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Abstract

Bcl-2 nineteen kilodalton interacting protein (BNIP3) is a BH-3 only Bcl-2 family member that its
expression levels increase during stress such as hypoxia through hypoxia inducing factor -1
(HIF-1) dependent or independent mechanisms. When BNIP3 expression is induced, it localizes to
the mitochondria and triggers a loss of membrane potential, and an increase reactive oxygen
species production, which often leads to cell death. Cells under normal growth conditions suppress
BNIP3 expression though transcriptional repression. There is considerable debate in the literature
regarding what type of cell death is induced by BNIP3. It has been observed that BNIP3 could
induce necrosis, autophagy and/or apoptosis. In contrast, other studies indicate that BNIP3 could
promote cell survival. Besides its cell death regulation, BNIP3 plays a key role in the
pathogenicity of many diseases. In cardiac infarction, loss of BNIP3 expression has been shown to
reduce the number of damaged cardiomyocytes after ischemia and reperfusion. BNIP3 expression
also plays an important role in the de-regulation of cell death in many cancers. In this review, we
will discuss the different and often contradictory mechanisms of BNIP3 regulation of cell death
and the role BNIP3 may play in diseases.
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INTRODUCTION

BNIP3 belongs to the BH3-only Bcl-2 family members because it only contains a putative
BH3 domain (1). The other major domains found in BNIP3 are: the PEST domain that
targets BNIP3 for degradation, a CD that is conserved from C. elegansto humans, and a
TM, which targets BNIP3 to the mitochondria (Figure 1) (2). BH3-only containing proteins
act as rheostats regulating apoptosis through their BH3 domain by binding to anti-apoptotic
Bcl-2 family members. However, BNIP3 differs from these members since its BH3 domain
fails to interact with anti-apoptotic Bcl-2 family members (3). Furthermore, deletions of the
BH3 domain fail to affect BNIP3’s ability to induce cell death (4). Unlike other BH3-only
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family members, BNIP3 interacts with Bcl-2 and Bcl-X_through its TM domain and N-
terminus (amino acids 1-49) (3). Deletion of the TM domain blocks BNIP3’s ability to
induce cell death (4). BNIP3 migrates at 30 and 60 kDa, indicating that BNIP3 is a protein
that forms homodimers. This homodimerization is primarily via BNIP3’s TM domain. The
unique structure of the TM domain suggests that BNIP3 dimers could act as proton channels
in the outer mitochondrial membrane increasing ion conductance (5). Serine 172 and His
173 are residues that are present in the dimerization interface of BNIP3. These residues
interact by hydrogen bonds, and are essential for dimer formation (6). Furthermore, mutation
of the His 173 to Ala completely abrogated the ability of BNIP3 to induce cell death (7).
Bcl-2 and Bel-X_ can compete for binding to the TM domain, which blocks BNIP3
homodimerization and abrogates BNIP3’s ability to induce cell death (Figure 2) (3). Thus,
BNIP3 is a BH3-only Bcl-2 family member with unique properties.

Another protein called NIX or BNIP3L was identified using sequence homology to be
related to BNIP3 (56% identity) (8). NIX includes a PEST, BH3 and TM domains thatare
similar to BNIP3 (2). In addition, hypoxia induces NIX and BNIP3 expression. NIX also
localizes to mitochondria, and induces cell death similar to BNIP3 (2). Furthermore, NIX is
up-regulated in heart muscle following ischemic injury and in human breast tumors similar
to BNIP3 (9). Thus, NIX a BH-3 only Bcl-2 family member with similar functions to BNIP3

How is BNIP3 expression regulated?

