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Abstract
The Bnip3 cell death gene is prominently expressed in many hypoxic-ischemic related
pathologies, such as heart failure and necrotising enterocolitis in the intestine. Two isoforms of
Bnip3 have been described in the literature: a pro-death full-length protein (Bnip3FL) and a prosurvival protein lacking exon3 (Bnip3∆Ex3). Bnip3∆Ex3 acts as an endogenous inhibitor of
Bnip3FL function, yet how Bnip3∆Ex3 serves this function is unknown. In gain-of-function
experiments, I use combinations of cell lines and primary cells to dissect the mechanism(s) of
Bnip3∆Ex3 action. Herein, I report that Bnip3∆Ex3 expression orchestrates an intricate calcium
signalling cascade that has two cellular outcomes. First, calcium signals avert mitochondriallydependent cell death. Second, these calcium signals modulate transcriptional regulators and gene
expression causing morphological cell changes. These data provide original evidence that
Bnip3∆Ex3 has the potential to mitigate the detrimental effects of hypoxia and Bnip3FL
signalling by activating a complex signalling cascade and multiple survival pathways.
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Summary of Proposed Bnip3 Signalling. Left: Bnip3FL causes cell death through calcium
induction of mitochondrial permeability transition pore (MPTP) dependent cell death. Middle:
Bnip3∆Ex3 prevents cell death by inhibiting Bnip3FL, thereby preventing MPTP opening
signalled by Bnip3FL. Bnip3∆Ex3 also regulates mitochondrial calcium levels independently of
Bnip3FL, possibly through pro-survival BCL-2 proteins. Right: Bnip3∆Ex3 directs calcium to
the nucleus and indirectly regulates transcriptional regulators to alter the gene expression profile
of cells. The result of this, in non-proliferative cells, includes changes to cellular morphology.
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Chapter 1: Review of the Literature
Introduction
Cell death has been extensively studied and is an integral part in a variety of processes,
including tissue development and maintenance, disease pathology and in protective responses to
bacterial or viral infection. Cell death occurs via carefully-orchestrated pathways, which have
been collectively termed programmed cell death (PCD). In multicellular organisms, the timely
and precise removal of cells is essential in the development of tissues and organs, thereby
maintaining the balance between cell proliferation and cell death. The first use of the term
programmed cell death can be found in Lockshin and Williams’ study of muscle degradation and
synthesis during silkmoth metamorphosis (Lockshin and Williams 1964). The most prominent
form of PCD is apoptosis, and involves the careful dismantling and degradation of cells in a
manner that prevents release of inappropriate signalling molecules and other potentially harmful
factors. Originally described by Kerr and colleagues (1972), apoptosis is derived from Greek for
“dropping/falling off” of petals from flowers, and occurs in two stages. First, nuclei condense
and the cytoplasm compacts to form apoptotic bodies that bleb off the plasma membrane and
contain remnants of the cell, including organelles, chromatin, and other membrane-bound and
non-membrane bound organelles. Second, these cellular fragments are incorporated into
phagocytes, where they undergo lysosomal degradation (Kerr et al. 1972). The genetic
mechanisms for apoptosis were uncovered in the worm Caenorhabditis elegans when the gene
CED-3, better known as caspase, was first identified (Ellis and Horvitz 1986, Yuan et al. 1993).
The ‘counterpart’ of apoptosis is necrosis, which was traditionally thought of as ‘accidental’
death in response to physical or chemical harm. The long-standing viewpoint that ‘regulated’ cell
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death is synonymous with apoptosis and necrosis is the ‘unregulated’ form of cell death has
begun to shift as it becomes clearer that necrosis is also a highly-regulated process. In light of
this, the new term ‘regulated necrosis’ has emerged and perhaps better illustrates the many forms
of this intricate mode of cell death (reviewed in Berghe et al. 2014).
An important mediator of cell death is the secondary-messenger ion calcium, and large
elevation of intracellular free-calcium can induce cell death. However, calcium is also important
for many normal cellular processes including, muscle contraction, cell motility, cell proliferation,
axon terminal growth and guidance, and developmental polarity. In some cases, calcium
signalling can be dichotomous; on one hand calcium fine-tunes energy production when
transferred between the ER and mitochondria in an exchange that is closely metered (Jouaville et
al. 1999). Conversely, when calcium floods mitochondria it initiates events which lead to the
demise of the cell (Basso et al. 2005). Clearly, it is necessary for the cell to closely regulate
intracellular free-calcium. Interesting though not surprising is the fact that cells rigorously
exclude calcium from the cytosol and hold it in storage within membrane-bound compartments.
The endoplasmic-reticulum (ER), mitochondria, and nucleus/nuclear envelope all have key roles
in buffering calcium to prevent the unregulated activation of cellular processes (Prins and
Michalak 2011). A key protein family of cell death regulators harness this ion to promote both
cell death and life; this family is the notable BCL-2 family of proteins.

The BCL-2 Family of Proteins
The BCL-2 family is known to regulate both cell survival and cell death and calcium
signalling to modulate bioenergetics and proliferation. However, the family has long been
acknowledged to have an association with cancer, beginning with the discovery of the BCL-2
gene in B cell lymphoma (Pegoraro et al. 1984). Shortly after, the gene was cloned and the
2

