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Introduction 
 
The main goal of this idea grant is to demonstrate whether the BNIP3 plays a role in mTOR 
regulation by Rheb, especially in response to hypoxia stress.  BNIP3 is a BH3 domain containing 
protein in the Bcl2 family.  Our preliminary observation indicates that BNIP3 can directly 
interact with Rheb, which is a direct downstream target of the TSC2 tumor suppressor.  TSC2 
functions as a GAP to inhibit Rheb, which is a potent activator of mTOR.  In TSC mutant cells, 
mTOR activity is abnormally high.  It is widely believed that the uncontrolled mTOR activity 
contributes to the development of TSC disease.  Therefore a key issue TSC research is to 
understand mTOR regulation.  mTOR activity is regulated by a wide range of environmental 
signals, such as hypoxia.  It has been well established that hypoxia inhibits mTOR but the 
underlining mechanism is not fully understood.  Interestingly, hypoxia induces BNIP3.  The 
major hypothesis for this proposal is that BNIP3 may play a critical role in mTOR regulation in 
response to hypoxia.  The main goal of this proposal is to elucidate the molecular mechanism of 
how hypoxia inhibits cell growth by inhibiting the mTOR pathway and the function of BNIP3 in 
these processes.  
 
Body 
 
Results summary 
 Both genetic and biochemical data have established that Rheb is a key upstream activator 
of mTOR. To search for Rheb interacting proteins, we performed a yeast two-hybrid screen with 
cDNA libraries from Hela cells and mouse embryos using Rheb as bait. We isolated Bnip3, 
Bnip3L (Bnip3 like), and PRA1 (prenylated Rab acceptor protein) as positives. Each gene was 
isolated multiple times as different cDNA clones in our yeast two hybrid screens, indicating true 
positive interaction of these genes with Rheb in the yeast two-hybrid system. For example, 
Bnip3 clones were isolated 6 times from the Hela library and 2 times from mouse embryo 
library.  Interestingly, Bnip3 is induced by hypoxia, indicating a potential role of Bnip3 in 
mTOR regulation in response to hypoxia. 
 We concentrated our efforts on Bnip3 and Bnip3L because they specifically interacted 
with Rheb but not other small GTPases. We observed that the interaction between Bnip3 and 
Rheb in the yeast two-hybrid screen does not depend on the prenylation of Rheb since Bnip3 still 
showed a positive interaction with Rheb(C181S) mutant. We also observed that Bnip3L 
interacted with Rheb similarly as Bnip3.  
 To further confirm the interaction between Bnip3 and Rheb, immunoprecipitation of 
endogenous proteins was performed.  We found endogenous Bnip3 was co-immunoprecipitated 
(co-IP) with a specific anti-Rheb antibody. In contrast, Bnip3 was not detected in the control 
immunoprecipitation.  It is worth noting that Bnip3 could not be co-immunoprecipitated with 
Rheb if crosslinking was omitted, indicating that the interaction between Rheb and Bnip3 is 
transient.  These data demonstrate that Bnip3 and Rheb interact under the physiological 
condition. 
 Bnip3 contains a central BH3 domain, a conserved domain (CD), and a C-terminal 
transmembrane domain (TM). Bnip3L (also termed NIX, Nip3-like protein X) is highly 
homologous to Bnip3 with similar domain structures.  However, Bnip3L bears a distinct longer 
asparagines/proline-rich N terminus.  The functions of TM domain and BH3 domain of Bnip3 
have been extensively studied.  The TM domain of Bnip3 is critical for homodimerization, pro-
apoptotic function, and intracellular targeting; whereas deletion of BH3 domain has no effect on 
the above functions.  To examine which domain is involved in interaction with Rheb, we 
generated a series of deletion mutants as indicated in Fig.1a. The yeast two-hybrid assays 
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showed none of TM domain, BH3 domain, CD, and N-terminal 30 amino acids are essential for 
binding, although their binding is less strong than wild type.  In contrast, deletion of N-terminal 
114 amino acid abolished the binding between Bnip3 and Rheb.    
 To further confirm the domain in Bnip3 responsible for Rheb binding, HEK293 cells 
were transiently co-transfected with plasmids expressing various Flag-tagged Bnip3 mutants and 
Myc-tagged Rheb. Flag-Bnip3 protein was immunoprecipitated by anti-Flag antibody; the 
associated Myc-Rheb was detected by western blot. Overexpressed Bnip3 has been shown to 
form a covalently dimer in a TM domain dependent manner.  Consistent with published data, the 
Bnip3-wt, Bnip3∆N30, Bnip3∆CD, Bnip3∆BH3 and Bnip3∆N114 showed up at twice the size of 
their predicted monomer molecular weight on the SDS-PAGE gel.  In contrast, the Bnip3∆TM 
could not form dimers and showed a molecular weight on SDS gel consistent with the predicted 
monomer. The mutant Rheb(C181S) protein migrated slower on SDS-PAGE gel, which is 
consistent with earlier studies showing that isoprenylated Rheb migrates more quickly than the 
unmodified Rheb. 
 Consistent with two-hybrid results, the CD, BH3 domain and N-terminal 30 amino acids 
of Bnip3 are not essential for binding with Rheb. Deletion of N-terminal 114 amino acid 
dramatically decreased the binding. In contrast with the two-hybrid results, however, deletion of 
TM domain in Bnip3 completely abolished the binding in mammalian cells.  Moreover, 
membrane association is also important for Rheb to interact with Bnip3 because the 
isoprenylation-defective Rheb(C181S) mutant did not bind with Bnip3 either.  The explanation 
of the difference between the two-hybrid and Co-IP maybe due to the localization of Bnip3 and 
Rheb are different in these two systems. In the yeast two-hybrid system, Bnip3 and Rheb were 
fused with LexA activation domain and Gal4 DNA binding domain, respectively. These two 
fusion proteins are nuclear proteins due to the presence of nuclear localization signals in the 
fusion proteins. Therefore, the two fusion proteins can interact with each other in the nucleus in 
the yeast two-hybrid assay.  In contrast, deletion of the TM domain in Bnip3 or mutation of the 
CAAX motif in Rheb will alter their subcellular localizations and prevent the two proteins to see 
each other in mammalian cells. 
 To further verify the physical interaction between Bnip3 and Rheb, we constructed YFP–
Bnip3 and CFP–Rheb fusion proteins (CFP stands for cyan fluorescent protein and YFP stands 
for yellow fluorescent protein) and used FRET (Fluorescence Resonance Energy Transfer) 
measurement techniques to visualize protein interactions in Cos-7 cells. FRET is one of the few 
tools available to study protein interactions in the cell in real time and also can be an accurate 
measurement of molecular proximity at angstrom distances (10–100 Å). We found that 
overexpression of YFP-Bnip3 or CFP-Rheb showed granule-like fluorescence pattern in 
cytoplasm. In contrast, Bnip3∆TM and Rheb(C181S) mutant showed homogenous cytoplasmic 
distribution. These observations demonstrate that the TM domain in Bnip3 and the Cys181 in 
Rheb are important for subcellular localization of these two proteins.  Supporting the Co-IP 
results in HEK 293 cells, Bnip3 showed strong interaction with Rheb as determined by the 
FRET.  In contrast, no FRET was observed between Bnip3∆TM and Rheb, nor was observed 
between Bnip3 and Rheb(C181S). Bnip3∆N30, Bnip3∆CD and Bnip3∆BH3 also displayed a 
FRET positive interaction with Rheb. As expected, Bnip3 does not interact with Rap1b although 
the two proteins show similar subcellular distribution.  These results further support the 
interaction between Rheb and Bnip3.  
 Rheb stimulates S6K phosphorylation and activation via mTOR. Phosphorylation of S6K 
is a convenient and reliable measurement for mTOR activity in vivo.  Therefore, we examined 
weather Bnip3 modulates the function of Rheb by measuring S6K phosphorylation. In HEK293 
cells, overexpression of Flag-Bnip3 inhibited the phosphorylation of the co-transfected HA-
S6K1 in a dose dependent manner. Surprisingly, the Bnip3L, which shares more than 50% 
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sequence identity with Bnip3 and can also bind Rheb, did not have any effect on S6K 
phosphorylation. These observations strongly suggest that the inhibitory effect of Bnip3 depends 
on a specific sequence unique in Bnip3 and that mere binding to Rheb is not sufficient to inhibit 
the ability of Rheb in mTOR activation. 4EBP1 is another target of mTOR. mTOR 
phosphorylates 4EBP1 at multiple sites, including serine 65. To confirm the inhibitory effect of 
Bnip3 on mTOR signaling, we examined the effect of Bnip3 on 4EBP1 phosphorylation. Our 
results showed that Bnip3 but not Bnip3L inhibited 4EBP1 phosphorylation.  These observations 
are consistent with a model that Bnip3 inhibits mTOR activation by Rheb. 
 Since the Bnip3L has no effect on S6K and 4EBP1 phosphorylation, we focused on 
Bnip3 in subsequent studies. To further confirm weather Bnip3 inhibits S6K by acting through 
mTOR, we tested the rapamycin-resistant mutant, S6K-∆C104, which contains a C-terminal 
deletion and its phosphorylation of Thr 389 is no longer inhibited by rapamycin. We found 
Bnip3 could not inhibit phosphorylation of S6K-∆C104.  These results suggest that the inhibitory 
effect of Bnip3 on S6K likely goes through mTOR.  Recently, it has been established the mTOR 
exists in two functionally distinct complexes, TORC1 and TORC2.  TORC1 is responsible for 
S6K Thr389 phosphorylation while TORC2 phosphorylates AKT S473. To check weather Bnip3 
inhibits TORC2 activity, we examined the effect of Bnip3 overexpression on phosphorylation of 
GST-Akt. Our results demonstrate that Bnip3 is unable to inhibit the phosphorylation of Akt. 
This data implies that Bnip3 specifically inhibits TOCR1 functions, but not TOCR2.  Our data 
are consistent with the notion that Rheb is not directly involved in TORC2 activation.  
 To map the sequence in Bnip3 required for S6K inhibition, several Bnip3 mutants were 
co-transfected with HA-S6K. Bnip3 wild type could potently inhibit S6K phosphorylation. 
Deletion of BH3 domain and CD had no effect on the ability of Bnip3 to inhibit S6K. As 
anticipated, Bnip3∆TM completely lost its ability to inhibit S6K because this mutant could not 
bind Rheb. Bnip3∆Ν30, which could bind Rheb at a similar level as the wild type Bnip3, 
however also lost its activity completely. As predicted, Bnip3-∆N114 could not inhibit S6K 
phosphorylation. These results suggest that interaction between Bnip3 and Rheb is necessary but 
not sufficient to inhibit Rheb function. Furthermore, our data indicates that the N-terminal region 
of Bnip3 is required to inhibit the mTOR pathway.  Interestingly, the N-terminal region is not 
conserved between Bnip3 and Bnip3L, consistent with the observation that Bnip3L cannot 
inhibit mTOR although it binds Rheb. Given the fact that Bnip3 and Bnip3L has no homolog in 
N-terminal 30 amino acids but shares 65% identity in the rest of the protein, the above results 
strongly suggested the N-terminal 30 amino acids of Bnip3 are essential for S6K inhibition.  