The expression of BNIP3 needs to be tightly regulated since over expression induces cell
death. Stabilization of the HIF-1a under hypoxic conditions allows this transcription factor
to induce expression of multiple genes. One of the most abundant genes induced by HIF-1 is
BNIP3. BNIP3 mRNA and protein levels are up-regulated due to a HRE that occurs in the
proximal promoter for BNIP3 that binds to HIF-1, inducing BNIP3 expression (10). This
element is highly conserved between the rat, mouse and human genomic sequence.
Signaling through the glucocorticoid receptor also increases BNIP3 expression in neurons
suggesting that besides HIF-1 other transcription factors could regulate BNIP3 expression
under hypoxia conditions (11). Under hypoxia, stabilization of p53 also occurs, but BNIP3
up-regulation under hypoxia was found to be independent of p53 (14-16). NO also induces
BNIP3 expression through activation of RAS signaling pathway in macrophages and
enterocytes (12). Treating cells with toxins that induce cell death such as arsenic trioxide and
cyanide, or with cellular products ceramide and amyloid-p also induce BNIP3 expression
mediated by HIF-1 activation (13-16). In addition, transcription factor E2F-1 binds to the
BNIP3 promoter and induces its expression in rat ventricular myocytes (17). Therefore it is
becoming apparent that many cellular stresses such as hypoxia or toxins lead to increased
BNIP3 expression.

In order to survive in normal growth conditions, cells require mechanisms to repress BNIP3
expression. The tumor suppressor Rb has been shown to attenuate the expression of BNIP3
under hypoxia and reduce the amount of hypoxia induced cell death (18). This is mediated
through binding of transcription factor E2F to the BNIP3 promoter in mouse fibroblasts,
hepatocytes and tumor cells (18). BNIP3 expression is repressed in rat ventricular myocytes
through transcription factor NFxB binding to the BNIP3 promoter (19). This is due to
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recruitment of HDAC1 by NF«xB to the promoter leading to suppression of hypoxia induced
cell death (20). Concurrently, in p65 —/- cells (NFxB subunit) HDACL1 fails to repress
BNIP3 gene transcription, revealing the importance of NFxB in the regulation of BNIP3 in
myocytes (20). Thymidine phosphorylase and S100A4 also inhibit BNIP3 expression (21,
22). This suggests that there are multiple proteins repressing BNIP3 expression, preventing
BNIP3-induced cell death under normal conditions.

Post-translational modification of BNIP3

Regulation of BNIP3 by the ubiquitin-proteaosome pathway is not clear. BNIP3 has a
known PEST domain, but a link between its degradation and function is unknown. One
study has identified that BNIP3 is phosphorylated and that elevation of phospho-BNIP3
correlated with BNIP3-induced cell death (23). BNIP3 could also be modified by o-linked
GIcNAc in lung tumor cells, which attenuates BNIP3’s ability to induce cell death (24).
Further work is required to discover what mechanisms control post-translational
modification of the BNIP3 protein, where the modifications occur and what role they play in
altering the function of BNIP3.

Does BNIP3 induce different types of cell death?

There are three main types of cell death; necrosis, autophagy and apoptosis. Necrosis is
characterized by mitochondrial swelling, PT pore opening, loss of membrane potential
(Aym) and reactive oxygen species (ROS) production (25). This leads to cellular rupture
and release of intracellular contents into the extracellular space. Autophagy is an
intracellular degradation system normally used for protein recycling and organelle turnover
characterized by formation of autophagosomes (25). Traditionally considered only as a
survival mechanism for providing nutrients to cells under stress, prolonged autophagy is
now considered to be an alternative form of cell death. Apoptosis is a tightly regulated
process that is involved in tissue homeostasis, development, and in the removal of infected
or damaged cells (26). This process is characterized by chromatin condensation, membrane
blebbing, exposure of phosphatidyl serine on the outer leaflet of the plasma membrane and
formation of apoptotic bodies (26). There is evidence that BNIP3 induces all three types of
cell death (Figure 3).