specifics of BCL-2 protein function began to be investigated (Tsujimoto et al. 1984, Tsujimoto
and Croce 1986). In parallel, the C. elegans gene CED-9 was being studied for its role in worm
development. Both CED-9 and BCL-2 were subsequently acknowledged to be functionally
homologous and to belong to the same gene family (Hengartner et al. 1992, Hengartner and
Horvitz 1994). BCL-2 family of proteins are intricately involved in regulation of cell death and
survival. Classification of BCL-2 proteins depends on the BCL-2 homology (BH) domains
present in the protein, and the proteins are classified into 3 subfamilies. Pro-survival proteins
possessing BH1-4 domains include BCL-2, BCL-xl, and MCL-1; multi-domain pro-death
proteins with BH1-3 domains include BOK and most notably BAX and BAK. Finally, BH3-only
pro-death proteins contain only the BH3 domain, proteins included in this group are BIK, BIM,
Noxa, BID, BAD, Bnip3, and Bnip3L/NIX and BECLIN-1.
Proteins belonging to the BH3-only subfamily are characterized by only possessing one
BH domain, however these proteins have numerous roles in regulating cell death and other
cellular processes beyond cell death. BH3-only proteins have been further sub-divided based on
the mode of initiating cell death. Letai et al. (2002) descried BH3-only proteins as either direct
‘activators’ of BAX/BAK or ‘sensitizers’. It was proposed that these activators directly bind to
BAX/BAK to initiate cytochrome c release starting the apoptotic process; while sensitizers do
not bind to BAX/BAK, instead displace pro-survival BCL-2 proteins and release BAX/BAK
from inhibitory complexes. ‘Activators’ include BID and Bim; ‘sensitizers’ include BID, BIK
and Noxa (Letai et al. 2002). Two BH3-only proteins, Bnip3 and NIX, can function as
‘sensitizers’ and will be discussed in detail later in this review (see below).
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BCL-2 Family Regulates Cell Death
The BCL-2 family of proteins are important mediators of several cell death pathways and
can be conceptualized as a balance between pro-survival and pro-death BCL-2 proteins which
determine cell fate. The fulcrum of this balance is the multi-domain pro-death proteins
BAX/BAK, which regulates the initiation of apoptosis through mitochondrial outer membrane
permeabilization (MOMP). When pro-survival signals surpass pro-death signals, BAX/BAK are
either sequestered away from the mitochondria or are loosely associated with the outer
membrane, whereby mitochondria function normally. Following overwhelming pro-death
signalling, BAX/BAK translocate and oligomerize at the outer mitochondrial membrane and
form small pores in the outer membrane (Irrinki et al. 2011, Westphal et al. 2014). As these
pores being to populate the outer membrane, the membrane potential between the intermembrane space and the matrix starts to collapse as ions flow along the new gradient. In addition
to a loss of mitochondrial polarization, key apoptotic factors, such as cytochrome c and AIF, are
released via the now porous membrane. These proteins initiate caspase activation and DNA
fragmentation associated with apoptosis (Chipuk et al. 2006). Apoptosis is an energeticallydriven process and it is essential that ATP generation persists to fuel the carefully-regulated
dismantling of the cell and its components. This is possible because of the proton gradient across
the inner mitochondria membrane and oxidative phosphorylation remain intact, albeit with
reduced capacity. Key morphological characteristics of apoptosis are nuclear condensation,
compartmentalization and degradation of cellular cargo and organelles, and membrane blebbing
(Kerr et al. 1972). The most common molecular markers used to identify apoptosis are
cytochrome c release and subsequent caspase-3 or -9 activation, release of AIF from the
mitochondria, and AIF translocation to the nucleus. It is important to note that, among the many
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mitochondrial proteins released during necrosis, cytochrome c and AIF are also elevated during
this process. Therefore, detection of these proteins is not sufficient to identify which form of cell
death is induced. Another biochemical marker is the plasma membrane phospho-lipid,
phosphatidylserine (often abbreviated PS), which becomes externalized on the cell surface
during apoptosis as a recognition signal for macrophages (Verhoven et al. 1995); this is a more
specific marker of apoptosis when used in conjunction with fluorescently-tagged annexin, which
binds and detects the presence of PS on the cell surface (van Engeland et al. 1998).
Necrotic cell death operates independently of caspase activation. While apoptosis is
driven by ATP-dependent mechanisms, regulated necrosis is independent of ATP production.
Therefore, the degree of mitochondrial dysfunction observed during necrosis is more severe than
apoptosis. Through closely regulated signalling pathways mitochondrial function is disrupted by
a process known as mitochondrial permeability transition (MPT), which results in severe loss of
inner membrane potential. This is coupled with the loss of ATP generation, increased ROS
production, and swelling that leads to mitochondrial rupture and subsequent cell death. Calciumoverload is a central event triggering MPT by means of the calcium-sensitive proteins of the
electron transport chain. The defining feature of MPT is the formation of the mitochondrial
permeability transition pore (MPTP), which passively allows the movement of molecules up to
1.5 kDa through both inner and outer membranes (Schinzel et al. 2005). The MPTP has long
been theorized to be made of proteins from the electron transport chain and the mitochondrial
channels at the outer membrane, which collectively form a pore in both membranes, and is
regulated by cyclophilin D (Nakagawa et al. 2005). The classical structural model of the MPTP
is of a continuous channel, spanning the inner and outer membranes, consisting of the voltagedependent anion channel (VDAC) at the outer membrane and adenine nucleotide translocator
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(ANT) at the inner membrane (Halestrap et al. 2002, Bernardi et al. 2006). This model has come
under scrutiny because of evidence from recent investigations suggesting that VDACs may not
be required for formation of the MPTP (Baines et al. 2007). Similarly, the modern concept of
MPT pore structure has seen a reduction in the number of components. Spanning the inner
membrane, subunits of ATP synthase are thought to form the inner part of the pore (Giorgio et
al. 2009, 2013, Bonora et al. 2013, Alavian et al. 2014). BAX and BAK are believed to localize
within the outer membrane (Whelan et al. 2012, Karch et al. 2013). In this model, cyclophilin D
remains as a critical factor needed for the formation of the MPTP.
Evidence that BAX and BAK play a role in MPT and form a portion of the pore comes
from studies using BAX/BAK null cells. These studies reported that in the absence of
BAX/BAK, mitochondria were more resistant to death normally induced by calcium overloading
and ionomycin-induced necrosis (Karch et al. 2013). Interestingly, reorganization of cristae was
observed indicating that the inner membrane was responding in a MPTP-manner; however, the
outer membrane pore did not form. Furthermore, in BAX/BAK-deficient cells reconstituted with
a mutant of BAX (that cannot oligomerize but retains the ability to localize to the outer
mitochondrial membrane), mitochondria were re-sensitized to calcium-dependent swelling and
ionomycin-induced necrosis, demonstrating that the presence of BAX is sufficient for MPTP
function and that BAX/BAK oligomerization is dispensable (Karch et al. 2013). Key
morphological features of necrotic cell death include mitochondrial swelling, rupture and cell
lysis, without the controlled blebbing seen in apoptosis, and DNA fragmentation which leads to
release of inflammatory mediators in surrounding tissue. It is the last cellular feature, DNA
fragmentation, that makes the distinction between apoptosis and necrosis difficult, since many
cell viability assays utilize microscopy and nuclear stains (e.g. Hoechst and TUNEL) rely on
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identifying abnormal nuclei or damaged DNA as the key identifier of dead or dying cells.
However, these assays also indicate processes common to apoptosis and necrosis (Grasl-Kraupp
et al. 1995, Orita, Kazunori Nishizaki, Junzo Sa 1999), and should be used with additional
independent assays to validate the type of cell death (Vande Velde et al. 2000, Knaapen et al.
2001). Unfortunately, the type of cell death from these types of assays are often generalized as
apoptosis based on a single marker; this is particularly true in the early work characterising prodeath BCL-2 members such as Bnip3. Alternatively, the nuclear dye propidium iodide (PI) is
commonly used to detect cellular necrosis based on the principle that PI cannot infiltrate cells
with intact plasma membranes but can intercalate with DNA of cells with compromised plasma
membranes (Darzynkiewicz et al. 1992). When used in conjunction with annexin V staining, PI
can be an informative tool to understand the type of cell death happening in a cellular system
(Verhoven et al. 1995, van Engeland et al. 1998).
BH3-only proteins regulate cell death by interacting with both pro-survival and pro-death
BCL-2 members. Binding of BH3-only proteins to pro-survival BCL-2 members is facilitated by
the BH3 domain of pro-death proteins interacting with pro-survival proteins. The interaction
between BH3-only proteins and BCL-xL was found to be mediated by the BH3 domain binding
a hydrophobic cleft formed by BH1, 2 and 3 domains of BCL-xL (Sattler et al. 1997).
Additionally, while studying BH3-only proteins induced by p-53, Day et al. (2008) described the
involvement of ionic interactions in BH3 domain binding. These hydrophobic and hydrophilic
interactions are thought to be so specific that a change in one amino acid has the potential to
produce substantial differences in the ability of BH3-only proteins to bind pro-survival BCL-2
proteins, and by extension their ability to induce cell death (Lama and Sankararamakrishnan
2008). This may be one mechanism for the differences in potency between pro-death proteins.
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BCL-2 proteins also regulate the cellular process of autophagy, or ‘self-eating’, which is
thought to be an adaptive response of the cell to overcome an internal or external stress. The
removal of organelles by autophagy in response to stressors like hypoxia, nutrient starvation, ER
stress, or dysfunctional mitochondria may be sufficient to restore homeostasis within the cell.
However, autophagy itself can become excessive and lead to the demise of the cell or, if
autophagy is insufficient or the stress too great, autophagy can be overridden by cell death
signalling. Although autophagy presents a third axis on the scales of life and death of a cell, the
subject is expansive and beyond the scope of this review and has been described in these
excellent reviews (Levine et al. 2008, Rogov et al. 2014, Gross and Katz 2017). Autophagy in
the BCL-2 family will be examined in-depth in the context of Bnip3 and Nix signalling later in
this review. A brief example of the role of the protein BCL-2 in the regulation autophagy comes
from a series of studies from Levine’s research group that illustrates the transition from
autophagy to cell death during cellular starvation. In this series of studies, it was first established
that BCL-2 interacts with and sequesters BECLIN-1, an autophagy promoting BH3-only protein,
to prevent autophagy (Pattingre et al. 2005). This interaction was revealed to be regulated by
JNK1-mediated phosphorylation of BCL-2 at multiple sites (Thr69, Ser70, Ser87) in the nonstructured loop of BCL-2. A BCL-2 mutant lacking these sites was used in conjunction with
specific phospho-mutants and wild type BCL-2 to determine that phosphorylation of BCL-2
leads to dissociation of the BCL-2:BELCIN-1 complex and an autophagic response during
starvation (Wei et al. 2008a). Next, the relationship between BCL-2 and the transition to cell
death was examined during nutrient starvation. The Levine group reported that in early stages (4
hours) of starvation low levels of BCL-2 phosphorylation causes release of BELCIN-1 and the
induction of autophagy. However, in later stages (16 hours) BCL-2 becomes hyper-
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phosphorylated and the complex between BCL-2 and BAX is disrupted and cell death ensues
(Wei et al. 2008b).
BCL-2 Family and Calcium Signalling
BCL-2 proteins are deeply intertwined with calcium signalling and it is this role that
extends their functional breadth beyond direct interactions with apoptotic elements in the
regulation of cell death. The early evidence that BCL-2 proteins regulate free calcium signalling
came from two groups investigating the role of BCL-2 in early apoptotic calcium signalling
(Baffy et al. 1993, Magnelli et al. 1994). BCL-2 was reported to maintain steady cytoplasmic
calcium levels and therefore prevent early apoptotic calcium signalling in cells challenged with
withdrawal of either IL-3 or serum. At the same time, BCL-2 was also shown to regulate the
efflux of calcium from the ER as a mechanism for the repression of apoptosis (Lam et al. 1994).
These reports form the beginning of two opposing theories for the role of BCL-2 proteins in the
modulation of ER calcium stores in the prevention of apoptosis. One proposed that BCL-2
regulates ER calcium by lowering the steady state of luminal ER calcium (Pinton et al. 2000),
thus controlling the mitochondrial calcium content through regulation of calcium available to be
transferred to the mitochondria. One caveat of this model is that the reduction in steady state of
ER calcium has the potential to cause ER stress. Subsequent activation of the unfolded protein in
response to ER stress can manifest an autophagic response but may advance to apoptotic cell
death (Kiviluoto et al. 2013, Urra et al. 2013). The second theory posits BCL-2 as a suppressor
of calcium release from the ER without affecting the calcium filling of the ER (He et al. 1997,
Thomenius and Distelhorst 2003). Later work began investigating the roles of BCL-2 proteins in
regulating the uptake of calcium into the mitochondria. It is well documented that BCL-2
proteins, including Bcl-xL interact with the mitochondrial calcium channel, VDAC, to block
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mitochondrial calcium influx (Abu-Hamad et al. 2009). However, recent reports provide
evidence that the subtle differences in the BH4 domains of BCL-2 and Bcl-xL might functionally
situate these proteins at opposite ends of ER-mitochondrial calcium regulation (Monaco et al.
2015). At the ER, calcium released from the IP3-receptor is regulated by interactions with BCL2 to prevent apoptotic calcium signalling (Chen et al. 2004, Rong et al. 2009). Meanwhile,
calcium influx is regulated by the BH4 domain of Bcl-xL which modulates VDAC1 conductance
to prevent mitochondrial calcium levels surpassing the threshold for death signalling.
BCL-2 Proteins at the ER
Both pro-survival (BCL-2, Bcl-xL, Mcl-1) and pro-death (BAX, BAK, Bnip3, Nix) BCL2 family proteins affect the release of calcium from the ER and the nature of this signal. When
released in small waves, or oscillations, calcium signals can initiate a host of cellular events that
promote cell survival. For example, modulation of these signals by BCL-2 can initiate prosurvival events such as increasing mitochondrial bioenergetics (Jouaville et al. 1999), or by
regulation of transcription factor that promotes cell proliferation and survival (Zhong et al.
2006). In contrast, sustained levels of sharply elevated calcium are characteristic of death
signalling. However, BCL-2 can transform these signals at the point of release, into pro-survival
oscillations to limit the cell death response (Rong et al. 2009, Rasola and Bernardi 2011).
Control of the calcium filling of ER and release through the IP3R channel are the most
prominent roles of BCL-2 proteins regarding ER-calcium signalling, and these actions ultimately
regulate the calcium transfer to the mitochondria. In essence, less calcium in the ER confers less
calcium is available to be transferred to the mitochondria, therefore reducing the potential of
calcium overloading the mitochondria and the initiation of cell death (Pinton and Rizzuto 2006).
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Evidence from studies using BAX/BAK double knockout mouse embryonic cells
demonstrate that it is the ratio of pro-survival and pro-death BCL-2 proteins that control ER
calcium levels and calcium release. In this model, it was shown that BAX/BAK double knockout
cells have high rates of calcium leak through the IP3R and reduced levels of ER calcium
(Scorrano et al. 2003). The mechanism for the calcium leak was found to be
hyperphosphorylation of the IP3R-1 calcium channel by PKA (Oakes et al. 2005). Subsequent
knockdown of the protein BCL-2 in BAX/BAK knockout cells restored ER calcium levels, and
reduced IP3R-1 leak though decreased phosphorylation of IP3R-1. BCL-2 mediates regulation of
IP3R through control of phosphorylation to promote controlled calcium release resulting in prosurvival signalling and preventing excessive pro-death calcium release from the ER. Chang et al.
(2014) reported on the intricacy of BCL-2 regulation of IP3R, where BCL-2 recruits and
facilitates the formation of a complex of regulatory proteins (DARPP-32, PKA, protein
phosphatase 1, calcineurin) at IP3R. In this model, BCL-2 creates a negative feedback cycle
where hyper-phosphorylation of IP3R accelerates calcium release, however this is checked by
calcineurin which is activated by calcium and dephosphorylates IP3R to diminish calcium
release (Chang et al. 2014).
BCL-2 Proteins at the Mitochondria
BCL-2 proteins can affect the inter-organellar transfer of calcium at mitochondria as a
means of regulating cell death signalling. BCL-2 proteins have been shown to play a major role
in regulating mitochondrial calcium channels, in particular VDACs (Shimizu et al. 1999, Arbel
and Shoshan-Barmatz 2010, Arbel et al. 2012). VDACs are situated on the outer membrane of
mitochondria and allows the inward passage of calcium and other molecules. In the case of
mitochondrial-driven cell death calcium overloads the mitochondria; however with close
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regulation, calcium can increase mitochondrial bioenergetics in a pro-survival manner (Zaid et
al. 2005, Shoshan-Barmatz et al. 2008, De Stefani et al. 2012). Whether the mitochondria protect
or kill cells depends on the volume of calcium entering the mitochondria. Pro-survival BCL-2
proteins, such as Bcl-xL, have been shown to interact with VDAC1, thus preventing the
excessive loading of calcium into the mitochondria (Abu-Hamad et al. 2009, Monaco et al.
2015). Furthermore, it has been reported that the N-terminus of VDAC1 is required for both prosurvival and pro-death functions of the channel which is controlled by binding pro-death proteins
such as BAX, or binding the BH4 domain of the pro-survival proteins BCL-2 and Bcl-xL to
regulate calcium conductance through the channel (Shimizu et al. 2000, Shi et al. 2003, Monaco
et al. 2015).
An interesting feature of some pro-survival BCL-2 proteins is the functional duality
present when acting at the mitochondria. These proteins are not only able to prevent cell death by
blocking excessive calcium entry, but in some cases, they can also promote cell survival by
allowing small volumes of calcium to enter the mitochondria. For example, Bcl-xL has been
shown to facilitate entry of small amounts of calcium into the mitochondria through VDAC1 in a
pro-survival manner (Huang et al. 2013) in addition to the well documented blockage of mass
calcium entry into the mitochondria associated with cell death (Arbel et al. 2012, Monaco et al.
2015). This example demonstrates the role BCL-2 proteins play in the fine scale regulation of
mitochondrial calcium. Aside from controlling cell death, it has been reported that Mcl-1, a prosurvival protein, can play a role in cell motility in cancer cells (Huang et al. 2014). Mcl-1
promotes cell migration by binding of VDAC1 and subtlety increasing mitochondrial calcium
uptake resulting in an increase in cytosolic reactive oxygen species, which in turn, leads to cell
migration, it is important to recognize that the levels of calcium and ROS were sub-lethal in this
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study. (Huang et al. 2014). Another example of the dichotomous nature of BCL-2 proteins is
found in a recent study of the alternative splicing of Mcl-1 into a long, pro-survival protein (Mcl1L), and a short pro-death variant (Mcl-1S) (Morciano et al. 2016). By adjusting the ratio of
Mcl-1S to Mcl-1L present in the cell, it was found that Mcl-1S increases mitochondrial calcium
loading while also causing hyperpolarization and DRP-1 dependent hyperfusion of the
mitochondrial network. Taken together, the BCL-2 family show a remarkable complexity behind
the cellular outcomes of calcium regulation that can arise from even the products of a single
gene.