 To examine weather Bnip3 affect the Rheb-induced S6K phosphorylation, Bnip3 was co-
transfected with Myc-Rheb into HEK 293 cells. Cells were treated with D-PBS to reduce the 
basal S6K phosphorylation, therefore, the D-PBS treatment highlighted the stimulatory effect of 
Rheb on S6K.  Overexpression of Flag-Bnip3 compromised the S6K phosphorylation induced by 
Rheb co-expression. We also examined the phosphorylation of 4EBP1, another substrate of 
TORC1. Flag-Bnip3 inhibited the Rheb-induced 4EBP1 phosphorylation.  The data in figure 2 
indicate that mere binding is not sufficient for Bnip3 to inhibit Rheb function.   

 To investigate how Bnip3 affects Rheb function, we tested Rheb GTP/GDP radio by 
overexpressing Bnip3 and Rheb in HEK 293 cell. Overexpression of wild type Bnip3 
reproducibly decreased the GTP/GDP radio by approximately 30% (Fig.3c). Although, the effect 
of Bnip3 on Rheb GTP/GDP radio is moderate, this change in Rheb GTP/GDP is rather 
significant. In similar experiments, we could not detect a change in Rheb GTP/GDP under 
various conditions, including insulin stimulation and amino acid addition.  Further supporting the 
importance of Bnip3 on Rheb GTP levels, we tested Bnip3∆TM and Bnip3∆N30, which lost the 
ability to inhibit S6K phosphorylation. We found that neither Bnip3∆TM nor Bnip3∆N30 
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affected Rheb GTP levels.  Besides TSC2, Bnip3 is the only protein known to affecting Rheb 
GTP/GDP in our studies.  Therefore, our data indicate that Bnip3 inhibits the mTOR pathway by 
decreasing Rheb GTP levels. 

 We used siRNA (small interference RNA) oligonucleotides to test the effect of 
endogenous Bnip3 on S6K phosphorylation and S6K kinase activity, which was measured by 
checking the phosphorylation of S6, a directly substrate of S6K. Two RNA duplexes, 
corresponding to either an amino-terminal (Bnip3-N) or C-terminal (Bnip3-C) region of Bnip3, 
were used to suppress expression of endogenous Bnip3. Transfection of siRNA-C or siRNA-N 
caused a significant reduction of endogenous Bnip3 protein levels in HEK293 cells, whereas 
Bnip3 siRNA had no effect on expression levels of the β-actin control. It is worth noting that in 
contrast to a strong induction of Bnip3 by hypoxia in many cell lines, Bnip3 is expressed in HEK 
293 cells and its expression is not significantly induced by one hour exposure to hypoxia. We 
found that Bnip3 knockdown had little effect on the basal phosphorylation of S6K and S6.  
Hypoxia inhibited S6K phosphorylation.  Interestingly, Bnip3 knockdown significantly blocked 
the inhibition of S6K phosphorylation in response to hypoxia.  Control experiments with 
unrelated siRNA oligonucleotides had no effect on the phosphorylation of S6K and S6. This 
observation suggests that Bnip3 may be specifically activated under hypoxia and plays a critical 
role in mTOR inhibition in response to hypoxia.  
 To further confirm the specific function of Bnip3 in hypoxia response, we established 
Bnip3 knockdown stable cell line.  HEK293 cells were infected by retrovirus expressing Bnip3 
shRNA (small hairpin RNA) and control shRNA respectively. The stable shRNA expressing 
cells were selected by puromycin. Bnip3 protein was greatly reduced in the Bnip3-shRNA 
expressing cells lines.  Consistent with the transient siRNA transfection results, stable Bnip3 
knockdown blocked the decrease of phosphorylation of S6K and S6, in response to hypoxia 
conditions, but had no effect on phosphorylation of Akt.  We also examined if the effect of 
Bnip3 is specific to hypoxia response. Both hypoxia and low pH (pH 6.5) caused a similar 
reduction in phosphorylation of S6K and S6.  Bnip3 knockdown only suppressed the effect of 
hypoxia but not the effect of low pH.  These results suggest that Bnip3 is specifically involved in 
hypoxia response. In addition, cells were treated with a low dose of Rapamycin to partially 
inhibit TORC1 activity to a degree similar to those inhibited by either hypoxia or low pH. Bnip3 
siRNA could not block the inhibitory effect of Rapamycin on S6K. These data suggest that 
Bnip3 acts specifically in hypoxia response upstream of TORC1.  Moreover, the above results 
are consistent with our observations that Bnip3 binds to Rheb and decreases Rheb GTP levels. 
 Bnip3 has been implicated in tumor development.  A possible mechanism of Bnip3 in 
cancer inhibition is due to its activity in promoting cell death.  It is also possible that Bnip3 may 
inhibit tumor growth by inhibiting mTOR, especially in solid tumors, which are frequently under 
hypoxia conditions. We tested the effect of Bnip3 knockdown on tumor formation in nude mice. 
 Both Bnip3 knockdown and control HEK293 cells were injected into nude mice.  Tumor size 
was monitored.  We found that the Bnip3 knockdown cells formed much bigger tumor than the 
control cells.  These data indicate that the elevated mTOR activity in the Bnip3 knockdown cells 
may provide a growth advantage.  To further test the function of mTOR activation in Bnip3-
induced tumor growth, we treated the mice with rapamycin, which should inhibit mTOR even in 
Bnip3 knockdown cells.  As expected, rapamycin significantly inhibited tumor growth of 
HEK293 cells.  Interestingly, the Bnip3 knockdown cells did not show any growth advantage 
over the control cells in the presence of rapamycin.  These results strongly indicate that the 
elevated mTOR activity by Bnip3 knockdown is responsible for the growth advantage of the 
Bnip3 knockdown in HEK293 cells in vivo.  
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Key Research Accomplishments 
 
1. We identified Bnip3 as a Rheb specific interacting protein. 
2. We demonstrated that Bnip3 inhibits the ability of Rheb in mTOR activation. 
3. We found that Bnip3 decreases Rheb-GTP, therefore inhibiting Rheb. 
4. We showed that Bnip3 mediates the hypoxia response in mTOR inhibition. 
5. We found that Bnip3 inhibits cell growth in response to hypoxia. 
6. We presented evidence to support Bnip3 as a tumor suppressor by inhibiting cell growth. 
 