When BNIP3 is over expressed or induced following a stress stimuli in cells, it localizes to
the mitochondria mediated by its TM domain (2). This domain integrates into the outer
membrane of the mitochondria, causing increase in ROS, opening of the permeable
transition (PT) pore and loss of Aym. When BNIP3 contains a mutation in its TM domain
that prevents homodimerization but retains mitochondrial localization and it still induces cell
death (4). In addition, replacing the TM domain with the Bcl-2 TM domain still localized
BNIP3 to the mitochondria and had no effect on the cell death activity of BNIP3 (4). This
suggests that homodimerization is not required for BNIP3 function. The type of
mitochondrial dysfunction induced by BNIP3 is generally agreed upon in the literature, but
can be cell type specific. In cardiomyocytes, localization of BNIP3 to the mitochondria
causes the release of cytochrome c leading to activation of caspases and apoptosis (27). In
neurons, BNIP3 is implicated in the release of endonuclease G from the mitochondria but
not cytochrome c (28). This leads to a caspase independent cell death. In epithelial derived
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cells, over expression of BNIP3 fails to release proteins from the mitochondria and fails to
activate caspases (29, 30). The regulation of BNIP3 at the mitochondria is not well
understood however some evidence gives insight to how BNIP3 might regulate
mitochondrial function. In murine fibroblasts lacking Bax and Bak, BNIP3 failed to induce
mitochondrial dysfunction and cell death (31). Upon restored expression of Bax and Bak,
BNIP3 was able to induce ROS, loss of Aym and release of mitochondrial cytochrome c.
This indicates that Bax and Bak cooperate with BNIP3 to induce cell death at the
mitochondria (31). In isolated mitochondria, the carboxy-terminal tail of BNIP3 is critical to
the induction of mitochondrial loss of membrane potential and cytochrome c release (32).
This indicates protein-protein interactions could alter BNIP3 mitochondrial function.
Binding of Bcl-X|_ to the TM domain of BNIP3 prevents BNIP3 induced cell death (4).
BNIP3 also binds to ACAAZ2 at the mitochondria and over expression of ACAA2 blocks
BNIP3 induced cell death in hepatocellular carcinoma cells and osteosarcoma cells (33).
Thus, regulation of BNIP3 at the mitochondria is critical for BNIP3 induced cell death but
the functional consequences in the mitochondria might differ depending on the cell type.

EM images of epithelial derived HEK293 cells expressing BNIP3 show evidence for
necrotic-like cell death. Cells contain lightly dispersed foci of chromatin condensation,
swollen mitochondria and extensive cytoplasmic vacuolation (29). Over expression of
BNIP3 can also induce autophagic cell death, measured by observation of autophagic
vacuoles by EM, localization and processing of LC3, which is a protein that is incorporated
in autophagic membranes upon formation (13, 14, 18, 34). BNIP3-induced cell death is
blocked by an inhibitor of autophagy (3-MA), but not an inhibitor for apoptosis (Z-VAD-
fmk). Knockdown of BNIP3 blocked hypoxia-induced autophagy and cell death, but did not
block localization of LC3 with autophagosomes therefore suggesting that BNIP3 is involved
in autophagosome-lysosome fusion (34). Conversely, BNIP3 expression was induced early
before the conversion of LC3-1 to LC3-I1, and knockdown of BNIP3 could prevent LC3
conversion, and autophagic cell death (35). BNIP3 is also induced by, arsenic trioxide (14),
ceramide (13), or concanavalin A (35), and concurrent induction of autophagy and cell death
is mediated by BNIP3 in response to these stimuli. Loss of Rb has also been found to induce
BNIP3-dependent autophagic cell death (18). How BNIP3 induces autophagy is not well
understood, but recent evidence has led to the development of multiple theories (Figure 3).
One model is based on the evidence that BNIP3 competes with Beclin-1 for binding of
Bcl-2. Bcl-2 blocks the induction of autophagy by binding to Beclin-1, therefore when more
BNIP3 is present to bind to Bcl-2, beclin-1 is free to induce autophagy (36). In addition,
BNIP3 has been found to cause damage to mitochondria in many different cell types. For
example, BNIP3 damages mitochondria in cardiomyocytes as a result of ischemic injury
leading to induction of autophagy (37). Another theory is that BNIP3 blocks autophagy by
inhibiting mTOR signaling through binding to Rheb (an activator of mTOR) (38). The
molecular mechanism of BNIP3’s involvement in induction of autophagy remains to be
defined.