Bnip3 Subfamily
Members of the Bnip3 subfamily are atypical BH3-only proteins within the BCL-2
family. This subfamily consists of two vertebrate proteins (Bnip3 and Nix) and a single homolog
found in the invertebrate C. elegans (ceBnip3). The prototypical protein, Bnip3, was discovered
via a yeast two-hybridization screen using E1B-19K as bait (Boyd et al. 1994). Bnip3 was found
to localize to the mitochondria and was also capable of binding pro-survival BCL-2 members
such as BCL-2, Bcl-xL and EBV-BHRF1 (Boyd et al. 1994, Theodorakis et al. 1996). The Nix
gene was identified in independent data bank searches by several groups, giving rise to multiple
names of which Bnip3L and Nix are commonly used (other names include B5, Bnip3α, and
Bniph). As with Bnip3, Nix protein was identified by yeast two-hybrid screening with E1b-19K
as bait (Ohi et al. 1999; referred to as B5). Nix and Bnip3 are reported to have 56% amino acid
sequence similarity, with Nix being slightly longer (Matsushima et al. 1998). The Bnip3
subfamily can induce cell death through either apoptosis or necrosis and activate autophagy
through the activity of the BH3 and transmembrane (TM) domains. Bnip3 is strongly
upregulated by hypoxia, and this was initially evidenced by the presence of a hypoxia response
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element found in the promoter of Bnip3, which indeed puts Bnip3 expression under direct
transcription control by Hypoxia-inducible factor (HIF)-1α (Bruick 2000).
Bnip3 Subfamily Structure
The structure of the Bnip3 subfamily consists of an atypical BH3 domain and a Cterminal (TM) domain which facilitate binding to BCL-2 proteins and cell death (Imazu et al.
1999, Ray et al. 2000). Several other functionally important motifs including the LC3-interacting
region (LIR) (Novak et al. 2010, Hanna et al. 2012) and putative short linear motif (SLiM)
(Zhang et al. 2012) function in the activation of autophagy. The N-terminal regions of each
protein may have a role in cell death and heterodimerization, but are have not been studied as
extensively as other regions (Yasuda et al. 1999, Chen et al. 1999, Ray et al. 2000). Additionally,
there is a PEST (a region rich in proline [P], glutamic acid [E], serine [S], threonine [T])
sequence in the N-terminal region, which may indicate these proteins are subjected to rapid
degradation (Rogers et al. 1986, Chen et al. 1999).
BH3 Domain
The BH3 Domain contributes to the cell death activity of the Bnip3 subfamily. Studies
using deletion of the BH3 domain reported the partial inhibition of Bnip3 to cause cell death
(Yasuda et al. 1998); furthermore, substitution of Bnip3’s BH3 domain with that of BAX
restored cell death activity. The cell death activity of the BH3 domain is through
heterodimerization with the pro-survival BCL-2 proteins BCL-2, Bcl-xL and E1B-19K (Boyd et
al. 1994, Sattler et al. 1997). Typically in the BH3-only proteins, the BH3 domain mediatesbinding to Bcl-xL and BAX is mediated by a 16 amino acid region in the BH3 domain binding to
the α-helix of Bcl-xL (Sattler et al. 1997). However, the Bnip3 subfamily is distinct from other
BH3-only proteins because their BH3 domains are functionally atypical, and is not necessary for
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the induction of cell death through interactions with other BCL-2 proteins (Ray et al. 2000).
Nevertheless, the BH3 domain was shown to be significant for binding of BCL-2 (Imazu et al.
1999) which may be more significant in disrupting the BECLIN-1:BCL-2 complex to induce
autophagy (Bellot et al. 2009) than its contribution to cell death activity, as the transmembrane
domain is the primary mediator of cell death (Ray et al. 2000).
Transmembrane Domain
The TM domain of the Bnip3 subfamily is critical for the subfamily’s actions during cell
death, subcellular localization, and has an important role in homo- and heterodimerization. The
TM domain facilitates insertion into the membrane of organelles, most notably the mitochondria
(Chen et al. 1997, Yasuda et al. 1998). The TM domains within the Bnip3 subfamily are both
structurally and functionally homologous. Located proximal to the C-terminus, the TM domain
directs the C-terminus of the protein into organelle membranes while orienting the N-terminus to
the cytosol, this was determined by immunoblotting Bnip3 fragments from trypsin-cleaved
Bnip3 protein embedded in mitochondrial membranes (Vande Velde et al. 2000). Intriguingly,
the TM domain is indispensable for the cell death activity of Bnip3 and mediates homo- and
heterodimerization. Bnip3 has a predicted molecular mass of 21.45 kDa; however, when reslved
on SDS-PAGE Bnip3 runs as an SDS-resistant 60 kDa dimer and a 30 kDa monomer. When a
mutant form of Bnip3 lacking the C-terminal 31 amino acids, which includes the TM domain, is
resolved on SDS-PAGE, the dimer is lost, indicating the necessity of the TM domain in this
interaction (Chen et al. 1997). In light of this, and in combination with the strong tendency for
Bnip3 to homodimerize in a yeast-two hybrid system, it was concluded that the Bnip3:Bnip3
interaction is mediated by the TM domain. Because of the unusual propensity to homodimerize it
has become a model protein for the structural analysis of dimerization. The strength of this
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interaction is derived from the GXXXG motif found within the TM domain, which forms a
glycine zipper, and is critical for the dimerization of Bnip3 (Sulistijo and MacKenzie 2009).
Additionally, the self-association of Bnip3 TM domain is strengthened by AXXXG motifs and
hydrogen bonding which further stabilize the interaction (Sulistijo et al. 2003). Although the
functional role of Bnip3 homodimerization remains elusive, TM domain-dependent
homodimerization has been implicated in the induction of autophagy (Hanna et al. 2012).
Recently, the cytosolic Bnip3 homodimer has been shown to interact with BAX in unstressed
cells (Hendgen-Cotta et al. 2017). This interaction increases BAX heterodimers in the outer
membrane of the mitochondria but does not include cell death. It is possible, although needs
further study, that this mechanism primes the cell for death when challenged by a stress, such as
hypoxia or acidosis. Investigations into the role(s) of cytosolic Bnip3 and its dimer are sparse,
and further studies may uncover remarkable new mechanisms of this protein.
N-Terminal Region
The N-terminal regions within the Bnip3 subfamily are dissimilar in length, in particular
the N-terminal end of Nix is considerably longer than Bnip3. However, one similarity within the
Bnip3 subfamily is that all members possess a PEST sequence in this region (Yasuda et al. 1999,
Chen et al. 1999, Cizeau et al. 2000), which may indicate that these proteins are subjected to
rapid proteolytic degradation, possibly as a form of regulation (Rogers et al. 1986, Dho et al.
2013). In the 49 N-terminal amino acids of Bnip3, no distinguished motifs have been identified
that would indicate a role in cell death activity. However, experimental evidence suggests that
the N-terminal region of Bnip3 is functionally important for heterodimerization with Bcl-xL, as
evidenced by the finding that deletion of the N-terminal region diminishing the interaction (Ray
et al. 2000). It seems that the N-terminal region of Bnip3 has a role in cell death, but little is
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known about how this is accomplished. The N-terminal region of Nix is structurally different
from Bnip3, and congruently, the function of this region may differ as deletion of the 39 Nterminal amino acids of Nix was found to increase cell death. It was concluded that this portion
of the N-terminus, which is not present in Bnip3, masks the cell death activity of Nix (Ohi et al.
1999). Additionally, in all members of the subfamily there exists a highly conserved domain
adjacent to the BH3 domain. Although the function of this conserved domain remains unknown,
mutational analysis found that this domain does not play a role in heterodimer formation (Ray et
al. 2000).
Bnip3 Subfamily Regulate Cell Death
Since the earliest studies on Bnip3 it has been reported that it elicits cell death through a
combination of apoptosis, necrosis, and autophagy. The initial account of Bnip3 described the
possibility of Bnip3 playing a role in cell survival or death based on the findings that Bnip3
interacts with the survival proteins BCL-2 and E1B-19K (Boyd et al. 1994). The first reports of
Bnip3 causing cell death showed a delayed induction of cell death (12 – 24 hours) following
transient transfection with Bnip3, indicating that Bnip3 was a relatively weak pro-death BCL-2
family member (Chen et al. 1997, Yasuda et al. 1998). In these studies, the type of cell death was
classified as apoptosis based on nuclear morphology. The first detailed investigation into the
mechanism of Bnip3-induced cell death came from the seminal report on Bnip3 cell death from
Arnold Greenberg’s group in which the cell death pathway was mechanistically dissected though
use of inhibitors and genetic manipulations of specific elements of the apoptotic pathway; these
experimental tools including the pan-caspase inhibitor zVAD-fmk, and cells devoid of caspase-9,
caspase-3, or Apaf-1 and a combination of biochemical and morphological assays (Vande Velde
et al. 2000). Ultimately, it was concluded that Bnip3-induced cell death is through a
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mitochondrially-dependent pathway. The mechanism was found to be independent of classical
apoptotic factors such as caspases, and AIF-mediated DNA fragmentation, but blocked by
inhibitors of the MPTP (Vande Velde et al. 2000). Morphologically, features of both necrosis
and autophagy were observed, indicating the activation of multiple pathways by Bnip3.
Furthermore, Quinsay et al (2010) proposed the possibility of more than one pathway by which
Bnip3 causes mitochondrially-driven cell death may work in parallel. This was based on the
observations that pharmacological inhibition of the MPTP only prevented part of the effects of
Bnip3. In concert, using Bnip3 mutants targeted to the mitochondria or the ER, Zhang et al
(2009) described two mechanisms for Bnip3 induced cell death. First, when Bnip3 was targeted
to the mitochondria, cells underwent death following mitochondrial depolarization and
permeability transition which could not be blocked by co-expression of BCL-2. Second, ERtargeted Bnip3 caused calcium release from the ER which was subsequently taken up by the
mitochondria resulting in mitochondrial dysfunction and cell death independent of caspase
activation that could be blocked by BCL-2 (Zhang et al. 2009).
Bnip3 Regulates Cell Death Through BAX/BAK
Bnip3-induced cell death has been shown to be dependent on BAX/BAK, which was
demonstrated with BAK/BAK double knockout cells that are resistant to cell death during
hypoxia and supplemented with Bnip3 (Kubli et al. 2007). Susceptibility was restored when
BAX or BAK were added back to double knock-out cells. Bnip3 has been shown to activate
BAX or BAK and cause translocation of BAX/BAK to the mitochondria, and this effect is
dependent on the TM domain of Bnip3. The mode of activation is unclear; typically, the BH3
domain allows direct interaction with BAX/BAK, but the atypical BH3 domain of Bnip3 likely
means that Bnip3 activates BAX/BAK through the combined action of its BH3 and TM domains
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to bind BCL-2 and Bcl-xL resulting in the release of BAX/BAK from sequestration complexes.
The integration of BAX/BAK into the outer membrane increases permeability and a partial loss
of inner membrane electrochemical gradient needed for energy production. This event, MOMP,
is typically associated with cytochrome c and AIF release and apoptosis. Interestingly,
BAX/BAK have also been implicated as the outer membrane components of the MPTP, a
structure typically associated with necrosis (Karch et al. 2013).
Bnip3 Regulates Cell Death Through Calcium Signalling
Bnip3 has also been shown to regulate intracellular calcium to promote cell death.
Excessive calcium loading of the mitochondria triggers the opening of the MPTP, causing
mitochondrial swelling, complete loss of membrane potential, and ROS generation. Influx of
water proceeds to swell the mitochondria until it bursts, releasing its contents, particularly ROS.
Harmful ROS coupled with the deficiency in ATP generation generally conclude in necrotic cell
death. The calcium signalling pathway of Bnip3 involves mobilization of ER calcium stores and
transfer to the mitochondrial and resultant calcium overloading (Zhang et al. 2009). This calcium
signaling pathway was shown to be dependent on the mitochondrial calcium uniporter (MCU)
and inhibited by BCL-2. In the context of cardiac remodelling and hypertrophy, Bnip3
expression depletes ER-calcium stores, creating ER-stress, and enhanced mitochondrial calcium
uptake through enhancement of calcium movement through VDAC (Chaanine et al. 2013).
Interestingly, Bnip3 was reported to not directly interact with VDAC, but rather enhances VDAC
oligomerization through an indirect mechanism which remains unclear. Bnip3 regulation of
calcium was shown to be dependent on BAX as a modulator of the transfer from the ER to the
mitochondria in neuron cells treated with cyanide to induce cell death (Zhang et al. 2010).
Cyanide treatment increases Bnip3 and BAX expression, and co-translocates Bnip3 and BAX to
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the ER and mitochondria. Furthermore, the ectopic expression of Bnip3 increased BAX
activation; and conversely, knockdown of BAX blocked the ER-mitochondrial transfer of
calcium and downstream mitochondrial dysfunction (Zhang et al. 2010). Interestingly, in a
model of cardiac hypoxia-acidosis resulting from ischemia, the effects of Bnip3 on calcium were
shown to induce cell death through the activation of calpains, a family of proteases which are
calcium-activated (Graham et al. 2015). Calpain-mediated cell death may offer an explanation
for the evidence that Bnip3 cell death can occur independent of caspase activation, yet retain
many of the morphological features of apoptosis, such as DNA fragmentation and positive
TUNEL staining (Ray et al. 2000, Graham et al. 2015). It was reported that calcium released
from the sarcoplasmic reticulum, induced by Bnip3, activates calpains which were associated
with blockade of caspase activation but continued to propagate a cell death signal. Interestingly,
this form of cell death still featured cytochrome c release but the activation of caspases was
blocked by calpain (Graham et al. 2015). This mechanism of calpain-mediated cell death may
contribute to the unique pattern of cellular events observed during Bnip3-induced cell death
where apoptotic features are identified, without caspase activation, alongside classic markers of
necrosis (Vande Velde et al. 2000, Zhang et al. 2009, Graham et al. 2015).
Bnip3 Regulates Cell Death Through Autophagy
The stimulation of autophagy, in particular mitochondrial autophagy (mitophagy), by
Bnip3 may be an adaptive mechanism to present cells with a chance to recover from cellular
stress before the cell is fully committed to cell death, similar to the progressive inhibition of
BCL-2 during nutrient starvation, described above (Wei et al. 2008b). This idea is the
consolidation of two views on Bnip3 autophagy. First, Bnip3-induced autophagy is an
intermediate step to cell death or can be extended to cell death by increased autophagic intensity
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(Tracy et al. 2007). Second, Bnip3-induced autophagy, is an adaptive mechanism during hypoxic
stress which functions to balance oxygen homeostasis by removing mitochondria (Zhang et al.
2008). Additionally, this might unite observations made during early investigations
characterising Bnip3 which noted the delayed and mild cell death commonly attributed to Bnip3
(Imazu et al. 1999), and the combination of cell death and autophagic features that emerge
following Bnip3 expression (Vande Velde et al. 2000). Together this evidence indicates that
autophagy is another important facet to the function of Bnip3
Bnip3 has been demonstrated to activate autophagy during inhibition of mTOR through
direct interactions between Bnip3 and Rheb while hypoxia persists (Li et al. 2007). mTOR has a
central role in cell growth and is inhibited during starvation and environmental stress, resulting
in supressed growth and metabolism. This provides evidence for a role for Bnip3-induced
autophagy in adaptation to hypoxic stress. The LIR of Bnip3 is the prime mediator of autophagy
by allowing Bnip3 to interact with LC3 and recruit the autophagosome (Hanna et al. 2012).
Additionally, the homodimerization of Bnip3 is also important for Bnip3-inducition of
autophagy; where mutations in the TM domain, which disrupt homodimerization but retain
mitochondrial localization, renders Bnip3 incapable of inducing autophagy (Hanna et al. 2012).
Intriguingly, Bnip3 is also capable of stimulating autophagy upstream of autophagosome
recruitment by indirectly activating the autophagic BH3-only protein BECLIN-1. BECLIN-1 is
normally sequestered in complexes with BCL-2 or Bcl-xL; however, Bnip3 can liberate
BECLIN-1 and activate autophagy by disrupting the BECLIN-1:BCL-2/Bcl-xL complex through
its BH3 domain (Maiuri et al. 2007, Bellot et al. 2009).
When localized to the mitochondria, Bnip3 may also induce autophagy through
perturbations of mitochondria followed by ROS production (Scherz-Shouval and Elazar 2011).
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However, in some cases Bnip3-induced autophagy has been demonstrated to be independent of
ROS and mitochondrial calcium load in experiments combining ectopic Bnip3 expression and
co-treatment with an antioxidant and the calcium chelator BAPTA (Quinsay et al. 2010b). On a
cautionary note, it has been shown that chelators of cytosolic calcium, such as BAPTA, may not
be effective in cases of direct calcium transfer between the ER and mitochondria (Szalai et al.
2000, Diwan et al. 2008). This implies that, if Bnip3-induced calcium transfer is through the
mitochondrially-associated membrane (MAM) of the ER, deregulated mitochondrial calcium
loading may still contribute to the onset of autophagy even in the presence of some chelators.
Bnip3-induced autophagy may also be mediated by the activation of DRP-1 and subsequent
Parkin recruitment causing mitochondrial fragmentation and mitophagy (Lee et al. 2011).
Furthermore, Bnip3-induced mitochondrial dysfunction involves the disruption of the Opa 1
complex which leads to remodelling of the inner membrane and mitochondrial fragmentation
(Landes et al. 2010, Liu and Frazier 2015). This could present a mechanism for the changes in
mitochondrial morphology observed when Bnip3 is insufficient to cause outright cell death, but
still affects mitochondrial function. Intriguingly, Bnip3 autophagy may also extend to the
selective removal of the ER (Hanna et al. 2012). This finding may suggest a role for Bnip3induced autophagy in cases of ER-stress, possibly as an adaptive mechanism for the extensive
shift in calcium transfer and ER calcium depletion involved in cellular stress and cell death.
Nix Regulates Cell death
Nix-regulated cell death has been studied primarily in the context of cardiac remodeling
and ventricular hypertrophy. Two influential reports by Gerald Dorn’s group have uncovered
that Nix can operate on two autonomous cell death pathways. First, Nix localized to the
mitochondria precipitates cell death through caspase-dependent apoptosis following BAX/BAK

