undergo apoptosis, the basal expression of 
BNIPs in the developing brain is not directly related to apoptosis. 
However, autophagy is an essential cellular event in healthy 
neurons for the maintenance of homeostasis (Mizushima and 
Komatsu, 2011), and basally expressed BNIPs may play signifi-
cant roles in autophagy. Interestingly, we found that BNIP1 and 
BNIP3L expression was strong in the adult cerebellum, and 
BNIP3 expression appeared to be induced in the post-natal 
brain, especially in the entorhinal cortex. However, these brain 
regions exhibit neither spontaneous apoptosis nor enhanced 
autophagy in the adult brain. Therefore, these unexpected ex-
pression patterns may suggest that BNIPs have other roles in 
addition to the control of apoptosis/autophagy. It is known that 

BCL2 family proteins are also involved in many biological proc-
esses, such as mitochondrial dynamics (Cleland et al., 2011; 
Karbowski et al., 2006) and intracellular calcium regulation 
(Oakes et al., 2005; Scorrano et al., 2003). Considering that 
BNIPs interact with BCL-2/BAX proteins, these BNIPs may also 
have roles in these additional processes. Consistent with this 
hypothesis, recent reports have demonstrated that BNIPs are 
involved in the regulation of mitochondrial dynamics. BNIP1 
induces the expression of DRP1, a mitochondrial fission mole-
cule, resulting in mitochondrial fragmentation (Ryu et al., 2012). 
BNIP3 also promotes mitochondrial fragmentation through mito-
chondrial recruitment of DRP1 and inhibitory interaction with 
OPA1, a mitochondrial fusion molecule (Landes et al., 2010; 
Lee et al., 2011).  

We tested whether these BNIP mRNA expression levels are 
regulated by several stimuli that induce autophagy or apoptosis. 
Interestingly, BNIPs differentially responded to these stimuli. 
Starvation that promotes autophagy in neurons evoked mild 
and progressive transcriptional activation of BNIP1. It has been 
reported that BNIP3 is induced during ceramide-induced auto-
phagy in glioma cells (Daido et al., 2004), and forced expres-
sion of BNIP3 evoked autophagic cell death (Kanzawa et al., 
2005). In this respect, it is surprising that only BNIP1 mRNA 
was induced in the starvation-induced autophagic condition, 
suggesting that BNIPs may differentially respond according to 
the stimuli or cell types. Although BNIPs are a class of pro-
apoptotic BH3-only proteins (Galvez et al., 2006; Imazu et al., 
1999), staurosporine, an apoptogenic chemical, failed to induce 
BNIP mRNA expression. It is well known that the transcriptional 
induction of BH3-only proteins is highly stimuli-dependent. For 
instance, deprivation of NGF triggers BIM transcription via 
FOXO transcription factors (Gilley et al., 2003), whereas DNA 
damage triggers PUMA and NOXA transcription via p53 induc-
tion (Villunger et al., 2003). In this respect, staurosporine-in-
duced apoptosis does not appear to be mediated by BNIP acti-
vation. Axotomy of the neonatal facial nerve promotes apop-

Fig. 3. Changes in the expression of BNIP1 (A, B),

BNIP3 (C, D) and BNIP3L (E, F) mRNAs on 1 day (A,

C, and E) or 3 days (B, D, and F) after unilateral facial

nerve axotomy in neonatal (P2) rat pups. Facial nu-

clei are marked by white dotted lines. The in situ

hybridized mRNA signals are pseudocolored, and the

levels of BNIPs mRNAs are visualized as green (low

level) to red (high level). 
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tosis of MNs in vivo. Apoptosis after nerve axotomy is mediated 
by the pro-apoptotic gene BAX (Park et al., 2007; Sun and 
Oppenheim, 2003), and BAX activation is mediated by several 
BH3-only proteins, such as HRK, NOXA and BIM (Kiryu-Seo et 
al., 2005; Wakabayashi et al., 2002; 2005). BNIP3 expression 
was also prominently induced after nerve axotomy, and BNIP3 
may be involved in the apoptosis of axotomized MNs in concert 
with other activating BH3-only proteins. 

However, OGD, that triggers autophagy and apoptosis, 
markedly enhanced the expression of all three BNIPs. BNIP3 
and BNIP3L expression levels are reportedly increased by 
hypoxia in tumor cells (Birse-Archbold et al., 2005; Hamacher-
Brady et al., 2007; Tracy et al., 2007), and the transcription 
factor HIF is responsible for the transcriptional induction of 
BNIP3 (Lee and Paik, 2006; Leist and Jaattela, 2001; Sowter et 
al., 2001). HIF expression is also induced in cortical neurons by 
hypoxia (Halterman et al., 1999). BNIP1 mRNA induction dur-
ing hypoxic conditions has not yet been reported, but our cur-
rent observation demonstrated that BNIP1 expression is also 
regulated by similar stimuli. 

Collectively, these results indicate that 1) the basal expres-
sion of BNIPs in the developing brain per se does not promote 
cell death, and 2) the induction of BNIPs is selective depending 
on the type of stimuli. 
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