The most well defined type of programmed cell death is apoptosis. Over expression of
BNIP3 in cardiomyocytes induces loss of Aym, ROS production, DNA condensation,
activation of Bax and Bak, and caspase activation, characteristic of an apoptotic response
(27, 31, 39). However other groups have failed to detect BNIP3 induced caspase activation,

Cell Death Differ. Author manuscript; available in PMC 2011 August 19.



1duosnue Joyiny YHID 1duosnuely Joyiny JHID

1duosnuen Joyiny YHID

Burton and Gibson

Page 5

and have observed some necrotic and autophagic cell death characteristics in
cardiomyocytes. In PDT-resistant cell lines and effector cytotoxic T cells, expression of
BNIP3 correlates with increased caspsase independent cell death following cisplatin or
AICD (40, 41). These results generally support the hypothesis that BNIP3 induces cell death
in a caspase independent manner and likely only amplifies the apoptotic response in
combination with other forms of cell death such as necrosis and autophagy.

Does BNIP3 expression play a role in heart disease?

A coronary artery occlusion results in deprivation of blood flow to the heart, this is termed
ischemia. Ischemia is detrimental to cardiac myocytes because they require a constant
supply of nutrients, which are limited under ischemic conditions. A pathological feature of
prolonged ischemia is the induction of necrosis and apoptosis in cardiac myocytes and
vascular cells of the heart (30, 42). Ischemia is associated with hypoxia because there is a
loss of blood flow to the tissues surrounding the blockage, and acidosis due to an increase in
glycolysis and lactic acid production as a result of compensation for the lack of oxygen.
Hypoxia-acidosis induced cell death in cardiac myocytes has been found to be mediated by
BNIP3 (30). BNIP3 expression is up-regulated during early ischemia and persists throughout
reperfusion in rat ventricular myocytes (43). Moreover, high levels of BNIP3 protein have
been detected /7 vivo in animal models of chronic heart failure (27, 44). This gives strong
evidence for a role of BNIP3 in heart disease.

Hypoxia has been observed to induce expression of BNIP3 and cell death in cardiac
myocytes. Neonatal cardiac myocytes in culture display around 30% cell death when
subjected to cycles of hypoxia-reoxygenation that mimic /n vivo ischemia-reperfusion (I/R)
(45). Other reports observed neonatal myocyte cell loss after 24-72 hours of hypoxia (46).
In contrast, one study found that rapidly contracting neonatal cardiac myocytes have very
minimal cell death for up to 5 days under hypoxic conditions (47). Nevertheless, neonatal
cardiac myocytes have been identified to be more resistant to hypoxia than adult cardiac
myocytes, demonstrated by the significant myocardial apoptosis in adult mice subjected to
hypoxia (48, 49). Over expression of BNIP3 in a conditional mouse model was sufficient to
induce myocardial apoptosis without subsequent stress (48). These mice were viable but had
enlarged hearts that had progressive ventricular dilation, diminished systolic performance
and contractile dysfunction at 10 weeks. This suggests that BNIP3 regulates hypoxia-
induced cell death in cardiac myocytes.

In addition to hypoxia, acidosis may play a role in BNIP3-induced cell death (30, 50).
Investigations into the function of BNIP3 in ischemia used cardiac myocytes cultured under
hypoxic conditions, with high glucose content in the media to parallel the conditions
induced by myocardial ischemia (51). Acidosis has been found to increase the stability of
BNIP3 and its association with the mitochondria in cardiac myocytes (30, 51). One group
reports that cellular acidosis is essential for BNIP3 to induce cell death in cardiomyocytes
(30, 51). In contrast, other studies report that overexpression of BNIP3 induced apoptosis in
cardiomyocytes independent of acidosis (45, 55). The relative importance of acidosis and
hypoxia in BNIP3-induced cell death remains to be determined.
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When blood flow returns to the areas of hypoxia (called reperfusion), which can occur
spontaneously or through active clinical treatment, the hypoxic cells are subject to further
damage induced by oxidative stress (50, 52). Myocardial infarction, defined as an ischemia
reperfusion event, if severe enough, leads to remodeling of the ventricle and subsequent
heart failure. BNIP3 has been found to play a role in cardiac remodeling (53). There is
evidence that BNIP3 could act as a sensor of oxidative stress in ventricular remodeling,
where an increase in ROS induces homodimerization and activation of BNIP3 via a
conserved cysteine residue (7). In mice where BNIP3 is knockout in the heart, there was no
observed effect on size, structure or contractile performance of the heart (48). BNIP3
ablation did not reduce infarct size after I/R, but did reduce post-I/R myocardial apoptosis
by 50% in the peri-infarct region, and minimized ventricular dilation suggesting that BNIP3
is an important factor in ventricular remodeling. The role of reperfusion and cellular
remodeling in BNIP3-induced cell death needs to be further evaluated.