22

activation (Chen et al. 2010). This form of cell death was demonstrated to operate independently
of the MPTP, in experiments utilizing pharmacological and genetic inhibition of cyclophilin D.
Second, ER or sarcoplasmic reticulum (SR) localized Nix gives rise to a distinct form of cell
death centred on modulation of ER/SR calcium levels and subsequent calcium-dependent
mitochondrial inner membrane depolarization and MPTP-driven necrotic cell death (Diwan et al.
2008).
Autophagy caused by Nix is in the form of mitochondrial clearance (mitophagy). This
provides a clear role for Nix in the differentiation of erythrocytes where removal of mitochondria
is essential. Erythrocytes also present an ideal model for studying the selective clearance of
mitochondria. Interestingly, Nix does not induce macro-autophagy; instead Nix induces the
precise removal of mitochondria. The primary observation of Nix-induced mitophagy was in Nix
deficient mice which became anemic, and when the ultrastructure of the erythroid cells from
these mice were studied, it was clear that mitochondrial form and function were severely
impaired (Schweers et al. 2007, Sandoval et al. 2008). Together, these observations indicate that
Nix has a crucial role in the maintenance of mitochondria. Nix is understood to recruit LC3 and
GABARAP to damaged mitochondria through interaction with the LIR, thus facilitating the
incorporation of mitochondria into autophagosomes for clearance (Schwarten et al. 2009, Novak
et al. 2010). The mechanism of Nix mitochondrial clearance may be unique amongst BCL-2
members as it was found that, in reticulocytes, neither BAX/BAK, Bcl-xL, Bim, nor PUMA
were necessary for clearance of mitochondria (Schweers et al. 2007). Interestingly, in Nix-null
cells it was shown that the addition of Bnip3 could restore proper mitochondrial clearance,
indicating possible overlapping mechanisms of mitophagy within the subfamily. A short linear
motif (SLiM) conserved in both Bnip3 and Nix was reported to be critical for mitophagic activity
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in Nix, and this was demonstrated by mutational analysis of key residues within the SLiM, where
it was found that mutation of the central leucine rendered Nix incapable of mitophagy (Zhang et
al. 2012). Mitochondrial-targeted autophagy may place Nix as an important factor in the
maturation of some terminally differentiated cell types.
Bnip3 Subfamily Regulation
It was clear in early studies that both Bnip3 and Nix are major hypoxia-responsive
members of the BCL-2 family (Bruick 2000). It is important to note that two other BH3-only
proteins, Noxa and PUMA, are induced by hypoxia via HIF-1 and p-53 mediated pathways,
respectively (Yu et al. 2003, Kim et al. 2004). A study by Sermeus et al (2012) investigated the
regulation of hypoxia in an array of pro-death and pro-survival BCL-2 members in various
cancer cell lines. It was reported that both protein and mRNA level of many BCL-2 proteins
were actually decreased by exposure to hypoxia, with the exception of Bnip3 and Nix which
showed an marked increase (Sermeus et al. 2012). Taken together, the Bnip3 subfamily plays an
important role in cell death during hypoxia and may be the major extension of the BCL-2 family
in the regulation of hypoxia-induced cell death. Although the mechanism for hypoxia-regulation
of Nix remains less studied than Bnip3 the effects of these proteins are central to many
pathologies stemming from oxygen deficiencies such as hypoxia/ischemia. The mechanisms of
regulation and effect of this subfamily are cell-type specific but converge to promote pathologies
in the heart and brain, and tumor development (discussed below).
Transcriptional Regulation
The most prominent mechanism for hypoxia-induced upregulation of Bnip3 is through
transcriptional activation by HIF-1α and this is evidenced by the presence of an hypoxia
response element in the promoter of Bnip3 (Bruick 2000). In an elegant study investigating the
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relationship between Bnip3 regulation and hypoxia, it was revealed that HIF-1α was the essential
link (Sowter et al. 2001). Utilizing a cell line devoid of the von Hippel-Lindau gene (VHL),
where degradation of HIF-1α by pVHL does not occur and leads to constitutively high levels of
HIF-1α and Bnip3 regardless of normoxic or hypoxic conditions. Furthermore, when the VHL
gene was reintroduced into these cells, Bnip3 was supressed during normoxia and induced by
hypoxia. These experiments indicate that the HIF-1α is fundamental in regulating Bnip3
expression during hypoxia (Sowter et al. 2001). This was also demonstrated in cardiomyocytes
where HIF-1α overexpression resulted in markedly elevated Bnip3 mRNA and protein levels
paired with an increase in cell death that was not associated with cytochrome c release and was
independent of caspases (Guo et al. 2001). Bnip3 is also regulated by another hypoxia-inducible
pathway, the pleomorphic adenomes gene-like 2 (PLAGL2) pathway, which is activated in
response to hypoxia or iron deficiency, and was shown to activate Bnip3 expression leading to
cell death (Mizutani et al. 2002). This may present an alternative pathway for hypoxia-induced
activation of Bnip3 which is independent of HIF-1 but may also act in an additive manner.
Conversely, the hypoxia-induced tumor suppressor p53, has been reported to directly suppress
Bnip3 expression to promote cell survival during hypoxia (Feng et al. 2011). The pathway
involves p53 binding to the p53-response element motif in the Bnip3 promoter and the
recruitment of another repressor mSin3a.
In models of cardiac hypertrophy and ischemia, Nix and Bnip3 were found to be
upregulated by distinct forms of cardiac stress. Bnip3 was upregulated during hypoxic and
ischemic events (Gálvez et al. 2006, Diwan et al. 2007). However, the connection between Nix
transcriptional activity was found to be directly proportional to the magnitude of pressureinduced cardiac hypertrophy in an in vivo model of hypertrophy (Gálvez et al. 2006). In this
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model Nix expression was induced by activation of phenylephrine-stimulated hypertrophy
through a Gαq and PKC-mediated pathway. Through electrophoretic mobility shift assays, it was
found that Sp1 can directly bind the GC-rich motifs of the Nix promoter activating the gene
(Gálvez et al. 2006). This demonstrates the functional divergence between Bnip3 and Nix that
can take place in the same tissue type.
Although the connection between the E2F family, specifically E2F-1, and the regulation
of cell death and cell cycle progression in ventricular myocytes was made early on (Kirshenbaum
et al. 1996, Phillips et al. 1999), it was not until the role of Rb proteins in this pathway became
more clear that Bnip3 was identified as a downstream target (Hershko and Ginsberg 2004, Tracy
et al. 2007). Intriguingly, Bnip3 may be down-regulated by Rb/E2F to quell cell death during
hypoxia. Loss of pRb resulted in unrepressed Bnip3 expression during hypoxia and subsequent
autophagic cell death (Tracy et al. 2007). It was found that Bnip3 was a direct target of pRB and
that pRB attenuates the induction of Bnip3 by HIF-1 during hypoxia. Furthermore, it was
reported that mutation of the hypoxia response element in the Bnip3 promoter sensitized the
promoter to E2F-1 independent of hypoxia mimic DFO indicating that E2F-1 activation of Bnip3
may be independent of HIF. Moreover, Bnip3 repression by pRB was dependent on the E2F site
in the promoter as evidenced by E2F site mutation abolishing pRb association with the Bnip3
promoter. This study presents a model of Bnip3 regulation which centers around pRB/E2F
repression of Bnip3, and this system may be responsible for producing a blunted HIF-induction
of Bnip3, which can induce autophagy as an adaptive mechanism during hypoxia in order to
delay the impending cell death (Tracy et al. 2007). Shortly after, another study described a
similar role for Rb/E2F-1 in the regulation of ventricular myocyte death by activation of Bnip3
(Yurkova et al. 2008)
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Bnip3 is regulated by the FoxO family of transcription factors. In particular FoxO3a
modulating Bnip3 expression in the regulation of muscle metabolism (Mammucari et al. 2007),
and during cardiac stress (Cao et al. 2013, Chaanine et al. 2016). FoxO3a induction of autophagy
in skeletal muscle atrophy was found in this study to be associated with Bnip3 expression.
Utilizing chromatin immunoprecipitation (CHIP) assays it was determined that FoxO
transcription factors can bind the promoters of Bnip3 and BNIP3L, and FoxO3a binding
increases in fasting muscle (Mammucari et al. 2007). Furthermore, it was established by
knockdown experiments that the induction of Bnip3 and LC3 expression, by FoxO3a, in fasting
muscle was found to be physiologically significant in muscular atrophy (Mammucari et al.
2007). FoxO3a regulation of Bnip3 is heavily implicated in the remodeling of the heart and
resultant heart failure (Cao et al. 2013, Chaanine et al. 2016). In a transgenic mouse model where
FoxO3 was constitutively active, both elevated Bnip3 expression and cardiac atrophy were
observed (Cao et al. 2013). Prior to early mortality, these mice showed a loss of cardiac mass, an
increase in cardiomyocyte autophagy, and a decrease in both mitochondrial mass and function
(Cao et al. 2013). Moreover, crossing the FoxO3a mice with mice deficient in Bnip3 attenuated
atrophy and autophagy. Similar observations were made during an investigation of heart failure.
In this study, it was found that FoxO3a upregulates Bnip3 followed by detrimental changes to
mitochondrial, function, structure, and calcium content (Chaanine et al. 2016). The FoxO3aBnip3 pathway has been shown to be activated by JNK signalling during cardiac hypertrophy
and heart failure, and there is evidence that AKT may be able to suppress Bnip3 through this
pathway (Greer and Brunet 2005, Chaanine et al. 2012).
The survival role of NF-κB in cardiac tissue has been linked to the repression of Bnip3. It
was reported that co-expression of Bnip3 and an activator of NF-κB could attenuate Bnip3-
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induced cell death through prevention of MPTP formation (Baetz et al. 2005). Later it was
identified that HDAC1 activation was mediated by NF-κB, and in experiments utilizing p65-/cells, Bnip3 expression was in part controlled by HDAC1 activity (Shaw et al. 2006). To further
the intricacy of Bnip3 repression by NF-κB, E2F-1 and NF-κB may be linked to the regulation of
Bnip3 during hypoxia. As reported by Shaw et al. (2008), E2F-1 binding to the Bnip3 promoter
is restricted by constitutive activity of NF-κB during normoxia; however, this process is
unrestricted by hypoxia-induced deactivation of NF-κB, thus premising E2F-1 activation of
Bnip3 expression (Shaw et al. 2008). The regulation of Bnip3 by FoxO3a and NF-κB might be
unified into one model by the regulatory protein Popdc1. The protein Popdc1 (also called BVES)
is reported to be involved in the recovery of the heart from ischemia/reperfusion injury.
Kliminski and colleagues found that in serum-starved cardiomyocytes, Popdc1 mediated a
protective mechanism against Bnip3-induced death (Kliminski et al. 2017). The pathway
involved the transcriptional silencing of Bnip3 by the tandem deactivation of the Bnip3-inducer
FoxO3a and activation of Bnip3-suppressing NF-κB. These processes are regulated by AKT and
Rac1 (Kliminski et al. 2017).
Similar to Bnip3, Nix is also hypoxia-responsive. The induction of Nix by HIF-1 during
hypoxia was found to be further enhanced by addition of p53 in a pathway unique among the
Bnip3 subfamily and other pro-death BCL-2 members (Fei et al. 2004). The mechanism of this
pathway was explored in the context of p53 tumor suppression during tumorogenesis when, at
the time, the connections between p53-induced apoptosis and p53 gene targets were unclear. Nix
proved to be a likely candidate to mediate this pathway. It was proposed that the cooperative
activation of pro-death genes by HIF-1 and p53 differed from the pathway activated by p53regulated gene activation observed during DNA damage. This is because cell death did not
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involve the usual pro-death p53 targets (PUMA, BAX, DR5), indicating a novel pathway of Nixmediated cell death through transcriptional activation by p53 (Fei et al. 2004). This evidence
stakes a role for Nix as a tumor suppressor (discussed below). Investigations into epidermal
growth factors as targets for breast cancer treatment uncovered a regulatory pathway of Nix
(Real et al. 2005). Impeding EGRF and HER2 signalling activated Nix gene expression and
subsequent apoptosis. In the same study, it was found that blockade of HER2 caused FoxO3a
activation concurrent with Nix induction. This investigation shows that Nix can be regulated by
epidermal growth factors mediated by FoxO3a and may have potential as a therapeutic target in
the treatment of cancer (Real et al. 2005).
Nix is a direct target of the early growth response protein 2 (EGR2) transcription factor.
The proposed mechanism for activation of Nix expression is through a PTEN tumor suppressing
pathway which leads to EGR2 activation and the induction of apoptosis. It was then found that
EGR2 increases the expression of Nix and BAX through directly binding to the promoters of
both genes (Unoki and Nakamura 2003). EGR (also called Krox-20) has been shown to play a
role in the development of the hindbrain mice (Schneider-Maunoury et al. 1993, Swiatek and
Gridley 1993). In humans EGR2 is associated with myelination of the central and peripheral
nervous systems (Zorick et al. 1996, Warner et al. 1998). This regulatory pathway implicates Nix
as a functionally-important component in neurological development.
Pre-translational Regulation
The Bnip3 subfamily is subject to splicing of pre-mRNA to yield alternate gene products
that function in unique and antagonistic manners. These splice variants create an environment
where activation of a cell death gene may promote the expression of a protein which ultimately
counteracts the expected cell death thereby promoting survival. Thus, it is clear that cell death
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induced by the Bnip3 family is under exceptionally tight regulation. Yet the study of splice
variants can be exceedingly difficult because of the essential requirement of distinguishing
isoforms that may be nearly identical. So far, splice variants of Bnip3 (Bnip3∆Exon3) and Nix
(sNix) have been reported (Yussman et al. 2002, Gang et al. 2011).
The splice variant of Bnip3, Bnip3∆Exon3, was first described in 2011 by Gang et al. as
a defensive factor against hypoxia and ischemic stress in cardiac tissue. The function of this
variant is thought to be through the antagonism of full length Bnip3 (Bnip3FL). Structurally,
Bnip3∆Ex3 is very different from the full-length protein. Removal of the third exon by splicing
creates a unique junction between the second and fourth exons in addition to a frame shift
mutation which produces a premature stop codon and terminates translation of the fifth and sixth
exons (Gang et al. 2011). The resultant protein lacks the BH3 and TM domains of Bnip3FL and
therefore is thought to be incapable of translocating to the mitochondria to promote death.
Bnip3∆Ex3 has been reported to promote cell survival though a mechanism of direct interaction
with Bnip3FL and the inhibition of mitochondrial-regulated cell death. Regulation of Bnip3
splicing into Bnip3∆Ex3 is hypoxia-regulated, and has been observed during low oxygen (5%
O2) and severe hypoxia (0.1% O2). The regulation of Bnip3 splicing may also be linked to the
regulation of metabolism in cancer cells; this was investigated as a possible mechanism
underlying the tolerance of cancer cells to the expression of pro-death proteins, such as Bnip3FL
(Gang et al. 2015). During anaerobic respiration, particularly in cancer cells and hypoxic tumors,
pyruvate dehydrogenase kinase 2 (PDK2) inhibits aerobic respiration during hypoxia.
Interestingly, Bnip3∆Ex3 expression, but not Bnip3FL, is elevated in cells ectopically expressing
PDK2. To further this, the addition of pyruvate to cancer cells (Panc-1) that constitutively
express PKD2 at high levels, increased Bnip3∆Ex3 splicing in a dose-dependent manner. Taken
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together, these reports provide evidence that Bnip3∆Ex3 may function beneficially in cardiac
tissue challenged with hypoxic stress, but may also be important in cells undergoing anaerobic
metabolism (Gang et al. 2015).
Within the subfamily, Nix was the first member for which a splice variant was identified,
termed “short” or “spliced” Nix (sNix) (Yussman et al. 2002). This shorter isoform of Nix
contains a 42-base insertion which forms a premature stop codon resulting in a 10 amino acid
truncation of the C-terminus. The shortened isoform lacks the ability to localize to the
mitochondria, eliminating the ability to induce mitochondrially-associated cell death, and
predominately resides in the cytoplasm. sNix was found to counter Nix-induced cell death and
have a protective role in Gq-induced cardiac hypertrophy (Yussman et al. 2002). Initially, it was
thought that the mechanism of sNix followed the paradigm which, that time, pervaded
throughout alternative splicing in the BCL-2 family; that smaller isoforms which lack organellartargeting domains, bind and sequester the ‘parent protein’ to inhibit its function. This seemed to
be a possible mechanism of action for sNix, and was supported by evidence that sNix could
directly bind full-length Nix (Yussman et al. 2002). However, this theory was to fall out of
favour with the report that sNix is only present at a fraction of the abundance of Nix (approx.
1:10); for sNix to fully abrogate Nix, the ratio would need to be near equal (Chen et al. 2013).
Therefore, the idea that sNix opposed Nix solely through direct binding was unsupported on a
stoichiometric basis. More than a decade since the discovery of sNix would pass before this
question would be revived. A new hypothesis emerged for the pro-survival mechanism sNix
centered upon the idea that sNix did not directly inhibit Nix, but instead affects the regulation of
gene expression to elicit a survival response. It was found in cells challenged with TNFα, that
sNix rapidly translocated to the nucleus. Although not possessing a nuclear targeting sequence of
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its own, sNix was reported to interact and co-transport with the p65/Rel A subunit of NF-κB. The
protective effects of sNix are potentially explained by the changes in the expression of NF-κB
regulated genes (Chen et al. 2013). This example demonstrates that although a smaller splice
variant may have the potential to directly bind and inhibit the full-length protein variant, the
smaller splice variant may have an unexpected place in the vast array of cellular pathways which
converge to promote cell life.
Post-translational Regulation
Phosphorylation of the Bnip3 subfamily have been heavily implicated in modulating its
impact on cell survival. An empirical demonstration of the importance of Bnip3 phosphorylation
can be found in the report by Mellor and colleagues (2010) investigating phospho-regulation of
Bnip3:Bcl2/Bcl-xL interactions. When run on SDS-PAGE it was observed that multiple
intermediately sized bands run between the monomer (21.5 kDa) and homodimer (60 kDa)
(Mellor et al. 2010). Removal of serine, threonine and tyrosine phosphate groups by Lambda
phosphatase caused the intermediate bands to run at the predicted size of 21.5 kDa indicating that
Bnip3 is subject to a high degree of phosphorylation. Phospho-regulation of Bnip3 and Nix have
been proposed to act as switches, changing the function of these proteins in the balance of cell
life and death. The role of this subfamily in autophagy is strongly associated with regulation at
phosphorylation sites neighbouring the LIR. Studies utilizing phospho-mimetic mutants of
serines 17 and 24 revealed that these flaking serine residues have a critical role in mediating the
interaction between Bnip3 and LC3B, and subsequently controlling mitochondrial sequestration
during the clearance of dysfunctional mitochondria (Zhu et al. 2013).
A similar relationship between phosphorylation and mitochondrial clearance was
reported for Nix. Using a combination of biophysical approaches and phospho-mutants it was
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determined that the substitution of serine 34/35 of Nix with either aspartic acid or glutamic acid
enhances binding of the LIR domain of Nix with LC3B, which can be reversed by the mutation
of lysine 51 to alanine in LC3B (Rogov et al. 2017). The C-terminus of Bnip3 is an important
region regarding phospho-regulation; Lui and Frazier (2015) demonstrated that phosphorylation
of Bnip3 at the T188 site in the C-terminal region regulated the activity of Bnip3 in moving the
cell into autophagy or death. This residue is located in a PKA substrate recognition site (residues
185 – 188) in close proximity to the functionally important TM domain and may impact the
function of the TM domain such that phosphorylation at T188 blocked mitochondrial
dysfunction and cell death. Moreover, it was reported that this site also mediates the Bnip3:Opa1
interaction as the functional switch between cell death and autophagy (Liu and Frazier 2015).
Additionally, phosphorylation of Bnip3 plays a role during interactions with pro-survival
BCL-2 members. This was demonstrated by treatment of cancer cells with the chemotherapeutic
microtubule inhibitor, Paclitaxel, which phosphorylated Bnip3 in an AKT/mTor & JNK
independent manner and induced hyper-phosphorylation of Bnip3 (Mellor et al. 2010).
Interestingly, it was reported that BCL-2 and Bcl-xL, both of which are known to antagonize
Bnip3-induced cell death, displayed enhanced binding to Bnip3 when phosphorylated (Mellor et
al. 2010). It was proposed that Bcl-xL could positively regulate the binding between the LIR of
Bnip3 and LC3B to promote mitophagy (Zhu et al. 2013).
Bnip3 Subfamily in Cancer & Disease
Cancer
The Bnip3 subfamily have been well studied as factors in the development of tumors. In
general, the Bnip3 subfamily suppress tumors by eliciting cell death, and because of this Bnip3
and Nix are commonly silenced in tumor cells. Unfortunately, the role of Nix in cancer is far less
33