 
Reportable Outcomes 
 
Li, Y., Wang, Y., Kim, E., Beemiler, P., Wang, C-Y., Swanson, J., You, M., and Guan,  
K-L.  (2007) Bnip3 mediates the hypoxia-induced inhibition on mTOR by interacting with  
Rheb.  J. Biol. Chem. 282, 35803-13. 
 
 
Conclusions 
 

Our studies demonstrate that Bnip3, a hypoxia inducible BH3 domain containing protein, 
directly binds Rheb and inhibits the mTOR pathway.  Bnip3 decreases Rheb GTP levels in a 
manner depending on the binding to Rheb and the presence of the N-terminal domain. Both 
knockdown and overexpression experiments show that Bnip3 plays an important role in mTOR 
inactivation in response to hypoxia.  Moreover, Bnip3 inhibits cell growth in vivo by 
suppressing the mTOR pathway. These observations demonstrate that Bnip3 mediates the 
inhibition of mTOR pathway in response to hypoxia. These data provide a biochemical 
mechanism that Bnip3 functions as a tumor suppressor by inhibiting cell growth in response to 
hypoxia. 
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Themammalian target of rapamycin (mTOR) is a central con-
troller of cell growth, and it regulates translation, cell size, cell
viability, and cell morphology. mTOR integrates a wide range of
extracellular and intracellular signals, including growth factors,
nutrients, energy levels, and stress conditions. Rheb, a Ras-re-
lated small GTPase, is a key upstreamactivator ofmTOR. In this
study,we found that Bnip3, a hypoxia-inducibleBcl-2 homology
3 domain-containing protein, directly binds Rheb and inhibits
themTORpathway. Bnip3 decreases RhebGTP levels in aman-
ner depending on the binding to Rheb and the presence of the
N-terminal domain. Both knockdown and overexpression
experiments show that Bnip3 plays an important role in mTOR
inactivation in response to hypoxia. Moreover, Bnip3 inhibits
cell growth in vivo by suppressing the mTOR pathway. These
observations demonstrate that Bnip3mediates the inhibition of
the mTOR pathway in response to hypoxia.

Target of rapamycin (TOR),2 is an evolutionarily conserved
serine/threonine kinase that plays a central role in cell growth
(1–3). TOR regulates many processes, including protein trans-
lation, ribosome biogenesis, autophagy, and metabolism. TOR
functions to integrate a wide range of extracellular and intra-
cellular signals to produce a concerted cellular response, such
as to stimulate cell growth. For example, mammalian target of
rapamycin (mTOR) is activated by growth factor and nutrient
availability. In contrast, mTOR is inhibited by cellular energy
starvation and various stress conditions, including osmotic
stress and hypoxia. These observations established a funda-
mental importance ofmTOR in signal integration in regulation
of cell growth.

Recent studies have demonstrated that TOR exists in two
functionally distinct protein complexes, termed TOR complex
1 (TORC1) and TOR complex 2 (TORC2) (3, 4). The two TOR
complexes were initially identified in yeast and subsequently
were also characterized in Drosophila and mammalian cells.
TORC1 contains mTOR, mLST8, PRAS40, and Raptor,
whereas TORC2 contains mTOR, mLST8, Rictor, and Sin1
(5–12). TORC1 is responsible for phosphorylation of Thr389 of
S6K1 (ribosomal protein S6 kinase) and 4EBP1 (eukaryote ini-
tiation factor 4E-binding protein), two important regulators in
protein synthesis (1). In contrast, TORC2 has different sub-
strates and is responsible for phosphorylation of the hydropho-
bic sites in bothAKTandPKC (9, 13). Interestingly, TORC1but
not TORC2 is inhibited by rapamycin (6, 8, 9). These observa-
tions clearly demonstrate that the two TOR complexes have
different physiological functions in vivo.
Much progress has been made regarding the mechanisms of

TORC1 regulation. Tuberous sclerosis complex (TSC) is a
genetic disease characterized by benign hamartomas in various
tissues (14). Mutations in either the TSC1 or TSC2 tumor sup-
pressor gene are responsible for TSC development. TORC1 is
highly activated in TSC tumors or cells with mutation of either
TSC1 or TSC2. Both genetic and biochemical data have dem-
onstrated that TSC1 and TSC2 are upstream negative regula-
tors of TORC1. TSC2 has GTPase-activating protein activity
specifically toward Rheb (Ras homolog enriched in brain), and
Rheb is a potent upstream activator of TORC1 (15–21). Inter-
estingly, Rheb may activate TORC1 by direct binding (11, 22,
23). Therefore, a signaling pathway from TSC1-TSC2 to Rheb
to TORC1 has been established.
TORC1 is regulated by a wide range of intracellular and

extracellular signals, and the TSC1-TSC2 complex appears to
play an important role in receiving and integrating multiple
signals to control TORC1 activity (3, 4). It has been shown that
TSC2 is phosphorylated and possibly inactivated by AKT,
which is a key downstream signaling molecule in growth and
insulin signaling (24–27). TSC2 phosphorylation has also been
reported to play a critical role in cellular energy response.
Energy starvation activates AMPK that inhibits the mTOR
pathway by phosphorylating TSC2 (28, 29).
Rheb is a Ras family small GTPase, conserved from yeast

to mammals (30). Rheb specifically activates TORC1 and
enhances S6K phosphorylation in a rapamycin-sensitive man-
ner (31) but does not activate TORC2 (31, 32). Like other Ras
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were defrayed in part by the payment of page charges. This article must
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family GTPases, the GTP-bound Rheb is active, whereas the
GDP-bound Rheb is inactive to stimulate S6K phosphorylation
(33). However, besides the TSC2 GTPase-activating protein,
which inhibits Rheb by stimulating GTP hydrolysis, how Rheb
activity is regulated is rather unclear. For example, conflicting
results have been reported concerning whether amino acids,
which potently stimulate TORC1 activity, increase Rheb GTP
levels (34–36).
Among many stress conditions that inhibit TORC1, the

hypoxia-induced TORC1 inactivation may play an important
role in tumor growth. Two hypoxia-inducible genes, Redd1 and
Redd2 (also known as RTP80 and RTP80L) have been impli-
cated to mediate the TORC1 inactivation in response to
hypoxia (37–39). However, the biochemical mechanism of how
Redd1/Redd2 inhibit TORC1 is unclear, but they may act
upstream of TSC2.
Bnip3 (Bcl-2/adenovirus E1B 19-kDa interacting protein 3) is

a hypoxia-induced pro-death protein that belongs to the Bcl-2
superfamily (40, 41). Bnip3 contains a C-terminal transmem-
brane (TM) domain, a sequence resembling the Bcl-2 homol-
ogy 3 (BH3) domain and a highly conserved domain (CD) (Fig.
1a) (42). Bnip3 was reported to have proapoptotic function
(43). Recent studies have highlighted the unique characteristics
of Bnip3 in inducing cell death and hypoxia response. The pro-
death function of Bnip3 requires the transmembrane domain
but not the BH3 domain, indicating that Bnip3 promotes cell
death different from the conventional BH3-only proteins that
normally neutralize prosurvival Bcl-2 family protein by inter-
acting via their BH3 domain. Consistent with this observation,
Bnip3-induced cell death is caspase-independent (44, 45). Cur-
rently, the mechanism of induction of cell death by Bnip3 is
unclear, but autophagic death and necrosis-like cell death have
been suggested (45, 46).
Bnip3 is strongly induced by hypoxia and plays a role in

hypoxic cell death in cancer cells and cardiomyocytes (47–49).
Transcriptional silencing of Bnip3 has been reported in gastro-
intestinal cancers, and probably contributes to resistance to
hypoxia-induced cell death in those cancers (50–52). In addi-
tion, knockdown Bnip3 enables breast cancer metastases in the
lung, liver, and bone (53).
In this study, we identified Bnip3 as a Rheb-binding protein.

Our results show that Bnip3 inhibits the ability of Rheb to acti-
vate TORC1 and mediates the inhibitory effect of hypoxia on
mTOR signaling. These data provide a biochemicalmechanism
that Bnip3 functions as a tumor suppressor by inhibiting cell
growth in response to hypoxia.