The mode of cell death induced by BNIP3 in cardiac myocytes is debated in the literature,
but most studies agree that inhibition of the mitochondrial PT pore opening inhibits BNIP3
induced cell death. Some studies report that BNIP3 induces a necrotic-like cell death where
BNIP3-induced cell death fails to activate caspases (3, 8 or 9) and cell death is not blocked
by caspase inhibitors ZVAD-fmk or Boc-D (30, 50). Other studies report that caspase
inhibitors suppress BNIP3-induced cell death suggesting that BNIP3 triggers an apoptotic-
like cell death (27, 37). Necrotic, autophagic and apoptotic features could also occur
simultaneously but further investigation is needed to determine the exact mechanism of
BNIP3-induced cell death in the heart.

BNIP3 induces autophagy, but some model systems in I/R contend that this is a survival
response. Hamacher-Brady et a/. report that BNIP3 contributes to I/R injury in the ex vivo
rat heart leading to induction of autophagy that could be blocked by dominant negative
BNIP3 (37). Over expression of ATG5 resulted in enhanced autophagy in BNIP3 over-
expressing cells and protected them from BNIP3-induced cell death. Conversely, over-
expressing a dominant negative ATG5 that suppresses autophagosome formation leads to
increased BNIP3-mediated cell death (37). Over-expression of Beclin 1 protected against
BNIP3-induced cell death in HL-1 cells also giving evidence for the protective role of
autophagy in I/R induced injury (39). These studies indicate that BNIP3s initiation of
autophagy is protective initially following an ischemic event but prolonged autophagy in the
damaged heart preceding ischemic injury could contribute to autophagic cell death, or other
forms of cell death may predominate over time.

The BNIP3 homologue NIX also plays a role in heart disease, but BNIP3 and NIX are
reported to be regulated by two different pathways in the heart (17, 54). BNIP3 expression is
increased by activation of transcription factors HIF-1 and E2F-1 while NIX expression is
regulated by activation of a G alpha(q) protein and PKC alpha (55). This may explain why
NIX cannot compensate for the loss of BNIP3 because it has an entirely different function
and regulation in the heart (17, 54).
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Does BNIP3 play a role in cancer?

BNIP3 expression has been identified to be elevated or suppressed cancer. In addition,
BNIP3 can be localized primarily in the nucleus or the cytoplasm, and its location varies
between tumor types. There are multiple mechanisms that could control BNIP3 expression
localization and function in tumors that are discussed below.

Elevated BNIP3 expression in tumors—Expression of BNIP3 is higher in many tumor
types compared to matched normal tissue. The up-regulation of BNIP3 expression is due to
the presence of hypoxic regions in solid tumors. Hypoxia plays a major role in the malignant
progression of tumors. Patients whose tumors contain hypoxic regions have a significantly
worse prognosis when compared to patients with oxygenated tumors.