explored than Bnip3. (Fei et al. 2004, Liu et al. 2008). However, an interesting paradox arose
when Bnip3 levels were found to be heightened in the perinecrotic regions of tumors of some
cancers (Sowter et al. 2001, 2003). From these observations a question arose: How can a cell
death gene be so highly expressed in tumor cells, yet these cells do not succumb to death? A
hypothesis began to emerge stating that the elevated expression of Bnip3 in early stages of tumor
development confers a selection pressure on these cells which favours resistance to cell death
factors and hypoxia. Within tumors, a microenvironment of hypoxia and nutrient deprivation
develops and have been shown to contribute to the genetic instability of cancer cells. In fact, it
was revealed that cells growing in tumors develop mutations at a rate up to five times faster than
identical cells grown in culture, and this outcome on was recreated by culturing cells in hypoxia
(Reynolds et al. 1996). The connection between the loss of the hypoxia-induced tumor
suppressor, p53, and the enhancement of pro-survival BCL-2 family members, was established
in genetic studies where the loss of p53 or the overexpression of BCL-2 rendering cells resistant
to hypoxia-induced cell death (Van Meir 1996). From this study, it was concluded that hypoxia
in tumors may select for cells with defective apoptosis, for example altered p53 activity. It was
found that hypoxia-stimulated Bnip3 was highly expressed in the perinecrotic regions of tumors
(Sowter et al. 2001). Likewise, Bnip3 expression in samples of ductal carcinoma in situ of the
breast was elevated within tumors versus adjacent benign and non-invasive breast tissue. Bnip3
expression positively correlated with the aggressiveness of the tumors of breast ductal carcinoma
(Sowter et al. 2003) and in samples of early operable non-small cell lung cancer (Giatromanolaki
et al. 2004). Furthermore, the expression of several hypoxia- and/or HIF-induced angiogenesis
growth factors (VGEF, bFGF, PDGF) have been associated with Bnip3 expression some of
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which may contribute to the tumor aggressiveness and progression, or in developing resistance to
Bnip3 (Giatromanolaki et al. 2004, Okami et al. 2004).
Some of the putative mechanisms by which cells resist these effects may be via
expression of growth factors which inhibit Bnip3 and desensitize cells to hypoxia. In a breast
cancer cell line (MCF-7), the effects of epidermal growth factor and insulin-like growth factor
were shown to block Bnip3 cells death, and congruently, inhibition of epidermal growth factor
restored sensitivity to hypoxia-induced death (Kothari et al. 2003). A mechanism of nullifying
Bnip3 through nuclear sequestration has been suggested to contribute to Bnip3 resistance in
glioblastoma (Burton et al. 2006). Further studies using normal human brain tissue and
malignant glioma cell line (U251) found that Bnip3 primarily localizes to the nucleus; but when
exposed to hypoxia, Bnip3 is released into the cytoplasm and kills cells. However, in samples of
glioblastoma multiforme tumors Bnip3 expression were increased with hypoxia, but remained
localized to the nucleus, preventing Bnip3-induced cell death (Burton et al. 2006).
Suppression of Bnip3 expression is thought to occur in late stage tumors of various forms
of cancer. As the tumor progresses, the regulatory environment of Bnip3 progresses in parallel,
shifting from activation to suppression. Although the Bnip3 gene can be deleted in various types
of human cancers, in particular breast cancer (Beroukhim et al. 2010, Chourasia et al. 2015), the
gene can also be selectively silenced. In samples of adenocarcinomas, Bnip3 was silenced but
other hypoxia-regulated genes (GLUT1 and IGFBP3) were up-regulated (Okami et al. 2004).
This study was paralleled by a second independent group using a panel of pancreatic cancer cell
lines where Bnip3 was silenced, but not other hypoxia-regulated genes, including PUMA and
BNIP3L (Abe et al. 2005). Silencing of Bnip3 can be achieved through multiple mechanisms.
First, epigenetic suppression of Bnip3 can occur through methylation of the CpG island of the
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Bnip3 promoter and histone deacetylation in gastric and colorectal cancer cell lines (Murai et al.
2005b, Bacon et al. 2007) and haematiopoietic tumors (Murai et al. 2005a). Second, transcription
factor suppression of Bnip3 in pancreatic cancer has been shown to involve the S100 family of
proteins (Mahon et al. 2007). Using various pancreatic ductal adenocarcinoma cancer cell lines,
it was uncovered that S100A2 and S100A4 could repress the Bnip3 promoter. Moreover,
knockdown of S100A4 by siRNA de-repressed Bnip3 expression, restoring sensitivity to the
chemotherapy agent gemcitabine. Third, post-translational modification of Bnip3 by O-linked
glycosylation has been reported as a mechanism to deactivate Bnip3 in a breast cancer cell line
(4T1) (Manka and Millhorn 2006). Deactivation of Bnip3 through O-linked glycosylation
operates similarly to phosphorylation and can affect protein activity, protein-protein interactions,
subcellular localization (Zachara and Hart 2004). This process is especially interesting in cancer
cells because heightened glycolytic activity in cancer cells may link the suppression of Bnip3 by
glycosylation to cancer metabolism.
In late stage tumors Bnip3 suppression has been linked to chemoresistance and
metastasis. Studies where Bnip3 repression was lifted observed re-sensitization to
chemotherapeutics in pancreatic cancer cell lines (Akada et al. 2005, Mahon et al. 2007). Bnip3
repression is also a critical step in the development of metastatic tumors. In a study investigating
the role of Bnip3 in the growth of primary tumours and metastatic growth, cells of a breast
cancer cell line (4T07) were injected into mice and it was reported that knockdown of Bnip3
increased tumor size, number, and survivability in hypoxic conditions (Manka et al. 2005). The
metastatic potential of Bnip3 deficient tumors was investigated by the introduced breast cancer
tumor into mice and examining tumor invasion into neighbouring tissues. It was found that
Bnip3-null tumors more readily invaded nearby tissues including the lungs, liver and bone
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(sternum). Additionally, the specific blunting of Bnip3-induced cell death, either through
evolved resistance or gene silencing, may relieve tumor cells of the deadly potential of HIF
activation while retaining survival and angiogenesis pathways stimulated by HIF. An in-depth
investigation into the role of Bnip3 in cancer by Chourasia and colleagues revealed that loss of
Bnip3 expression stimulates HIF-1 protein levels. These studies utilized a Bnip3-null mouse
model of breast cancer, and noted increase of HIF-1 protein was mediated the accumulation of
mitochondrial ROS, a result of defective mitochondrial clearance (Chourasia et al. 2015). In turn,
HIF target genes such as those involved in glycolysis (HK2, Pdk1, Pgk1, and Slc2a1) and
angiogenesis (Vegfa, Flt-1 and Ang-2) were up regulated in tumors devoid of Bnip3, indicating
that the loss of Bnip3 promotes glycolysis and angiogenesis; indeed, the regulation of both
processes was confirmed in vivo. One caveat is that while Bnip3-null tumors had more numerous
blood vessels than wild type tumors, these vessels had features of immaturity and deformation
that may contribute to furthering the hypoxia and resultant HIF activation. It was also shown in
Bnip3 deficient tumors, that cells were more dependent on autophagy to provide metabolites as
compensation for less efficient metabolism (Chourasia et al. 2015).
Disease
The majority of our understanding of Bnip3 and Nix pathways come from studies
investigating the role these proteins play in the development of cardiac disease. The hypoxic load
placed on cardiomyocytes during ischemia/reperfusion events leads to Bnip3 activation and
myocardial infarction (Diwan et al. 2007). In unstressed mice, forced Bnip3 expression caused
progressive left ventricle dilation and cardiac remodelling. Moreover, in Bnip3-null mice
apoptosis was diminished and cardiac function and structure was preserved after surgical
ischemia/reperfusion. In the heart, Nix is up-regulated during pressure overload and is essential
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for Gq-dependent hypertrophy. Enforced expression of Nix in the myocardium induces apoptosis
and rapidly becomes lethal (Yussman et al. 2002). Synergy between Nix and Gq causes
increased apoptosis and resultant dilation of the left ventricle and impaired systolic function
which eventually becomes lethal (Diwan et al. 2008). Moreover, germ-line ablation of Nix
attenuated cardiac remodeling.
Bnip3 has been implicated as the key factor in neuronal cell death following stroke. The
hypoxic environment produced in the brain by the loss of blood circulation during a stroke is
conducive to Bnip3 activation and resultant delayed neuronal death (Schmidt-Kastner et al.
2004). It was revealed in a rat model of stroke and in cultured primary neurons, that hypoxia or
ectopic expression of Bnip3 induced neuronal death and, interestingly, release of the protein
endonuclease G (Zhang et al. 2007). Endonuclease G is an effector of DNA damage during
caspase-independent cell death, and has been linked to the loss of neurons in Parkinson’s disease
(Büttner et al. 2013). With further investigations, this evidence may uncover part of a neuronspecific cell death mechanism mediated by Bnip3 in neurodegenerative disease.
Bnip3-induced mitophagy has been implicated in the regulation of normal liver lipid
metabolism and mitochondrial quality. In the liver, Bnip3 is constitutively expressed in fed mice,
but in fasted mice Bnip3 expression intensifies indicating a role of Bnip3 during nutrient
starvation (Glick et al. 2012). Interestingly, the robust increase of Bnip3 expression observed
after 24 hours of fasting was not replicated by Nix, indicating a distinct role for Bnip3 in the
liver within the Bnip3 subfamily of proteins. In the livers from fed Bnip3-null mice, energy and
lipid synthesis were elevated. In fasted mice, catabolism of fatty acids and glucose output was
impaired. It was also shown that loss of Bnip3 causes an increase in mitochondrial mass coupled
with elevated hepatocellular respiration, however a greater proportion of these mitochondria
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were functionally defective and structurally abnormal. Taken together, this evidence indicates a
role for Bnip3-induced mitochondrial clearance in governing mitochondrial number and quality
in the liver and may impact metabolism on a cellular and systemic level (Glick et al. 2012).
A role for Nix in regulating pancreatic β-cell death has been linked to the onset of
diabetes through the PDX1 gene. Deletion or mutation in the PDX1 gene (IFP-1) leads to early
onset type 2 diabetes (Stoffers et al. 1998). In a insulinoma cell line (MIN6) where PDX1 was
knocked-down, the expression of pro-death genes, in particular Nix, was observed to be elevated;
while enforced expression of Nix was found to mediate cell death through apoptotic and
mitochondrially-driven necrosis (Fujimoto et al. 2010). Mice heterozygous for the PDX1 gene
develop diabetes, and it was observed that Nix deficiency preserved β-cell mass and pancreatic
islet architecture in these mice. Furthermore, in various assays these animals showed an
improved ability to regulate blood glucose levels when devoid of Nix. A later study by the same
group identified the role of more BH3-only proteins (BIM and PUMA) in β-cell death and the
onset of diabetes (Ren et al. 2014).
Necrotising Enterocolitis
Necrotising enterocolitis (NEC) is a complex disease where the integrity of the intestinal
barrier of premature neonates fails and uncontrolled and excessive cell death ensues (Lin and
Stoll 2006, Maheshwari 2015). Although no one factor can be considered the root cause of NEC,
hypoxia, ischemia/reperfusion and ROS are some of the factors involved in the development of
NEC. In clinical samples of NEC, it was observed that Bnip3 expression was elevated.
Furthermore, in an in vivo model of NEC, where newborn rats treated to a combination of
hypoxia and formula feed, Bnip3 expression was heightened in the intestinal mucosal lining
concurrent with NEC-like symptoms (Zamora et al. 2005b). The upregulation of Bnip3 was
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found to be associated with reactive nitrogen species, nitric oxide and peroxynitrite, and was
associated with decreased cell viability. A more recent study examined the relationship between
Bnip3 expression and the supplementation of human breast milk with bovine-based formula on
intestinal cell death (Diehl-Jones et al. 2015). Similarly, Bnip3 expression was induced by
supplemented feed and was associated with ROS production and cell death. Interestingly, the
effects of supplemented feeds could be countered by treatment with the drug misoprostol, a
prostaglandin E2 agonist. Bnip3 may present a molecular link between intestinal cell death and
NEC, and is a potential therapeutic target; additionally, misoprostol may prove to be a useful
drug in the treatment of NEC by countering the effects of Bnip3. Furthermore, the alternative
splice variant Bnip3∆Ex3 was shown to effectively counter Bnip3-mediated cell death in
intestinal cells (HT-29MTX) (Diehl-Jones et al. 2015), indicating that the mechanism through
which the splice variant opposes Bnip3 in the heart may remain intact in the intestine.
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Rationale
Bnip3 and the closely related protein Nix, are hypoxia-reactive members of the BCL-2
family of proteins and drive cell death forward (Bruick 2000, Sermeus et al. 2012). This defines
a niche for Bnip3 and Nix within the BCL-2 family for the regulation of cell death during
hypoxia events. Secondary to its role in cell death, Bnip3 also regulates the removal of
organelles through autophagy and this effect can be targeted for the selective removal of
mitochondria, termed mitophagy (Zhang et al. 2008, Hanna et al. 2012). The exact mechanism of
Bnip3-induced cell death remains unresolved, and seems to involve features of both apoptosis
and necrosis. However, it is of general consensus that Bnip3 induces cell death through a
mitochondrial permeability transition (MPT) dependent pathway, which implies an underlying
calcium signalling pathway to initiate MPT (Vande Velde et al. 2000, Zhang et al. 2009).
Importantly, the differing opinions on the mechanisms and characteristics of Bnip3-induced cell
death might reflect the cell-type specific regulatory differences in cell death or Bnip3, but this
idea requires formal evaluation. Bnip3 is the subject of alternative splicing and this has been
identified in the heart and in multiple cancer cell lines (Gang et al. 2011, 2015). This splice
variant, which lacks the third exon and is called Bnip3ΔEx3, is thought to be a dominant
negative isoform that inhibits Bnip3-mediated cell death through directly binding Bnip3.
Similarly, an alternative splice variant of Nix was identified, termed sNix, and it too was initially
thought to inhibit Nix through direct binding (Yussman et al. 2002). However, it was later
uncovered that sNix can promote cell survival through the regulation of NF-κB controlled genes
(Chen et al. 2013). With the example of sNix in mind, it is possible that the mechanism of
Bnip3ΔEx3 may be more complex that what has been uncovered in the limited number of studies
of this isoform. The majority of work on Bnip3 has been done in the context of cardiovascular
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diseases linked to remodeling of the heart. Specifically, the role of Bnip3 in the demise of
cardiomyocytes during and after hypoxia/ischemia events and the resultant myocardial infarction
and pathological remodeling (Diwan et al. 2007). The addition of Bnip3ΔEx3 countered Bnip3induced cell death and diminish cardiac remodeling (Gang et al. 2011). However, this protein is
not limited solely to the heart, as discussed above. Bnip3 has a significant role in the cellular
metabolism of liver hepatocytes, where Bnip3 regulates lipid metabolism through the
maintenance of mitochondrial number and quality by the process of mitophagy (Glick et al.
2012). Secondly, Bnip3 is the subject of complex transcriptional control in various types of
cancers, where Bnip3 has been implicated as a selective pressure for hypoxia and cell death
resistance in early stages. In late stages Bnip3 expression is repressed since the protein functions
as a suppressor of both tumor growth and metastatic. Studied in pancreatic cancer cell lines,
splicing of Bnip3 mRNA into Bnip3ΔEx3 was shown to be promoted in association with the
glycolytic metabolism of cancer cells (Gang et al. 2015). Finally, Bnip3 has been observed to be
upregulated in clinical samples of the neonatal gastrointestinal disease necrotising enterocolitis,
where it has been shown to be an important effector of cell death (Zamora et al. 2005a, DiehlJones et al. 2015).
Necrotizing enterocolitis (NEC) is the most common gastrointestinal emergency
afflicting premature infants, with an incidence of 4 to 11% among very low birth weight
neonates (Lin and Stoll 2006, Maheshwari 2015). Mortality rates are high, ranging from 20-30%
of NEC cases requiring surgery (Fitzgibbons et al. 2009). Survivors are at risk of developing
future complications attributable to shortened bowel and perturbed neurological development,
resulting from the disease itself or from treatment (Neu and Walker 2011). The pathogenesis of
NEC is not fully understood. What is known is that oxidative stress, which results from
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immature antioxidant defenses, restriction of blood flow causing ischemia and hypoxia and the
reciprocal reperfusion causing hyperoxia, and/or enteral and parenteral sources of reactive
oxygen species, are all strongly implicated in the etiology of NEC (Lin and Stoll 2006, Tanner et
al. 2015). What remains unknown about NEC is the identity of many of the specific cellular
mediators and pathways involved in this disease. It is acknowledged that Bnip3 expression is
driven by both hypoxia and antioxidant response element driven gene activation, and that
prominent Bnip3 expression is seen in human infants diagnosed with NEC (Zamora et al.
2005b). Moreover, in our laboratory, we determined that Bnip3 expression increases in intestinal
cells (enterocytes) in an in vitro model of NEC (Diehl-Jones et al. 2015). The alternative splice
variant of Bnip3, Bnip3ΔEx3, was found to promote survival in cardiac muscle cells and cancer
cell lines of various lineages, including enterocytes, where it protects from Bnip3-regulated cell
death (Gang et al. 2011, 2015). The role of Bnip3ΔEx3 has been broadly etched out in a cardiac
system; however, the exact mechanism of Bnip3∆Ex3, and its potential in the intestine remain
unknown.
In this project, my central hypothesis is as follows: the protein products of Bnip3
differentially regulate calcium-mediated cell death pathways in enterocytes. I used a colon
cancer cell line (HCT-116) in gain-of-function experiments, where expression of full-length
Bnip3 (Bnip3FL) and/or Bnip3ΔEx3 was enforced, to mechanistically dissect the signalling
pathways and cellular events of the Bnip3 isoforms. This cell line was chosen because of its
receptiveness to transfection, robust expression of plasmids, low Bnip3 background (Murai et al.
2005a, Bacon et al. 2007), and intact Bnip3ΔEx3 signalling pathways (Gang et al. 2015). Other
intestinal cell lines (Caco2 & HT-29MTX) were considered, however due either difficulty of
transfection or slow growth rate, among other technical issues, the HCT-116 cell line was chosen
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(Appendix C-1). Because of the intricacies of the pathways involved and the sparsity of literature
on Bnip3FL and Bnip3 splicing in the intestine, it was decided to be necessary to relate key
findings back to the better studied system of cardiac muscle to validate our findings with the
literature on Bnip3 splicing. This was done using the cardiac muscle cell line H9C2 for
mitochondrial function assays because of their large size and high mitochondrial content, and
lastly, primary neonatal cardiomyocytes to validate select findings of the effects of Bnip3ΔEx3
expression.
The goals of this project are to: 1) characterise the mechanism of calcium signalling
regulation by Bnip3FL and the splice variant Bnip3ΔEx3; 2) to determine the cellular outcomes
of Bnip3ΔEx3 at the mitochondria; and 3) to examine the secondary effects of calcium handling
and Bnip3ΔEx3 expression within cells.
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Chapter 2: Calcium Signalling of Bnip3 Isoforms
Introduction
Within the cell, three major reservoirs of calcium are the ER/SR, mitochondria, and
nucleus. The movement of calcium between the ER and mitochondria, primarily through the
mitochondrial-associated membrane (MAM) of the ER, regulates bioenergetics because of
calcium-sensitive components of the electron transport chain (ETC) (Jouaville et al. 1999). The
mitochondria are calcium buffers and when calcium is released into the cytosol the mitochondria
can rapidly take up the calcium; however, this influx of calcium can overwhelm the
mitochondrial and calcium-sensitive proteins of the ETC leading to mitochondrial dysfunction
and potentially cell death (Basso et al. 2005). The regulation of calcium is an important facet of
the mechanism(s) of Bnip3FL-regulated cell death. It is well documented that Bnip3FL can
induced mitochondrial overloading, mitochondrial permeability transition (MPT), and cell death
through its effects on calcium signalling (Vande Velde et al. 2000, Zhang et al. 2009, Chaanine
et al. 2013). Conversely, Bnip3∆Ex3 blocks MPT-dependent cell death induced by Bnip3FL
(Gang et al. 2011). This raises the question: if Bnip3∆Ex3 can counter Bnip3FL-induced cell
death, then is Bnip3∆Ex3 regulating intracellular calcium signalling in a manner that opposes
Bnip3FL signalling?