MATERIALS AND METHODS

Antibodies and Plasmids—Anti-phospho-S6K(Thr389), Anti-
phospho-S6(Ser230/244), and anti-phospho-AKT(Ser473) were
purchased from Cell Signaling Inc. Anti-Myc and anti-HA
antibodies were purchased from Covance. Anti-FLAG was
purchased from Cayman. Anti-Bnip3 (clone ANA30) was
purchased from Sigma. Anti-actin was from Santa Cruz Bio-
technology, Inc. (Santa Cruz, CA). Anti-Rheb antibody was
made by immunized rabbit with GST-Rheb protein (Pocono
Rabbit Farm and Laboratory).

PcDNA-HA-S6k, PcDNA-HA-S6k!C104, GST-Akt, and
pRK5-myc-Rheb constructs were described previously (27). All
point mutation constructs of Rheb were generated by the
QuikChange site-directed mutagenesis kit (Stratagene) and
verified by DNA sequencing. All deletion constructs of Bnip3
were generated by a standard PCR cloning strategy, using the
pcDNA3-FLAG-Bnip3 construct as a template.
Yeast Two-hybrid Assays—The Saccharomyces cerevisiae

strain L40 was co-transformed with bait plasmids expressing
Rheb fusions to the LexA-DNA binding domain in pLexAde
and with a HeLa cell cDNA library constructed in pGAD-GH
(laboratory stock). About 5 " 106 clones were screened for
HIS3 and lacZ gene expression using protocols as described
(54). Positive clones were verified by reassessing for growth on
Trp#/Leu#/His# plates and galactosidase activity by co-trans-
forming bait plasmid and pGAD-GH vectors derived from
positive yeast clones. For transformants that remained pos-
itive with the bait but negative with the vector alone, plasmid
DNA was isolated, transformed into E. coli DH10B, and sub-
jected to further detailed analyses, including sequencing and
co-immunoprecipitation.
Cell Culture—HEK293 cells were routinely cultured in Dul-

becco’s modified Eagle’s medium containing 10% fetal bovine
serum in a 37 °C incubator with 5.0% CO2. For hypoxia condi-
tions, cells were maintained at 37 °C within a modular incuba-
tor chamber (BioSpherix) filled with 5.0% CO2 and 0.1% O2
(balancedwithN2). The concentration of oxygen in the hypoxia
chamber was continuously monitored and maintained at 0.1%
O2 (0.75 mm Hg) by a gas oxygen controller (PROOX model
110; BioSpherix). All of the hypoxia treatments were performed
in the above condition for 1 h.
Transfection and Western Blot Analysis—Transfection was

performed in serum-free conditions using LipofectamineTM
reagent (Invitrogen) following the manufacturer’s instructions.
Cells were lysed in Lysis Buffer A (10mMTris-HCl, pH 7.5, 100
mM NaCl, 1% Triton X-100, 50 mM NaF, 2 mM EDTA, 1 mM
phenylmethylsulfonyl fluoride, 10 !g ml#1 leupeptin, 10 !g
ml#1 aprotinin). Samples were resolved by 12.5% SDS-PAGE,
and proteins were transferred to polyvinylidene difluoride and
then blotted with the desired antibodies.
Immunoprecipitation—The co-immunoprecipitations (co-

IPs) of Bnip3 and Rheb were performed as following procedure
similar to that described by Kim et al. (68). Briefly, 1 g of liver
tissue from a C57BL/6J mouse was homogenized in 5 ml of
ice-cold Lysis Buffer B (2.5 mg/ml dithiobis(succinimidyl pro-
pionate), 30mMHEPES (pH7.5), 120mMNaCl, 1mMEDTA, 10
mM pyrophosphate, 1% Triton X-100, and one tablet of prote-
ase inhibitors (Roche Applied Science)). Cross-linking reac-
tions were performed with dithiobis(succinimidyl propionate)
and stopped by adding 500!l of 1 MTris-HCl (pH 7.4) followed
by an additional 15-min incubation. The samples were briefly
centrifuged to remove any insoluble debris. The supernatant
was split to two equal aliquots. Anti-Rheb antibody and control
IgG antibody were added separately to these two aliquots for
immunoprecipitation. Antibody was incubated for 2 h at 4 °C.
Then 20 !l of a 50% slurry of protein G-Sepharose was added
and rotated for 1 h. Immunoprecipitates were collected by cen-
trifugation andwashed three timeswith Lysis Buffer Awith 500
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mMNaCl and 0.05% SDS. Immunocomplexes were subjected to
SDS-PAGE and Western blotting.
Fluorescence Resonance Energy Transfer (FRET) Microscopy—

FRET imaging was performed on an inverted Nikon Eclipse
TE300 microscope (Nikon USA, Melville, NY) with a "60, 1.4
numerical aperture, oil immersion PlanApoobjective lens and a
Lambda LS xenon arc lamp with liquid light guide (Sutter
Instrument, Novato, CA) for epifluorescent illumination.
Wavelength selection for excitation and emission was con-
trolled by a Lambda 10-2 filter wheel (Sutter Instruments)
and JP4v2 filter set (Chroma Technology, Rockingham, VT)
to record the component fluorescence images ID (excitation
at 430 $ 12.5 nm, emission at 470 $ 15 nm), IA (excitation at
500 $ 10 nm, emission at 535 $ 15 nm), and IF (excitation at
430 $ 12.5 nm, emission at 535 $ 15 nm). Fluorescence
images were recorded with a CoolSnap HQ cooled CCD
camera (Roper Scientific, Tucson, AZ). Image acquisition
and processing was performed in Metamorph 6.2 (Universal
Imaging, Melville, PA). Bias images were acquired with the
microscope illumination path blocked. Images were shade-
and bias-corrected before further image arithmetic.
Calculation of the FRET stoichiometry images EA, ED, EAVG,

and RM from the component fluorescence images was per-
formed as described previously (69, 71). The processed images
represent the fraction of donor in donor-acceptor complexes
(fd) multiplied by EC (ED), the fraction of acceptor in donor-
acceptor complexes (fA) multiplied by EC (EA), and the ratio of
total acceptor to total donor (RM) (71). EC represents the char-
acteristic energy transfer efficiency of BIP3-CFP-Rheb-YFP
complexes. However, the numerical value of EC is not required
to calculate the FRET stoichiometry images EA, ED, and RM.
EAVG is the arithmetic mean of EA and ED and adjusts for dif-
ferences in acceptor-donor ratios observed in different cells
(69).
Measurement of GDP/GTP Ratio of Rheb—The experiment

was done as previously described (33).HEK293 cellswere trans-
fected with the indicated Rheb and/or Bnip3 expression plas-
mids. Thirty-six hours after transfection, the cells were incu-
bated with phosphate-free Dulbecco’s modified Eagle’s
medium containing 25 !Ci of [32P]phosphate for 4 h. After the
labeling, cells were lysedwith 200!l of lysis buffer (0.5%NP-30,
50 mM Tris (pH 7.5), 100 mM NaCl, 10 mM MgCl2, 1 mM dithi-
othreitol, 1 mM phenylmethylsulfonyl fluoride, 10 !g/ml leu-
peptin, 10 !g/ml aprotinin) per well of 6-well plates. TheMyc-
Rheb was immunoprecipitated by anti-Myc antibody. The
Rheb-bound nucleotides were eluted with 20 !l of elution
buffer (2 mM EDTA, 0.2% SDS, 1 mMGDP, 1 mMGTP) at 68 °C
for 10 min. GTP and GDP were resolved by thin layer chroma-
tography and visualized by a PhosphorImager.
Transit Knockdown of Bnip3 in HEK293 Cells—Short inter-

fering RNA (siRNA) oligonucleotides against Bnip3 were pur-
chased from Dharmacon. siRNA-N and siRNAi-C represent
double-stranded RNA oligonucleotides corresponding to
N-terminal and C-terminal sequence of Bnip3. The negative
control siRNA oligonucleotides were purchased from
Invitrogen. HEK293 cells were transfected with 200 ng of
RNAi using Lipofectamine reagent, as described above. The
level of endogenous Bnip3 was determined by immunoblot-

ting with an anti-Bnip3 antibody. The sequences of siRNA
oligonucleotides were as follows: Bnip3 siRNA-N, 5%-ucgca-
gacaccacaagaua; Bnip3 siRNA-C, 5%-gaucauauuggaaggcgu;
control siRNA, 5%-ccaugggacuaacuagu.
Generation of Stable Small Hairpin RNA (shRNA)-expressing