The expression of BNIP3 is up-regulated in primary prostate tumors (56), GBM tumors (57),
endometrial cancer (58), cervical tumors (59), DCIS (60), invasive breast carcinomas (61),
lung tumors (62), ependymoma (63), follicular lymphomas (64), and gastric
adenocarcinomas (65). (Table 1). Increased BNIP3 expression in these tumor types is also
correlated with more aggressive tumors. BNIP3 up-regulation in cervical tumors, was
correlated with more advanced clinical stages (59). In DCIS, BNIP3 expression levels
increased with increasing grade, invasion level, and presence of invasive disease (60). A
contrast is observed in murine breast cancer cell lines, where low BNIP3 expression in
response to hypoxia leads to an increased metastatic potential to lung, liver and bone (66). In
addition, BNIP3 up-regulation in lung tumors, endrometrial cancer and ependymoma was
associated with poor patient prognosis (58, 62, 63). BNIP3 is up-regulated in lung cancer
cell lines over expressing p53 and is significantly higher in cell lines with high metastasis
ability (67). BNIP3 expression was studied in a prostate cancer model, where a LNCaP
progression cell line that has lost PSA and AR expression and has increased metastasis and
growth in xenografts of castrated mice. BNIP3 is up-regulated in the cell lines that are
further along in the progression of the disease, and are more metastatic and androgen
independent (68). BNIP3 expression in colorectal adenocarcinomas correlated with HIF1
levels, and both HIF1 and BNIP3 expression were also correlated with increased invasion
and metastasis to the lymph nodes (69). Overall, elevated BNIP3 expression in tumors is
associated with more aggressive disease.

These expression profiles of BNIP3 present a paradox in our understanding of BNIP3
function. Generally, over expression of BNIP3 induces cell death but in cancer, over
expression of BNIP3 is found in viable cells and is associated with poor prognosis. One
potential explanation for this paradox is that BNIP3 ability to induce cell death has been
blocked. Indeed, over expression of Bcl-2 found in many tumors also blocks BNIP3 induced
cell death. Increased expression of EGF receptor is also found in many tumor types and
treating cancer cells with EGF blocks BNIP3 induced cell death (Figure 2)(10).
Furthermore, it is observed BNIP3 does not localize to the mitochondria in tumors. The
mechanism for blockade of BNIP3-induced cell death in tumors remains to be determined.

Silencing of BNIP3 expression in tumors—The BNIP3 gene has been found to be
silenced in tumors by epigenetic mechanisms such as hypermethylation of the promoter and
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histone deacetylation. Lower BNIP3 expression than normal controls is observed in cell
lines and primary tumor cells. Down-regulation of BNIP3 results in a failure of tumor cells
to undergo cell death, and is associated with a chemo-resistant phenotype and decreased
patient survival. Restoration of BNIP3 expression on the other hand, increases the sensitivity
of tumor cells to drug treatment. Silencing BNIP3 expression could therefore be selected for
by the cancer cells to evade cell death induced by chemotherapeutic drug treatment and
harsh tumor microenvironments such as hypoxia. This is in direct contrast with the tumors
that have up-regulation of BNIP3, where increased BNIP3 is a marker of more aggressive
disease. Nevertheless, this gives supports to the concept that BNIP3 induced cell death is
inhibited in tumors. The tumors that exhibit reduced BNIP3 expression and the current
known mechanisms for silencing BNIP3 are discussed below.

Multiple pancreatic cell lines were discovered to have silencing of the BNIP3 gene by
methylation of the promoter determined by bisulfite restriction analysis (70). The BNIP3
promoter is located within a 1700-bp CpG island spanning from —1162 to +538 (70). When
pancreatic cell lines that contain methylated BNIP3 promoters were exposed to hypoxia
there was no induction of BNIP3 expression and these cells are resistant to cell death (70).
Aza-dC treatment reverses the methylation of the BNIP3 gene, restores BNIP3 mRNA and
protein expression and sensitizes the pancreatic cancer cells to hypoxia mediated cell death
(70). A report on primary pancreatic tumor tissue found that 18% of tumors were negative
for BNIP3 staining, and found that the clinical outcome negatively correlates with BNIP3
expression in tumors (71). Other studies on PDAC samples report 80% and 90% of cases
had decreased BNIP3 expression compared to normal pancreas (70, 71). Shorter patient
survival correlated with low BNIP3 expression (72). Knocking down BNIP3 expression with
SiRNA resulted in resistance to 5-FU and gemcitabine, the most common chemotherapeutic
treatments for patients with PDAC (72). S100A4 has been reported to inhibit BNIP3
expression in PDAC cell lines that have unmethylated BNIP3 promoters, also contributing to
gemcitabine resistance (21). Other studies found no association between BNIP3 expression
and chemosensitivity of pancreatic cancer cell lines to gemcitabine (71).