Research Aims & Objectives
Aim 1: Investigate inter-organellar calcium-signalling pathways induced by Bnip3 isoforms.
Hypothesis: Bnip3 isoforms, Bnip3FL and Bnip3ΔEx3, differentially regulate intracellular
calcium signalling.
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Objective 1.1: To determine effects of Bnip3 and the splice variant Bnip3ΔEx3, on
mitochondrial, ER, and nuclear calcium. Calcium signalling pathways were dissected using
novel plasmid-based calcium probes which target the ER, mitochondria and the nucleus, in
enterocytes transfected with Bnip3FL and/or Bnip3ΔEx3.
Aim 2: Identify the calcium channels involved in Bnip3FL and Bnip3ΔEx3 calcium signaling.
Hypothesis: Calcium signalling of the Bnip3 isoforms Bnip3FL and Bnip3ΔEx3 is dependent the
regulation of ER calcium.
Objective 2.1: To determine the role of the ER calcium channels in Bnip3 regulation of calcium;
Objective 2.2: To determine mitochondrial calcium channels in Bnip3 regulated cell death.
Pharmacological agents were used to inhibit key calcium transporters of the ER and
mitochondria in cells transfected with Bnip3FL and/or the splice variant Bnip3ΔEx3 in
conjunction with fluorescent calcium probes to determine the effects of Bnip3 isoforms on
calcium release. The drugs thapsigargin (a SERCA inhibitor) and 2-APB (an IP3R channel
blocker) to inhibit ER channels. DIDs (an inhibitor of VDACs) and RU360 (an inhibitor of the
mitochondrial calcium uniporter) to block mitochondrial channels.