HEK293 Cell Line—The Bnip3 siRNA-expressing cells were
established by pSuper siRNA delivery system (OligoEngine,
Inc.) following themanufacturer’s protocol. Briefly, two pairs of
oligonucleotides were synthesized by Invitrogen to construct
Bnip3 siRNA expression vector (pSuper.puro-Bnip3.RNAi)
and control siRNA expression vector (pSuper.puro-con.RNAi).
Oligonucleotides were annealed and ligated into BamHI- and
BglII-cut pSuper-puro vectors. The sequences of Bnip3 shRNA
and control shRNA coding sequences were as follows: Bnip3
forward, 5%-gatcccctcgcagacaccacaagatattcaagagatatcttgtggtgt-
ctgcgattttta; Bnip3 reverse, 5%-agcttaaaaatcgcagacaccacaagatatc-
tcttgaatatcttgtggtgtctgcgaggg; control forward, 5%- gatccccccatgg-
gactaactagtttcaagagaactagttagtcccatggttttta; control reverse,
5%-agcttaaaaaccatgggactaactagttctcttgaaactagttagtcccatggggg.
pSuper.puro-Bnip3.RNAi and pSuper.puro-con.RNAi were

transfected into Phoenix cells with Lipofectamine. The virus-
containing culturemediumwas collected at 48 h after transfec-
tion. HEK293 cells were infected by retrovirus expressing
Bnip3 shRNA and control shRNA separately. After 48 h of
infection, the shRNA-expressing cells were selected with 2
!g/ml of puromycin.
Nude Mouse Tumorigenesis Assay with siRNA-BNIP3—The

HEK293 cells were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum and 2
!g/ml puromycin at 37 °C and in a 5% CO2 atmosphere. The
tumorigenicity of HEK293 cells was assayed by subcutaneous
injection of equal cells (1.5 or 3 million) suspended in 200 !l of
serum-free Dulbecco’s modified Eagle’s medium into the back
of &7-week-old male athymic mice (Hsd:Athymic Nude-nu
(nu/nu), which were obtained from Harlan (Indianapolis, IN).
The mice were housed in the institutional animal facilities.
Food and water were given ad libitum. All animal works were
performed under protocols approved by the Washington Uni-
versity School of Medicine Institutional Animal Care and Use
Committee. Puromycin was obtained from Sigma (P7255;
Sigma). After HEK293 cell injection, tumor size was measured
with calipers in three dimensions at times as indicated. Tumor
volumewas calculated using the formula for volume of an ellip-
soid: 4/3 " L/2 " W/2 " H/2, where L represents length,W is
width, andH is height (70). All mice were sacrificed by asphyx-
iation with CO2 on day 20, tumors were removed, and tumor
weight (g) was measured. A two-tailed t test was used.

RESULTS

Identification of Bnip3 as a Rheb-binding Protein—Both
genetic and biochemical data have established that Rheb is a key
upstream activator of mTOR. Although Rheb has been shown
to interact with mTOR, the interaction between Rheb and
mTOR does not depend on the GTP binding status of Rheb,
raising the question regarding the functional significance of this
interaction (23). To search for Rheb-interacting proteins, we
performed a yeast two-hybrid screen with cDNA libraries from
HeLa cells and mouse embryos using Rheb as bait. We isolated
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Bnip3, Bnip3L (Bnip3-like), and PRA1 (prenylated Rab accep-
tor protein) as positives. Each gene was isolated multiple times
as different cDNA clones in our yeast two-hybrid screens, indi-
cating true positive interaction of these genes with Rheb in the
yeast two-hybrid system. For example, Bnip3 clones were iso-
lated six times from theHeLa library and two times frommouse
embryo library. PRA1 has been shown to interact with several
small GTPases (including Ras, Rap, Rho, TC21, and Rab) in a
prenylation-dependent manner (54). Rheb protein is isopreny-
lated at the C-terminal CAAXmotif. To examine whether iso-
prenylation of Rheb is required for interaction with PRA1, we
tested the isoprenylation-defective Rheb(C181S) mutant, in
which the cysteine within the CAAXmotif was substituted by a
serine. As predicted, PRA1 could not interact with the
Rheb(C181S) mutant (Table 1). This observation suggests that
PRA1 interacts with Rheb requires the C-terminal isoprenyla-
tion. PRA1 has been suggested to act as an escort protein for
small GTPases by binding to the hydrophobic isoprenoid moi-
eties of the small GTPases and facilitates their trafficking
through the endomembrane system (54). Therefore, PRA1may
have a similar function for Rheb intracellular trafficking.
We concentrated our efforts on Bnip3 and Bnip3L, because

they specifically interacted with Rheb but not other small
GTPases. For example, Bnip3 did not interact with Rap1b
(Table 1), which is the closest homolog of Rheb. We observed
that the interaction between Bnip3 and Rheb in the yeast two-
hybrid screen does not depend on the prenylation of Rheb,
since Bnip3 still showed a positive interaction with
Rheb(C181S) mutant (Table 1). We also observed that Bnip3L
interacted with Rheb similarly as Bnip3 (data not shown).
To further confirm the interaction between Bnip3 and Rheb,

immunoprecipitation of endogenous proteins was performed.
We found that endogenous Bnip3 was co-immunoprecipitated
with a specific anti-Rheb antibody (Fig. 1b). In contrast,
Bnip3 was not detected in the control immunoprecipitation.
It is worth noting that Bnip3 could not be co-immunopre-
cipitated with Rheb if cross-linking was omitted, indicating
that the interaction between Rheb and Bnip3 is transient.
These data demonstrate that Bnip3 and Rheb interact under
physiological conditions.
Binding of Bnip3 and Rheb Dependent on Membrane Local-

ization of both Proteins—Bnip3 contains a central BH3 domain,
a CD, and a C-terminal TM domain (Fig. 1a). Bnip3L (also
termed NIX (Nip3-like protein X)) is highly homologous to
Bnip3 with similar domain structures (55). However, Bnip3L

bears a distinctly longer asparagine/proline-rich N terminus
(56). The functions of the TM domain and BH3 domain of
Bnip3 have been extensively studied (44, 57). The TM domain
of Bnip3 is critical for homodimerization, proapoptotic func-
tion, and intracellular targeting, whereas deletion of the BH3
domain has no effect on the above functions. To examinewhich
domain is involved in interaction with Rheb, we generated a
series of deletion mutants as indicated in Fig. 1a. The yeast
two-hybrid assays showed that none of TM domain, BH3
domain, CD, and N-terminal 30 amino acids are essential for
binding, although their binding is less strong than wild type
(Table 1). In contrast, deletion of the N-terminal 114 amino
acids abolished the binding between Bnip3 and Rheb.
To further confirm the domain in Bnip3 responsible for Rheb

binding, HEK293 cells were transiently co-transfected with
plasmids expressing various FLAG-tagged Bnip3 mutants and
Myc-tagged Rheb. FLAG-Bnip3 protein was immunoprecipi-
tated by anti-FLAG antibody; the associated Myc-Rheb was
detected by Western blot (Fig. 1c). Overexpressed Bnip3 has
been shown to form a covalent dimer in a TMdomain-depend-
ent manner (58). Consistent with published data, the Bnip3-wt,
Bnip3!N30, Bnip3!CD, Bnip3!BH3, and Bnip3!N114
showed up at twice the size of their predictedmonomermolec-
ular weights on the SDS-PAGE gel (Fig. 1c). In contrast, the
Bnip3!TM could not form dimers and showed a molecular
weight on SDS gel consistent with the predicted monomer (58,
59). The mutant Rheb(C181S) protein migrated slower upon
SDS-PAGE, which is consistent with earlier studies showing
that isoprenylated Rheb migrates more quickly than the
unmodified Rheb (60).
Consistent with two-hybrid results, the CD, BH3 domain,

and N-terminal 30 amino acids of Bnip3 are not essential for
binding with Rheb. Deletion of the N-terminal 114 amino acids
dramatically decreased the binding. In contrast with the two-
hybrid results, however, deletion of the TM domain in Bnip3
completely abolished the binding in mammalian cells (Fig. 1c).
Moreover, membrane association is also important for Rheb to
interact with Bnip3, because the isoprenylation-defective
Rheb(C181S) mutant did not bind with Bnip3 either (Fig. 1c).
The explanation of the difference between the two-hybrid and
co-IP results may be due to the fact that the localizations of
Bnip3 and Rheb are different in these two systems. In the yeast
two-hybrid system, Bnip3 and Rheb were fused with the LexA
activation domain andGal4DNAbinding domain, respectively.
These two fusion proteins are nuclear proteins due to the pres-
ence of nuclear localization signals in the fusion proteins.
Therefore, the two fusion proteins can interact with each other
in the nucleus in the yeast two-hybrid assay. In contrast, dele-
tion of theTMdomain in Bnip3 ormutation of theCAAXmotif
in Rheb will alter their subcellular localizations and prevent the
two proteins from seeing each other in mammalian cells.
To further verify the physical interaction between Bnip3 and