Some colon and gastric cancer cell lines do not induce of BNIP3 under hypoxia due to
methylation of the BNIP3 promoter (73-75). Treatment with Aza-dC restores gene
expression, and the susceptibility to hypoxia-induced cell death (73). BNIP3 is down-
regulated in a oxaliplatin-resistant colon cancer cell line compared to the sensitive cell line
identified by microarray (76), and in 5-FU resistant colorectal cells (77), suggesting that
BNIP3 is an important regulator in the induction of drug-induced cell death in colon cancer.
Some colon cancer cell lines have unmethylated BNIP3 but still have no induction of BNIP3
expression under hypoxic conditions. In these cell lines, as well as in some methylated
BNIP3 cell lines; hypoxic BNIP3 expression was rescued by inhibiting HDAC activity. In
primary CRC samples, 64% had less BNIP3 expression in the tumor compared to normal
control (74). Another study found that 66% of primary colorectal tumor samples and 49%
(n=73) of primary gastric cancer tumor samples contained methylated promoter for BNIP3,
therefore down-regulated BNIP3 (75).

HCC tumors also have BNIP3 promoter hypermethylation. The more aggressive subclass A
HCC displayed a higher level of BNIP3 promoter methylation than the less aggressive B
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type (72). BNIP3 was found to be methylated in MM patient samples and was significantly
correlated with poor patient survival rates. TSA (HDAC inhibitor) and Aza-dC treatment of
MM cell lines lead to an increase in expression of BNIP3 (78). Promoter methylation and
down-regulation of BNIP3 expression is also observed in essential thrombocythemia patients
and hematopoietic tumors compared to normal cells (79, 80). Methylation was detected in
15% of primary leukemia samples, 17% of primary AML samples and 21% of primary MM
samples (80). Normal matched tissue samples from patients with pancreatic, colorectal, and
gastric tumors did not display any methylation of the BNIP3 promoter (70, 75). This
suggests that normal cells do not control the expression of BNIP3 by methylation of the
promoter, and that BNIP3 promoter methylation may be cancer specific. Overall, repression
of BNIP3 expression occurs in a wide variety of tumors through several different
mechanisms. The role this silencing plays in cancer progression is unknown.

Cellular localization of BNIP3 in tumor cells—BNIP3 is observed to be localized to
the cytoplasm, the nucleus, or perinuclear space. BNIP3 is expressed in the nucleus in non-
cancerous primary human astrocyte cultures, normal brain sections (57) and chondrocytes of
brachial cartilage and in the cytoplasm in the normal bronchial epithelium (62). Expression
in tumors has been observed to be either exclusively nuclear, exclusively cytoplasmic, or
both nuclear and cytoplasmic. The amount of nuclear versus cytoplasmic BNIP3 expression
in different tumor types is displayed in Table 2 and discussed below.

Nuclear BNIP3 is detected in GBMs (57), non-small cell lung tumors (62), cervical tumors
(59), breast tumors (61), prostate tumors (56), and a perinuclear BNIP3 staining pattern is
observed in pancreatic tumors (72), and colorectal adenocarcinomas (69). In prostate tumors
there is a correlation between cytoplasmic BNIP3 expression and Gleason score, age AR and
GLUT1 expression, but nuclear BNIP3 did not correlate with any clinicopathological factors
(56). Nuclear BNIP3 in invasive breast carcinomas was associated with a smaller tumor size,
lower tumor grade, and ER positivity but no association with survival. However, in DCIS
nuclear BNIP3 correlated with a 3-fold increase in the risk of recurrence, and a shorter
disease-free survival rate (61). Mean survival times from Kaplan-Meyer analysis for patients
with PDAC indicated that nuclear BNIP3 is a poor survival marker in these tumors (71).
Nuclear BNIP3 also significantly correlates with poor prognosis in non-small cell lung
cancer (62). The mechanism of localization of BNIP3 to the nucleus is currently unknown,
but this may be selected for in the tumors to 1) sequester BNIP3 away from the
mitochondria and block cell death and/or 2) to induce a nuclear function of BNIP3 to
promote cell survival.