Methodology
The effects of Bnip3 and/or Bnip3∆Ex3 will be modelled individually and together in
cellular gain-of-function experiments centred around measuring steady-state calcium levels in
each of the three organelles (ER, mitochondria, nucleus) using transfectable, semi-quantitative
calcium probes called genetically encoded calcium indicators for optic imaging (GECOs) (Zhao
et al. 2011, Wu et al. 2013, 2014).
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Cell Culture & Transfection
The human intestinal cell line HCT-116 (a gift from Dr. McManus, University of
Manitoba) were grown in McCoy’s 5a medium (Hyclone, Fisher Scientific, Ottawa, ON,
Canada) supplemented with 10% fetal bovine serum (Hyclone), 0.5% penicillin (10,000
U/mL)/streptomycin (10 mg/mL), and L-glutamate. All cell cultures were incubated at 37 °C in
5% CO2, 95% of air and 85% relative humidity. For experimentation, cells were seeded onto sixwell polystyrene tissue culture plates 24 hours prior to transfection. HCT-116 and H9C2 Cells
were transfected using JetPrime Polyplus reagent following the protocol provided, and
maintained in their respective medium and normal culture conditions. The media was replaced 4
hours after transfection to minimize cytotoxicity, as per recommended by the manufacture.
Plasmids
Gain-of-function experiments were achieved by ectopic expression of full length mouse
Bnip3 (Myc-Bnip3; Addgene plasmid # 100796) and the alternate splice variant BnipΔEx3 (HABnip3∆Exon3; Addgene plasmid # 100793).The three GECOs used to measure organellar
calcium are CMV-ER-LAR-GECO1 (Addgene plasmid # 61244), CMV-NLS-R-GECO
(Addgene plasmid # 32462) and CMV-mito-CAR-GECO1 (Addgene plasmid # 46022) and are
all gifts from Robert Campbell (Wu et al. 2013, 2014). The empty vector pcDNA3 was used to
control for the effects of transfection, including cytotoxicity, in all transfection experiments
because of the commonality in the promoter regions (CMV-promoter) and backbone in all the
plasmids used.
Pharmacological Inhibition
Pharmacological agents were used to inhibit key calcium transporters involved in calcium
transfer between the organelles of interest. Calcium channel inhibitors were applied to the media
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of HCT-116 cultures. Thapsigargin (Sigma) was applied 4 hours prior to imaging at final
concentrations of 1 µM (Yamaguchi et al. 2003); and 2 µM 2-Aminoethyl diphenylborinate (2APB; Sigma), 10 µM RU360 (Sigma), and 10 µM disodium 4,4’-diisothicynatostilbene-2,2’disulfonate (DIDS; Sigma) were applied for 16 hours.
Fluorescent Calcium Imaging
Calcium signalling dynamics were determined in HCT116 cells. Prior to imaging, cells
were counterstained with the nuclear dye Hoechst 33342 (8 µM) for 30 minutes at 37 °C, after
which the media was refreshed and the cells are imaged using an Olympus IX70 inverted
microscope (Toronto, ON, Canada) setup for epifluorescence, with a QImaging Retiga SRV Fast
1394 camera (Surrey, BC, Canada) using NIS Elements AR 3.0 software (Nikon Instruments
Inc., Melville, NY, USA). Imaging experiments were conducted as single trials, where cells from
a single culture were divided into the appropriate number of conditions for each experiment.
Fluorescence intensity of cells from at least 10 random fields per condition were quantified using
ImageJ software (NH, Besthsda, MD, USA), and expressed as mean intensity relative to cell size
± S.E.M.
Statistical Analysis
Data presented as means ± standard error of the mean (S.E.M.) of cells from 10 random
fields of view. Statistical significance between within conditions was determined by One-way
analysis of variance (ANOVA) followed by Tuckey’s post-hoc test to determine significance
between conditions. A p-value of 0.05 was used as the threshold of significance.
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Results
In tracing the calcium signalling pathway of mitochondrially-driven cell death, the effects
of Bnip3FL on ER calcium content were examined. I found that expression of Bnip3 causes a
reduction in steady-state ER calcium (Figure 1A). Intriguingly, Bnip3∆Ex3 caused a similar
reduction in ER calcium levels, and this effect was not affected by co-expression of Bnip3FL and
Bnip3∆Ex3. Next, I investigated mitochondrial calcium content as a possible destination for the
calcium released from the ER. Mitochondrial calcium levels were elevated with expression of
Bnip3FL (Figure 1B), and this finding is congruent with calcium-dependent MPT. Expression of
Bnip3∆Ex3, on its own, did not affect mitochondrial calcium levels, however, when coexpressed with Bnip3FL, mitochondrial calcium remained low. This indicates that Bnip3∆Ex3
can block Bnip3FL-induced influx of calcium into the mitochondria and possibly prevent
associated mitochondrial dysfunction. Finally, I investigated a third calcium reservoir, the
nucleus, to determine where, if not the mitochondria, was released calcium accumulating during
Bnip3∆Ex3 expression. I found that nuclear calcium substantially increased with the expression
of Bnip3∆Ex3 (Figure 1C). Furthermore, this effect was not observed with expression of
Bnip3FL indicating functional separation between the isoforms.
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Figure 1 – Bnip3 isoforms differentially regulate calcium signals
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Figure 1. Bnip3 isoforms differentially regulate calcium between the mitochondrial and
nucleus. HCT-116 cells transfected with GECO calcium biosensors (red), a combination of
Bnip3FL, Bnip3∆Ex3, or a pcDNA empty vector control. Nuclei counterstained by Hoechst
(blue). A) Cells expressing ER-targeted GECO (ER-LAR-GECO) indicate that both isoforms of
Bnip3 cause a significant reduction in ER calcium. B) The mitochondrially-targeted GECO
(Mito-Car-GECO) shows an increase in calcium content in cells expressing Bnip3FL, but this
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effect is blocked by addition of Bnip3∆Ex3. C) Nuclear calcium levels, indicated by the nucleartargeted GECO (NLS-R-GECO), increase significantly with expression of Bnip3∆Ex3, but not
with Bnip3FL. Data presented as means ± S.E.M. of cells from 10 fields of view (n > 30 cells per
condition). p < 0.05 vs control (*) or Bnip3FL (†).

Next, I hypothesized that Bnip3∆Ex3 attenuates Bnip3-induced permeability transition by
blocking mitochondrial calcium uptake. By use of ER and mitochondrial calcium channel
inhibitors, I first established that Bnip3 indeed causes a ER-to-mitochondria transfer of calcium,
and second that Bnip3∆Ex3 regulates calcium, independent of Bnip3FL and the ER to prevent
mitochondrial calcium accumulation. In cells expressing Bnip3FL and treated with the inositol
triphosphate receptor (IP3R) agonist 2-APB, I observed diminished mitochondrial calcium
(Figure 2A). Furthermore, through inhibition of the VDAC and/or MCU by DIDS and RU360,
respectively, I observed that Bnip3FL was unable to elicit an increase in mitochondrial calcium
(Figure 2B). Interestingly, the magnitude of combined inhibition of VDAC and MCU was no
different from separate inhibition of either channel, and Bnip3∆Ex3 was equally effective at
blocking mitochondrial calcium uptake as the inhibitors. Next, I investigated the ability of
Bnip3∆Ex3 to regulate calcium independent of Binp3FL and the ER using the sarco/endoplasmic
reticulum calcium-ATPase inhibitor, thapsigargin (thaps), which prevents the re-uptake of
calcium into the ER and artificially elevates cytosolic calcium levels. I examined mitochondrial
calcium content and found that the mitochondria buffered calcium when treated with thaps,
similar to what was seen with expression of Bnip3 (Figure 3A). Expression of Bnip3∆Ex3
blocked the rise in mitochondrial calcium caused by thaps, indicating that the splice variant can
regulate mitochondrial calcium independent of the ER and Bnip3FL.

51

In parallel experiments, I investigated the nuclear accumulation of calcium caused by
Bnip3∆Ex3, by use of 2-APB and thapsigargin. First, the nuclear uptake of calcium by
Bnip3∆Ex3 was diminished with the addition of 2-APB (Figure 3B). Second, accumulation of
nuclear calcium caused by expression of Bnip3∆Ex3 persisted with co-treatment with
thapsigargin (Figure 3C). Together these experiments indicate that Bnip3∆Ex3 facilitates the ERto-nuclear transfer of calcium at both the origin (ER) and destination (nucleus). Additionally,
thapsigargin caused a small increase in nuclear calcium levels, likely representing the buffering
capacity of the nucleus.
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Figure 2 – Bnip3FL-mediated calcium signals require ER and mitochondrial calcium channels
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Figure 2. Bnip3FL-mediated mitochondrial calcium influx is dependent on calcium release
from the ER. HCT-116 cells treated with calcium channel blockers and co-transfected with
mitochondrial-targeted calcium biosensor, and a combination of Bnip3FL, Bnip3∆Ex3, and
pcDNA3, show mitochondrial calcium content (red) and nuclei (blue). A) Treatment with the
IP3R blocker 2-APB (2 µM, 16 hours) prevents Bnip3-induced calcium transfer from the ER to
the mitochondrial by blocking ER-calcium release. B) Cells treated with a combination of the
mitochondrial calcium channel blockers Ru360 (10 µM, 16 hours) and DIDS (10 µM, 16 hours)
were unable to take up calcium during Bnip3-mediated transfer. Data presented as means ±
S.E.M. of cells from 10 fields of view (n > 30 cells per condition). p < 0.05 vs control (*) or
Bnip3FL (†).
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Figure 3 – Bnip3∆Ex3-regulated calcium signalling can act independently of the ER and Bnip3FL
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Figure 3. Bnip3∆Ex3 redirects calcium destined for the mitochondria to the nucleus
independent of the ER and Bnip3FL. HCT-116 cells co-transfected with mitochondrial- or
nuclear-targeted calcium biosensors (red) and Bnip3∆Ex3 or an empty vector control. Nuclei
counterstained with Hoechst (blue). A) Mitochondrial calcium, indicated by mito-Car-GECO,
shows that Bnip3∆Ex3 prevents mitochondrial calcium uptake caused by thapsigargin (thaps; 1
µM, 4 hours) stimulate release of calcium into the cytosol. B) Utilizing the nuclear-targeted
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NLS-R-GECO to measure calcium levels in the nucleus, Bnip3∆Ex3-mediated calcium influx is
blocked by addition of the IP3R inhibitor 2-APB (2 µM, 16 hours). C) Nuclear calcium
accumulation when Bnip3∆Ex3 is expressed persists when the ER is circumvented using the
drug thapsigargin. Data presented as means ± S.E.M. of cells from 10 fields of view (n > 30 cells
per condition). p < 0.05 vs control (*) or drug treatment (†).

Discussion
My results suggest a novel Bnip3∆Ex3 signalling pathway, in which this splice variant
regulates calcium signalling between the ER, mitochondria, and nucleus. Although both isoforms
of Bnip3 activate calcium release from the ER, Bnip3∆Ex3 precludes the uptake of released
calcium into the mitochondria while simultaneously enhancing conductance into the nucleus.
Furthermore, Bnip3∆Ex3 was able to transduce these calcium signals in the absence of full
length Bnip3, indicating that Bnip3∆Ex3 might have a discrete function within the cell that
extends beyond the previous idea that this splice variant only acts through Bnip3FL inhibition
(Gang et al. 2011). Importantly, this pathway involves Bnip3∆Ex3 somehow acting at both the
site of release, IP3R at the ER, and at the mitochondria or nucleus. The capacity of the
mitochondria and nucleus to passively buffer calcium is well documented (Rizzuto et al. 2012,
Dewenter et al. 2017). This is consistent with my observations that cytosolic calcium levels were
elevated by treatment with thapsigargin. This is consistent with respect to the effects of
Bnip3∆Ex3 on nuclear calcium, and these data indicate that the effect of Bnip3∆Ex3 on nuclear
calcium levels exceeds the effects of buffering, indicating an active signalling pathway is elicited
by Bnip3∆Ex3.
The release of calcium by the IP3R channel, when elicited by Bnip3FL, leads to necrotic
cell death (Kwong et al. 2015, Izzo et al. 2016) through a calcium mediated pathway involving

55

the MPTP (Zhang et al. 2009). It is possible that Bnip3ΔEx3 is blocking the uptake of calcium
into the mitochondria by interacting with Bnip3FL to promote survival (Gang et al. 2011).
Considering the newfound complexity of Bnip3ΔEx3-regualted calcium signalling, it is possible
that the function of Bnip3ΔEx3 may be more diverse than previously thought because inhibition
of Bnip3FL does not account for the effects of Bnip3ΔEx3 on calcium content of the ER and
nucleus.
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Chapter 3: Effects of Bnip3 Isoforms on MitochondrialDependent Cell Death
Introduction
Mitochondrial permeability transition stems from the excessive loading of calcium into
the mitochondria, and is a feature of necrotic cell death. Elements of the ETC at the inner
membrane along with proteins of the outer membrane, such as BAX/BAK or VDACs, form the
MPTP (Halestrap 2004, Bernardi et al. 2006, Karch et al. 2013). Although the exact structure of
the MPTP is highly contentious, the outcomes following MPTP formation include rapid
dissipation of the transmembrane electrochemical gradient, loss of ATP synthesis, and
mitochondria swelling, all of which coalesce to give rise to necrotic cell death. I have shown that
Bnip3 and Bnip3∆Ex3 differentially regulate mitochondrial calcium levels. Here I establish that
the effects of Bnip3FL and Bnip3ΔEx3 are critical for mitochondrial-regulated cell death or
survival to answer the question: What is the significance of Bnip3FL/Bnip3ΔEx3 calcium
signalling on mitochondria and on mitochondrial-dependent cell death?

Research Aims & Objectives
Aim 3: Evaluate the mitochondrial consequences of Bnip3 isoforms leading to cell death.
Hypothesis: Bnip3ΔEx3 promotes survival in cells during Bnip3- or hypoxia-regulated cell death
by protecting mitochondrial function.

Objective 3.1: Examine effects of Bnip3FL/Bnip3ΔEx3 on cellular viability. The effects of Bnip3
and Bnip3ΔEx3 on necrotic cell death were established using the calcein/ethidium homodimer
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staining method. This method primarily detects cells undergoing necrotic cell death, which is
congruent with the type of cell death observed during MPTP-dependent cell death caused by
Bnip3FL.

Objective 3.2: Examine changes in the mitochondrial permeability transition pore (MPTP) with
expression of Bnip3 isoforms. MPTP opening is a critical step in necrotic cell death pathways,
this endpoint will prove to be useful in understanding the type of cell death mediated by Bnip3
and whether the splice variant Bnip3ΔEx3 inhibits this particular cell death pathway.
Furthermore, this pathway causes the distinct loss of mitochondrial membrane potential giving
rise to the third objective. Objective3.3: Examine mitochondrial membrane potential during
Bnip3/Bnip3ΔEx3 expression. This will further support and validate the cell death pathway
involved and what events within this pathway Bnip3ΔEx3 targets to block cell death.
Mitochondrial membrane potential was measured by TMRM staining.

Methodology
This series of gain-of-function experiments was designed to characterise the
mitochondrial outcomes of expression of Bnip3 isoforms and how Bnip3ΔEx3 counters, or
rescues, Bnip3FL-induced cell death or exposure to hypoxia. Previously, HCT-116 cells were
used to investigate the signalling mechanism. However, to detail the outcomes of these
mechanisms the cardiac muscle cell line H9C2 were use for two reasons: 1) H9C2 are a non-
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cancer cardiac cell line that allows findings to be better related back to the literature on Bnip3FL
and Bnip3ΔEx3 in the heart. 2) Cardiac muscle cells are exceptionally abundant in mitochondria
and are much larger than enterocytes or HCT-116 cells making H9C2 cells more suitable for
mitochondrial assays, from a technical standpoint. Functional relevance of the effects of
Bnip3ΔEx3 on the mitochondria was be tested during hypoxic stress in primary cardiomyocytes.