Rheb, we constructed YFP-Bnip3 and CFP-Rheb fusion pro-
teins and used FRETmeasurement techniques to visualize pro-
tein interactions in COS-7 cells. FRET is one of the few tools
available to study protein interactions in the cell in real time
and also can be an accuratemeasurement ofmolecular proxim-
ity at angstrom distances (10–100 Å). We found that overex-

TABLE 1
Interaction between Rheb and Bnip3 in the yeast two-hybrid assay

DNA-binding
domain construct

pLexA
DNA activation
domain construct

pGAD
Growth on

Leu!/Trp!/His!

medium
"-Galactosidase

staining

Rap1b Bnip3 wild type # #
PRA1 ' ''''

Rheb Bnip3 wild type ' '''
Bnip3!N30 ' ''
Bnip3!N114 # #
Bnip3!BH3 ' ''
Bnip3!TM ' ''
Bnip3!CD ' ''

PRA1 ' ''''
Rheb(C181S) Bnip3 wild type ' ''

PRA1 # #
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pression of YFP-Bnip3 or CFP-Rheb showed granule-like fluo-
rescence pattern in cytoplasm (Fig. 1d). In contrast, Bnip3!TM
and Rheb(C181S) mutants showed homogenous cytoplasmic
distribution. These observations demonstrate that the TM
domain in Bnip3 and the Cys181 in Rheb are important for sub-
cellular localization of these two proteins. Supporting the co-IP
results in HEK293 cells, Bnip3 showed strong interaction with
Rheb as determined by the FRET (Fig. 1d). In contrast, no FRET
was observed between Bnip3!TM and Rheb; nor was it
observed between Bnip3 and Rheb(C181S). Bnip3!N30,

Bnip3!CD, and Bnip3!BH3 also displayed a FRET-positive
interaction with Rheb (data not shown). As expected, Bnip3
does not interact with Rap1b, although the two proteins show
similar subcellular distribution (Fig. 1d). These results further
support the interaction between Rheb and Bnip3.
Bnip3 Inhibits Phosphorylation of S6K Thr389—Rheb stimu-

lates S6K phosphorylation and activation via mTOR. Phospho-
rylation of S6K is a convenient and reliable measurement for
mTOR activity in vivo. Therefore, we examined whether Bnip3
modulates the function of Rheb bymeasuring S6K phosphoryl-

FIGURE 1. Interaction between Rheb and Bnip3. a, schematic domain structure of Bnip3. Domains are not drawn to scale. Inhibition of TORC1 as
indicated was measured by immunoblotting for phosphorylation of S6K. b, co-immunoprecipitation of endogenous proteins. Cell lysate was prepared
from mouse liver and treated with cross-linking reagent dithiobis(succinimidyl propionate). IP was performed with anti-Rheb or control rabbit IgG. The
immunoprecipitated samples were detected by Western blotting (WB) with either Rheb or Bnip3 antibody as indicated. The expression levels of Bnip3
in the liver cell lysate are shown in the bottom panel. c, the N-terminal domain and transmembrane domain of Bnip3 are important for interaction with
Rheb. Various FLAG-tagged Bnip3 deletion constructs were co-transfected with Myc-tagged Rheb in HEK293 cells. Cell lysate was immunoprecipitated
with anti-FLAG antibody. Co-immunoprecipitation of Myc-Rheb was detected by anti-Myc Western blot (two exposures are shown in the top two panels).
The immunoprecipitated Bnip3 proteins are detected by Western blot with anti-FLAG (second panel from the bottom). The expression levels of Myc-Rheb
in cell lysate are shown in the bottom panel. d, interaction between Bnip3 and Rheb was determined by FRET. CFP-Bnip3 fusion plasmid was co-
transfected in YFP-Rheb as indicated. Bnip3!TM and Rheb(C181S) mutant were included as indicated. Control of CFP, YFP, and Rap1b were included as
negative controls. The first and second columns show fluorescence signal of CFP and YFP, respectively. The last column shows signal of FRET. The scale
for fluorescence is indicated at the bottom right.

Inhibition of Rheb by Bnip3 Binding

DECEMBER 7, 2007 • VOLUME 282 • NUMBER 49 JOURNAL OF BIOLOGICAL CHEMISTRY 35807

 at Biom
edical Library, UCSD on June 30, 2008 

www.jbc.org
Downloaded from

 

http://www.jbc.org


ation. In HEK293 cells, overexpres-
sion of FLAG-Bnip3 inhibited the
phosphorylation of the co-trans-
fected HA-S6K1 in a dose-depend-
ent manner (Fig. 2a). Surprisingly,
the Bnip3L, which sharesmore than
50% sequence identity with Bnip3
and can also bindRheb, did not have
any effect on S6K phosphorylation.
These observations strongly suggest
that the inhibitory effect of Bnip3
depends on a specific sequence
unique in Bnip3 and thatmere bind-
ing to Rheb is not sufficient to
inhibit the ability of Rheb in mTOR
activation. 4EBP1 is another target
of mTOR. mTOR phosphorylates
4EBP1 at multiple sites, including
serine 65. To confirm the inhibitory
effect of Bnip3 on mTOR signaling,
we examined the effect of Bnip3 on
4EBP1 phosphorylation.Our results
showed that Bnip3 but not Bnip3L
inhibited 4EBP1 phosphorylation
(Fig. 2b). These observations are
consistent with a model in which
Bnip3 inhibits mTOR activation by
Rheb.
Since the Bnip3L has no effect

on S6K and 4EBP1 phosphoryla-
tion, we focused on Bnip3 in sub-
sequent studies. To further con-
firm weather Bnip3 inhibits S6K
by acting through mTOR, we
tested the rapamycin-resistant
mutant, S6K-!C104, which con-
tains a C-terminal deletion, and its
phosphorylation of Thr389 is no
longer inhibited by rapamycin
(61). We found that Bnip3 could
not inhibit phosphorylation of
S6K-!C104 (Fig. 2c). These results
suggest that the inhibitory effect
of Bnip3 on S6K probably goes
through mTOR. Recently, it has
been established that the mTOR
exists in two functionally distinct
complexes, TORC1 and TORC2
(3). TORC1 is responsible for S6K
Thr389 phosphorylation, whereas
TORC2 phosphorylates AKT Ser473.
To check whether Bnip3 inhibits TORC2 activity, we exam-
ined the effect of Bnip3 overexpression on phosphorylation
of GST-Akt. Our results demonstrate that Bnip3 is unable to
inhibit the phosphorylation of Akt. This finding implies that
Bnip3 specifically inhibits TOCR1 functions but not TOCR2
(Fig. 2d). Our data are consistent with the notion that Rheb is
not directly involved in TORC2 activation (32).

To map the sequence in Bnip3 required for S6K inhibition,
several Bnip3 mutants were co-transfected with HA-S6K (Fig.
2e). Bnip3 wild type could potently inhibit S6K phosphoryla-
tion. Deletion of BH3 domain and CD had no effect on the
ability of Bnip3 to inhibit S6K. As anticipated, Bnip3!TMcom-
pletely lost its ability to inhibit S6K, because this mutant could
not bind Rheb (Fig. 1, c and d). Bnip3!N30, which could bind
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Rheb at a similar level as the wild type Bnip3, however, also lost
its activity completely (Fig. 2e). As predicted, Bnip3-!N114
could not inhibit S6K phosphorylation. These results suggest
that interaction between Bnip3 and Rheb is necessary but not
sufficient to inhibit Rheb function. Furthermore, our data indi-
cate that the N-terminal region of Bnip3 is required to inhibit
the mTOR pathway. Interestingly, the N-terminal region is not
conserved between Bnip3 and Bnip3L, consistent with the
observation that Bnip3L cannot inhibit mTOR, although it
binds Rheb (Fig. 2a). Given the fact that Bnip3 and Bnip3L have
no homology in their N-terminal 30 amino acids but share 65%
identity in the rest of the protein, the above results strongly

suggested that the N-terminal 30
amino acids of Bnip3 are essential
for S6K inhibition.
Bnip3 Inhibits the Ability of Rheb

to Induce S6K Phosphorylation—To
examine whether Bnip3 affects the
Rheb-induced S6K phosphoryla-
tion, Bnip3 was co-transfected with
Myc-Rheb into HEK293 cells. Cells
were treated with Dulbecco’s phos-
phate-buffered saline to reduce the
basal S6K phosphorylation; there-
fore, the Dulbecco’s phosphate-
buffered saline treatment high-
lighted the stimulatory effect of
Rheb on S6K. Overexpression of
FLAG-Bnip3 compromised the
S6K phosphorylation induced by
Rheb co-expression (Fig. 3a). We
also examined the phosphoryla-
tion of 4EBP1, another substrate
of TORC1. FLAG-Bnip3 inhibited
the Rheb-induced 4EBP1 phos-
phorylation (Fig. 3b). The data in
Fig. 2 indicate that mere binding is
not sufficient for Bnip3 to inhibit
Rheb function.
To investigate how Bnip3 affects