CONCLUSIONS

Since the discovery that BNIP3 is one of the strongest up-regulated proteins in response to
hypoxia, contradictory results have been reported on the exact function for BNIP3. It
induces a necrotic like cell death, autophagic cell death, apoptosis, combination of these
forms of cell death or cell survival. However, from the literature, consensus has emerged that
BNIP3 localizes to the mitochondria causing increased ROS and loss of Aym leading to cell
death. However, many questions still remain to be answered such as connection and timing
between BNIP3 induced apoptosis, necrosis and/or autophagy.
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In diseases, the role BNIP3 plays remains unclear. In animal models of heart disease, knock-
out of BNIP3 fails to alter the acute cellular damage in the heart but appears to increase
remodeling after ischemia/reperfusion. This may indicate that BNIP3 fails to initiate cell
death responses but amplifies them over time. In contrast, alteration of BNIP3 expression
and localization in tumors suggests that BNIP3 function is altered. The mechanisms for this
are not well understood, but what is clear is that BNIP3 may be a marker of tumor
aggressiveness. Future studies that determine the mechanisms of how BNIP3 contributes to
the pathogenesis of disease will give insight into BNIP3 regulated cell death and novel

targets for therapeutic interventions.
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Figure 1. Schematic diagram of the pro-cell death Bcl-2 family members
The multidomain proteins share Bcl-2 homology 1,2 and 3 domains(BH1-3). The BH3-only

members contain a BH3 region of homology. Most members contain a transmembrane (TM)
domain that functions in membrane localization. BNIP3 is a BH3-only member of the Bcl-2
family that contains a BH3 domain, TM domain, PEST domain that controls protein
degradation and a conserved domain (CD) that is conserved from c¢. e/egens to humans.
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BNIP3

Nucleus

Figure 2. Mechanisms that block BNIP3-induced cell death
Bcl-2 and Bcl-xL bind to BNIP3 and block its ability to dimerize and induce cell death

through the mitochondria. EGF and IGF signaling blocks BNIP3 induced cell death. Finally
nuclear localized BNIP3 is unable to interact with the mitochondria and induce cell death.
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Figure 3. Mechanisms of BNIP3-induced cell death
BNIP3 dimerizes, inserts in the mitochondrial membrane and can induce cell death through

apoptotic, necrotic and autophagic pathways. BNIP3 can induce autophagic cell death by
competing with Beclin 1 for binding to Bcl-2. When Beclin 1 is not bound to Bcl-2 it is able
to induce autophagic cell death. BNIP3 can also bind to Rheb and block its ability to activate
mTOR, leading to autophagic cell death.
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% of primary tumor samples with
Tumor Type upregulation Total tumors | Reference
gastric adenocarcinomas 67% 48 Lee et al. APMIS, 2007
DCIS 70% 81 Tan, E.Y,, etal., Res, 2007
Invasive breast carcinoma | 78% 251 Tan, E.Y., et al., Res, 2007
folicular lymphomas 7% 35 Sington, J., et al. Histopathology, 2007
glioblastoma multiforme 97% 48 Burton, T.R., et al. Int J Cancer, 2006
Lung tumors 60% 105 Giatromanolaki, A., et al. Clin Cancer Res, 2004
cervical tumors 82% 50 Leo, C. et al. Int J Gynecol Cancer, 2006
endometrial tumors 32% 72 Giatromanolaki, A., et al., J Clin Pathol, 2008
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