Rheb function, we tested the Rheb
GTP/GDP ratio by overexpressing
Bnip3 and Rheb in HEK293 cells.
Overexpression of wild type Bnip3
reproducibly decreased the GTP/

GDP ratio by &30% (Fig. 3c). Although the effect of Bnip3 on
the Rheb GTP/GDP ratio is moderate, this change in Rheb
GTP/GDP is rather significant. In similar experiments, we
could not detect a change in Rheb GTP/GDP under various
conditions, including insulin stimulation and amino acid addi-
tion.3 Further supporting the importance of Bnip3 toRhebGTP
levels, we tested Bnip3!TM and Bnip3!N30, which lost the
ability to inhibit S6K phosphorylation (Fig. 2e). We found that
neither Bnip3!TM nor Bnip3!N30 affected Rheb GTP levels

3 Y. Li, Y. Wang, E. Kim, P. Beemiller, C.-Y. Wang, J. Swanson, M. You, and K.-L.
Guan, unpublished data.

FIGURE 2. Inhibition of S6K phosphorylation by Bnip3. a, Bnip3 but not Bnip3L inhibits S6K phosphorylation. HA-S6K was co-transfected with increasing
amount of Bnip3 or Bnip3L into HEK293 cells as indicated. Phosphorylation of the co-transfected S6K was determined by Western blotting with anti-phospho-
S6K antibody. The protein level of HA-S6K was determined by anti-HA. Western blot with anti-FLAG antibody was performed to detect the expression levels of
FLAG-Bnip3 and Bnip3L (bottom). The bar graph at the bottom shows quantification of S6K phosphorylation (n ( 3). The data represent S6K phosphorylation
in lanes 1, 4, and 7, which have the highest levels of Bnip3 or Bnip3L. Bars, means $ S.E. for relative S6K phosphorylation levels. Bnip3 significantly inhibits S6K
phosphorylation (p ) 0.01). b, Bnip3 but not Bnip3L inhibits 4EBP1 phosphorylation. Experiments were similar to those in a. Phosphorylation of the co-
transfected 4EBP1 was determined by Western blotting with anti-phospho(Ser65)-4EBP1 antibody. The bar graph at the bottom shows quantification of 4EBP1
phosphorylation (n ( 3). Bnip3 significantly inhibits 4EBP1 phosphorylation (p ) 0.01). c, Bnip3 does not inhibit the phosphorylation of the rapamycin-
insensitive S6K-!C. HA-S6K-!C contains a deletion in its C-terminal region. Phosphorylation of this mutant S6K is not inhibited by rapamycin; therefore, S6K-!C
is not phosphorylated by TORC1. HA-S6K-!C was transfected into HEK293 cells in the presence or absence of Bnip3 as indicated. Phosphorylation of S6K-!C
was determined by Western blotting with anti-phospho-S6K antibody. d, Bnip3 does not inhibit Akt phosphorylation. GST-Akt was transfected with increasing
amounts of Bnip3. Phosphorylation of Akt-Ser473, which is the TORC2 phosphorylation site, was determined by anti-phospho-Ser473-specific antibody. e, the
N-terminal domain and transmembrane domain of Bnip3 are required for S6K inhibition. HA-S6K was co-transfected with various FLAG-tagged Bnip3 mutants.
Phosphorylation of the co-transfected HA-S6K was determined. The expression levels of Bnip3 constructs were determined by Western with anti-FLAG
antibody. The bar graph at the bottom shows quantification of S6K inhibition by various Bnip3 mutants (n ( 3).

FIGURE 3. Inhibition of Rheb function by Bnip3. a, Bnip3 inhibits the Rheb-induced S6K phosphorylation.
HA-S6K was co-transfected with Myc-Rheb and/or FLAG-Bnip3 as indicated. The transfected cells were incu-
bated in Dulbecco’s phosphate-buffered saline for 0.5 h as indicated. Phosphorylation of S6K was determined.
The bar graph at the bottom shows quantification of S6K phosphorylation. Bnip3 significantly inhibited Rheb-
induced S6K phosphorylation (*, p ) 0.01). b, Bnip3 inhibits the Rheb-induced 4EBP1 phosphorylation. Exper-
iments were similar to those in A. Phosphorylation of the co-transfected 4EBP1 was determined by Western
blotting with anti-phospho(Ser65)-4EBP1 antibody. The bar graph at the bottom shows quantification of 4EBP1
phosphorylation. Bnip3 significantly inhibited Rheb-induced 4EBP1 phosphorylation (*, p ) 0.01). c, Bnip3
inhibits Rheb GTP level. Myc-Rheb was transfected into HEK293 cells in the presence or absence of FLAG-Bnip3.
The transfected cells were labeled with [32P]phosphate, and Myc-Rheb was immunoprecipitated. The amounts
of GTP and GDP bound to the precipitated Myc-Rheb were determined by thin layer chromatography (top). The
Myc-Rheb in the immunoprecipitation and the expression levels of Bnip3 were detected by Western blot.
Representative results of autoradiography and Western blot of three independent experiments are shown. The
bar graph at the bottom shows quantification of the GTP/GDP ratio in immunoprecipitated Rheb.
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(Fig. 3c). Besides TSC2, Bnip3 is the only protein known to
affect Rheb GTP/GDP in our studies. Therefore, our data indi-
cate that Bnip3 inhibits themTORpathway by decreasing Rheb
GTP levels.
Bnip3 Is Required for Hypoxia-induced S6K Inhibition—We

used siRNA oligonucleotides to test the effect of endogenous
Bnip3 on S6K phosphorylation and S6K kinase activity, which
was measured by checking the phosphorylation of S6, a direct
substrate of S6K. Two RNA duplexes, corresponding to either
an amino-terminal (Bnip3-N) or C-terminal (Bnip3-C) region
of Bnip3, were used to suppress expression of endogenous
Bnip3. Transfection of siRNA-C or siRNA-N caused a signifi-
cant reduction of endogenous Bnip3 protein levels in HEK293
cells, whereas Bnip3 siRNAhad no effect on expression levels of
the "-actin control (Fig. 4a). It is worth noting that in contrast
to a strong induction of Bnip3 by hypoxia in many cell lines,
Bnip3 is expressed in HEK293 cells, and its expression is not
significantly induced by 1 h of exposure to hypoxia. We found
that Bnip3 knockdown had little effect on the basal phospho-
rylation of S6K and S6.Hypoxia inhibited S6Kphosphorylation.
Interestingly, Bnip3 knockdown significantly blocked the inhi-
bition of S6K phosphorylation in response to hypoxia (Fig. 4a).
Control experiments with unrelated siRNA oligonucleotides
had no effect on the phosphorylation of S6K and S6. This obser-
vation suggests that Bnip3 may be specifically activated under
hypoxia and plays a critical role inmTOR inhibition in response
to hypoxia.
To further confirm the specific function of Bnip3 in

hypoxia response, we established a Bnip3 knockdown stable
cell line. HEK293 cells were infected by retrovirus expressing
Bnip3 shRNA and control shRNA, respectively. The stable
shRNA expressing cells were selected by puromycin. Bnip3
protein was greatly reduced in the Bnip3-shRNA-expressing
cell lines (Fig. 4b). Consistent with the transient siRNA
transfection results in Fig. 4a, stable Bnip3 knockdown
blocked the decrease of phosphorylation of S6K and S6 in
response to hypoxia conditions but had no effect on phos-
phorylation of Akt (Fig. 4b). We also examined if the effect of

Bnip3 is specific to hypoxia
response. Both hypoxia and low
pH (pH 6.5) caused a similar
reduction in phosphorylation of
S6K and S6. Bnip3 knockdown
only suppressed the effect of
hypoxia and not the effect of low
pH (Fig. 4b). These results suggest
that Bnip3 is specifically involved
in hypoxia response. In addition,
cells were treated with a low dose
of rapamycin to partially inhibit
TORC1 activity to a degree similar
to those inhibited by either
hypoxia or low pH. Bnip3 siRNA
could not block the inhibitory
effect of rapamycin on S6K (Fig.
4b). These data suggest that Bnip3
acts specifically in hypoxia response
upstream of TORC1. Moreover, the

above results are consistent with our observations that Bnip3
binds to Rheb and decreases Rheb GTP levels.
Bnip3 Knockdown Provides an mTOR-dependent Growth

Advantage in Vivo—Bnip3 has been implicated in tumor devel-
opment. A possible mechanism of Bnip3 in cancer inhibition is
due to its activity in promoting cell death. It is also possible that
Bnip3 may inhibit tumor growth by inhibiting mTOR, espe-
cially in solid tumors, which are frequently under hypoxia con-
ditions. We tested the effect of Bnip3 knockdown on tumor
formation in nude mice. Both Bnip3 knockdown and control
HEK293 cells were injected into nude mice. Tumor size was
monitored. We found that the Bnip3 knockdown cells formed
much bigger tumors than the control cells (Fig. 5, a–c). These
data indicate that the elevated mTOR activity in the Bnip3
knockdown cells may provide a growth advantage. To further
test the function of mTOR activation in Bnip3-induced tumor
growth, we treated the mice with rapamycin, which should
inhibit mTOR even in Bnip3 knockdown cells. As expected, rapa-
mycin significantly inhibited tumor growth of HEK293 cells
(Fig. 5, d–f). Interestingly, the Bnip3 knockdown cells did not
show any growth advantage over the control cells in the presence
of rapamycin. These results strongly indicate that the elevated
mTORactivity by Bnip3 knockdown is responsible for the growth
advantage of the Bnip3 knockdown in HEK293 cells in vivo.

DISCUSSION

TOR is a central controller of cell growth and cell size and is
regulated by a variety of extracellular stimuli, including growth
factor, nutrient deprivation, and stress (3, 62). It is well estab-
lished that the mTOR pathway is inhibited by hypoxia (38, 63).
Themolecular mechanism of mTOR inactivation by hypoxia is
not fully understood. We showed in this report that Bnip3 can
directly bind to Rheb and inhibits TORC1. Our data indicate
that Bnip3 plays a direct role in mediating the TORC1 inhibi-
tion in response to hypoxia.We also showed that Bnip3 inhibits
TORC1 but not TORC2.
Several lines of evidence are presented in this report to sup-

port a role of Bnip3 in TORC1 regulation. First, Bnip3 inhibits

FIGURE 4. Involvement of Bnip3 in hypoxia-induced mTOR inhibition. a, Bnip3 knockdown relieves the
inhibition on mTOR by hypoxia. Two Bnip3 siRNAs targeting for the N-terminal (Bnip3-N) and C-terminal
(Bnip3-C) region were independently transfected into HEK293 cells. Transfection of control siRNA is also indi-
cated. Phosphorylation of endogenous S6K, S6, and AKT were determined by phosphospecific antibodies. The
protein levels of endogenous Bnip3 were also determined. Hypoxia treatment is indicated. b, Bnip3 specifically
suppresses the hypoxia effect on S6K phosphorylation. Retroviral shRNA targeting for Bnip3 or control was
used to infect HEK293 cells. The virus-infected cells were selected by resistance to puromycin. Cells were
exposed to hypoxia (1 h), low pH cultural medium (12 h), or rapamycin (1 nM, 30 min) as indicated. Phospho-
rylation of endogenous S6K and AKT were determined by Western blot with phosphospecific antibodies as
indicated. Knockdown of Bnip3 in the stable cell line was confirmed by Western blot with anti-Bnip3 antibody
(bottom).
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the phosphorylation of S6K and S6 but has little effect on AKT
phosphorylation. Bnip3 also inhibits phosphorylation of
another TORC1 substrate 4EBP1. Second, Bnip3 directly binds
to Rheb. The interaction between Bnip3 and Rheb are con-
firmed by experiments of yeast two-hybrid assay, co-immuno-
precipitation, and FRET. Third, Bnip3 decreases Rheb GTP
level, thus providing a possible biochemical mechanism of how
Bnip3 inhibits Rheb. Fourth, down-regulation of Bnip3 signifi-

cantly suppresses the TORC1 inhi-
bition in response to hypoxia. This
finding suggests that Bnip3 plays an
important role in TORC1 regula-
tion. Finally, the Bnip3 knockdown
cells grow faster than the control
cells in nude mice, indicating a
growth advantage of Bnip3 knock-
down cells. Moreover, rapamycin
effectively inhibits the growth
advantage of Bnip3 knockdown
cells in vivo. Therefore, the growth
advantage caused by Bnip3 knock-
down is mainly due to activation of
TORC1. Our data establish an
important role of Bnip3 in hypoxia
response in regulation of cell
growth by binding Rheb and inhib-
iting the TORC1 pathway.
Both long term and short term

hypoxia can inhibit mTOR. It has
been shown that the short term
inhibition of the mTOR signaling
pathway by hypoxia is hypoxia-in-
ducible factor (HIF) (a transcription
factor)-independent (63). Consis-
tently, we observed that 1-h hypoxia
treatment efficiently inhibited
TORC1 signaling in HEK293 cells,
whereas Bnip3 protein level was not
significantly increased within the
short hypoxia treatment. Interest-
ingly, hypoxia failed to inhibit
TORC1 function in Bnip3 knock-
down cells. Our results suggest that
Bnip3 mediates the rapid inhibitory
effect of hypoxia onTORC1. In con-
trast, knockdown of Bnip3 has no
effect on TORC1 signaling in
response to other stress conditions,
indicating that the effect of Bnip3
on TORC1 is specific to hypoxia
response. It is possible that hypoxia
may increase Bnip3 activity by an
unknownmechanism. It is also pos-
sible the Bnip3may collaboratewith
another signaling component that is
rapidly activated by hypoxia to
inhibit TORC1.
Bnip3 expression is induced by

hypoxia in many different cell types (41). The induction is
mainly at the level of transcription and is mediated via HIF-1
(64). We also observed that hypoxia induces BNIP3 mRNA
expression at the 6-h time point. Therefore, it is likely that the
HIF-mediated Bnip3 induction may play a role in TORC1 reg-
ulation in response to prolongedhypoxia. It isworth noting that
two stress-inducible genes, Redd1 and Redd2, have been
reported to inhibit the mTOR pathway (37–39). Both Redd1

FIGURE 5. Rapamycin suppresses growth advantage of Bnip3 knockdown cells in nude mice. a– c, Bnip3
knockdown HEK293 cells grow faster in nude mice. Pictures of tumor growth of three representative mice are
shown in a. Equal amounts of HEK293 cells stably infected with shRNA for Bnip3 or control were injected into
the left or right side of each mouse, respectively. Each tumor was labeled with a specific number. Tumor growth
of control or Bnip3 knockdown cells was monitored (b and c). d–f, rapamycin suppresses the growth advantage
of Bnip3 knockdown cells. Experiments were similar to those in a– c, except the mice were treated with rapa-
mycin. In the presence of rapamycin, the Bnip3 knockdown cells grew at a rate similar to the control cells. The
scale in f is different from that in c.
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and Redd2 appear to function upstream of TSC2, whereas the
biochemical mechanism of Redd1 and Redd2 in TORC1 inhi-
bition is unknown. In contrast, our data show that Bnip3 acts
directly on Rheb, which is the direct downstream target of
TSC2 and upstream activator of TORC1. Therefore, hypoxia
may suppress TORC1 activity bymultiplemechanisms, includ-
ing the induction of Bnip3 and Redd. However, Bnip3 and Redd
inhibit TORC1 by acting at different levels in the pathway, one
at Rheb and the other upstream of TSC1/2, respectively.
Most solid tumors are constantly exposed to hypoxia. The

ability of tumor cells to grow and survive under hypoxia condi-
tion is extremely important for tumor development. Interest-
ingly, silence of Bnip3 expression has been reported in some
tumors (50, 65–67). Based on our observations, we propose a
model of how hypoxia inhibits the mTOR pathway and cell
growth. Hypoxia induces the expression and activation of the
Bnip3, which then binds to and inhibits Rheb. The precise
molecular mechanisms how Bnip3 inhibits Rheb remain to be
elucidated. However, our results show that inhibition of Rheb
by Bnip3 requires at least two activities; one is binding, and the
other is decreasing Rheb GTP levels. Bnip3 may inhibit Rheb
function by preventing its interaction with downstream effec-
tors. It may also inhibit Rheb function by interfering with the
nucleotide exchange of Rheb, such as interfering with the inter-
action with Rheb guanine nucleotide exchange factor. Future
studies are needed to address these important questions in
Rheb signaling. In summary, our study has identified Bnip3 as
a critical component in TORC1 regulation by hypoxia. Our
observations may explain why some tumor cells have
reduced Bnip3 expressions. A reduction of Bnip3 may be
advantageous to tumor cells by increasing growth due to a
high mTOR activity and decreasing apoptosis, especially
under hypoxia conditions.
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