Plasmids & Viruses
Expression vectors for this series of experiments include both plasmid- and viral-based
vectors. The plasmids used were the mouse Myc-Bnip3 and HA-Bnip3∆Ex3 plasmids described
above. The transfection markers CMV-GFP and CMV-DsRed which were used to identify
transfected cells with a green or red signal, respectively. A viral vector to express Bnip3ΔEx3 in
primary cells was generated by ligating a PCR amplicon (HA-Bnip3∆Exon3; technical assistance
from Dr. Yan Hai) into the pLenti-puro back bone which was a gift from Ming Shih (Addgene
plasmid # 39481). The virus was packaged and purified in the University of Manitoba Lentiviral
Vector Viral Particles & Production Core. Control lentiviral particles (Santa Cruz, SC-108080)
were used to account for the effects of viral transduction on the cells.

Cell Culture & Hypoxia
Cell cultures were maintained as described above, with the exception that H9C2 cells
were grown in high glucose Dulbecco Modified Eagle Medium (DMEM; Hyclone). Hypoxia
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treatment consisted of 48-hour exposure to low oxygen levels (10% O2) under complete growth
medium. Neonatal cardiomyocytes (NCMC) were isolated from hearts of 1 - 2 day old rat pups
using the Pierce Primary Cardiomyocyte Isolation Kit (#88281). Heart cells were plated and
maintained in complete DMEM and allowed to establish for 24 hours prior to treatment with
Cardiomyocyte Growth Supplement (provided in the kit) which inhibits fibroblast growth to
achieve a pure culture of cardiomyocytes.

Transfections & Transductions
HCT116 and H9C2 cells were transfected using JetPrime as described above. However,
transient transfections are highly cytotoxic to primary cells, such as the NCMCs, therefore
expression of Bnip3ΔEx3 was achieved by viral transduction. Viral particles were added directly
to the medium of cell cultures and incubated for 18 hours before the medium was replaced.
Transductions were supplemented with Polybrene (Santa Cruz) to aid in viral delivery and
reduce cytotoxicity. The amount of virus added for effective transduction was determined
empirically, and 5 µL/well of pLenti-puro-HA-Bnip3∆Ex3 was added to the medium of cells
cultured in a 24-well plate. Following transduction, cells were maintained in normal or hypoxic
growth conditions.
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Cell Viability Assay
Cell death was measured by the live/dead viability assay. This assay utilizes two dyes to
distinguish live cells from dead cells, calcein-AM and ethidium-homodimer 1 (EthD-1),
respectively. Calcein-AM is cell permeable and stains live cells green. EthD-1 intercalates with
DNA of cells with compromised membranes. It is important to note that cells cannot positively
stain for both dyes. The experiment is conducted in the same manner as described above for
imaging the calcium biosensors. Cells were stained with 2 µM calcein-AM and 2 µM EthD-1 for
30 minutes. Cells were classified as calcein-positive (live) or EthD-1-positive (dead) to give a
proportion of dead: live cells for each of 10 fields of view, as described above. Data presented as
mean proportion of dead: live cells with S.E.M.

Mitochondrial Membrane Potential
Mitochondrial membrane potential was measured by tetramethylrhodamine methyl ester
(TMRM) staining which is taken up by respiring mitochondria. The amount of dye taken up into
a mitochondrion is directly and positively correlated to mitochondrial respiration, therefore
highly active mitochondria fluoresce strongly, and depolarized mitochondria, with little
respiration, have a weak signal. Transfected H9C2 cells were identified by co-transfection with
CMV-GFP. H9C2 or NCMC cells were loaded with 200 nM TMRM and 8 µM Hoechst for 30
minutes prior to imaging. Quantification of GFP-positive cells was as follows, regions of interest
(ROI) were defined by the whole cell green signal of GFP then the red signal within the ROI was
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measured to determine membrane potential of all mitochondria in the ROI/cell. In the case of
NCMC, which enforced expression of GFP was not included, TMRM staining was sufficient to
approximate cell boundaries. As described above, cells from 10 fields of view were quantified
for each condition, and data presented as mean ± S.E.M.

MPTP Status
The calcein/cobalt method was used to investigate the status (open or closed) of the
MPTP. This technique relies on the differential permeability of calcein and cobalt chloride
(CoCl2). Calcein enters the cell and the mitochondria, but cobalt cannot enter mitochondria and
remains in the cytosol where it quenches cytosolic calcein fluorescence. In normally functioning
mitochondria, the calcein can enter but not escape. Once the MPTP opens calcein freely exits the
mitochondria where cobalt can quench calcein fluorescence. This staining technique results in
punctate fluorescence signal from mitochondrial when the MPTP is closed and a loss or
‘smoothed’ signal when the MPTP opens. Live H9C2 cells were co-transfected with
Bnip3FL/Bnip3ΔEx3 plasmids and the CMV-DsRed plasmid to identify transfected cells. Before
imaging cells were loaded with 1 µM calcein and 5mM cobalt chloride for 30 minutes prior to
imaging. Cells from 10 fields of view were classified as having punctate or smooth appearance to
give a proportion of cells smooth (open MPTP): punctate (closed MPTP).
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Statistical Analysis
Data of presented as means ± standard error of the mean (S.E.M.) of cells from 10
random fields of view. Statistically significance was determined by One-way ANOVA followed
by Tuckey’s post-hoc test. A p-value of 0.05 was the threshold of significance.

Results
Previously I used the HCT-116 cell line to establish the calcium signalling pathway of
Bnip3 isoforms. Now, I establish a link between cell viability in HCT-116 and H9C2 cell lines
expressing both Bnip3 isoforms then move into the investigation of mitochondrial outcomes in
cardiac muscle cells (H9C2 and NCMC). This better relates these novel findings with the
established functions of Bnip3 isoforms found in the literature. First, I established the potential
of Bnip3∆Ex3 to protect HCT-116 or H9C2 cells from Bnip3FL-induced cell death using the dye
EthD-1, which primarily indicates necrotic cell death. I observed that Bnip3-induced cell death
was blocked by co-expression of Bnip3∆Ex3 in both HCT-116 and H9C2 cell lines (Figure 4A).
Interestingly, the magnitude of death caused by Bnip3FL was greater in H9C2 cells. Next, the
status of the MPTP was investigated by calcein/cobalt staining in H9C2 cells expressing Bnip3
isoforms. Expression of Bnip3FL induced MPTP opening and this effect was partially blocked
by Bnip3∆Ex3 (Figure 4B). Next, I explored the effects of Bnip3 isoforms on mitochondrial
membrane potential as a measure of mitochondrial function. In H9C2 cells, mitochondria
depolarized when Bnip3 expression was enforced (Figure 4C); however, co-expression with
Bnip3∆Ex3 preserved membrane potential. Furthermore, I validated these findings in primary
neonatal rat cardiomyocytes (NCMC) challenged with mild hypoxia. Hypoxia treatment caused
loss of membrane potential in NCMC, and Bnip3∆Ex3 protected mitochondria from hypoxiainduced depolarization (Figure 4D).
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Figure 4 – Bnip3∆Ex3 protects from MPTP-dependent necrosis

Figure 4. Bnip3∆Ex3 preserves cell viability through a mitochondrially-dependent
pathway. Enforced expression of a combination of Bnip3FL, Bnip3∆Ex3, and a control vector in
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HCT-116, H9C2, or NCMC cells. A) Cell viability was measured by calcein/EthD-1 staining to
distinguish live (green) and dead (red) cells in conditions expressing a combination of Bnip3
isoforms. In both HCT-116 and H9C2 cells Bnip3FL-induced cell death was blocked by addition
of Bnip3∆Ex3. B) H9C2 cells stained with calcein (green) and quenched with cobalt chloride to
indicate open MPTP (smooth) or closed MPTP (punctate). Cells were co-transfected with Bnip3
isoforms and a transfection marker (CMV-DsRed, red) to identify transfected cells. Bnip3∆Ex3
promoted closure of Bnip3FL-induced MPTP opening. C) H9C2 cells transfected with Bnip3
isoforms and a transfection marker (CMV-GFP, green) were stained with TMRM to measure
membrane potential, cells also counterstained with Hoechst (blue). Bnip3∆Ex3 blocks Bnip3induced mitochondrial depolarization. D) NCMC exposed to normxia or hypoxia (10% O2, 48
hours) and virally transduced with Bnip3∆Ex3 were stained with TMRM (red) and Hoechst
(blue). Bnip3∆Ex3 preserves mitochondrial membrane potential in cells challenged with
hypoxia. Data presented as means ± S.E.M. of cells from 10 fields of view (n > 30 cells per
condition). p < 0.05 vs control (*); vs Bnip3FL or hypoxia treatment (†).

Discussion
This is the first time the effects of Bnip3∆Ex3 on MPTP has been directly examined.
Previous studies examined outcomes of MPTP-driven mitochondrial dysfunction, such as
mitochondrial ROS generation and loss membrane potential (Gang et al. 2011, 2015). Taken
together, it is more apparent that Bnip3∆Ex3 protects mitochondria from permeability transition
as a protective mechanism during elevated Bnip3FL expression and in response to hypoxic
stress. This evidence shows the potential for Bnip3ΔEx3 as a survival factor where necrotic or
MPTP-dependent cell death caused by hypoxia or Bnip3FL expression may take place, such as
the hypoxic heart (Gang et al. 2011) or intestinal lining (Zamora et al. 2005a). Furthermore,
Bnip3FL-mediated cell death is mediated through calcium-loading of mitochondria (Zhang et al.
2009), and the calcium signalling pathway I have described presents a mechanism for
Bnip3∆Ex3 protection of mitochondria by influencing calcium signalling within the cell and
calcium loading of the mitochondria.
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The magnitude of cell death observed in cells expressing Bnip3FL and attenuation by
Bnip3∆Ex3 is congruent with previously published values for studies using the calcein/EthD-1
technique (Gang et al. 2011). However, this technique primarily detects necrotic cell death in
cells with compromised plasma membranes; because of this, a portion of the effect of Bnip3FL
may be undetectable leading to an underestimation of cell death. Furthermore, cell death induced
by Bnip3FL has also been reported to be a delayed effect, and continues for at least 48 hours
(Chen et al. 1999). The experiments in the present study were designed around 18 hours of Bnip3
expression, and because of this the maximal induction of cell death by Bnip3FL might not have
been captured within the experimental window. However, this timepoint was used due to
experimental constraints and the window of effect for other assays. Furthermore, this provides an
opportunity to superficially compare the difference of Bnip3-induction of cell death between
different cell types, I noted a difference in the sensitivity to Bnip3FL between the two cell lines I
tested. Interestingly, Vande Velde and colleagues (2000) described a similar phenomenon when
investigating Bnip3FL-induced cell death. In their study, the differences in cell death observed
between 293 cells, of embryonic origin, and MCF-7, a breast cancer cell line (Vande Velde et al.
2000), parallel what was observed in the present study where the embryonic cardiac cell line,
H9C2, showed greater sensitivity to Bnip3FL than HCT-116 cells.
Bnip3FL regulates MPTP-driven necrotic cell death characterized by mitochondrial
calcium loading, depolarization, and MPTP opening. Here I have shown that Bnip3∆Ex3
promotes MPTP closure and preserves membrane potential. Although sufficient to protect
mitochondria and the cell, the degree that Bnip3∆Ex3 attenuates Bnip3FL-induced MPTP
opening is a partial effect. In the same experiment Bnip3FL-expressing cells were co-treated
with the MPTP inhibitor cyclosporin A. Closure of the MPTP by cyclosporin A was
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approximately equal to that observed with Bnip3∆Ex3 (Appendix B-2). In a separate study of the
mechanism of Bnip3-induced MPTP function using highly purified mitochondria in swelling
assays, cyclosporin A was only partially effective in blocking Bnip3-mediated MPTP opening
(Quinsay et al. 2010a). Although this phenomenon requires further investigation, it is likely
attributable to the complexity, and unknowns of the MPTP structure and regulation. Another
possibility is that Bnip3FL mediates disruption of the inner mitochondrial membrane through
interactions with OPA1 (Landes et al. 2010, Quinsay et al. 2010a) and the proposed components
of MPTP situated at the outer mitochondrial membrane, VDAC (Chaanine et al. 2013) or
BAX/BAK (Karch et al. 2013) to facilitate a quasi-MPTP event operating on a similar but
distinct mechanism.
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Chapter 4: Secondary Effects of Bnip3∆Exon3
Introduction
Splicing of Bnip3 mRNA into Bnip3ΔEx3 produces a protein lacking the BH3 and TM
domains of the full-length isoform (Gang et al. 2011). Although both domains contribute to cell
death, the TM domain is also critical for localizing the protein to organelles, in particular the
outer membrane of mitochondria (Vande Velde et al. 2000). Previously I have shown that
Bnip3ΔEx3 can block the influx of calcium into mitochondria when Bnip3FL is absent. This
raises the question: if Bnip3ΔEx3 cannot localize to the mitochondria then is its effect on
mitochondrial calcium through another protein?
Considering the nuclear accumulation of calcium caused by Bnip3ΔEx3, I suspect these
calcium signals might impact gene expression. The calcium-regulated protein calmodulin (CaM)
is known to respond to a broad range of calcium concentrations and activate kinases and
phosphatases that regulate transcription factors (Audran et al. 2013). This regulation can occur in
the cytosol, for example CaM activation of calcineurin and subsequent activation of nuclear
factor of activated T-cells (NFATS) (Molkentin 2000). However, CaM also regulates nuclear
factors such as CaM kinase II (CaMKII), a kinase that deactivates type IIa histone deacetylases
(HDACs) (Bers 2011). Therefore, I will determine if Bnip3ΔEx3 signalling involves calciumdependent regulation of transcriptional activators and subsequent gene expression to promote
cell survival.

Research Aims & Objectives
Aim 4: Examine the potential involvement of other pro-survival BCL-2 members in
Bnip3∆Ex3 signalling.
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Hypothesis: Bnip3ΔEx3 recruits pro-survival members of the BCL-2 family to protect
mitochondria and promote cell survival.
Objective 4.1: To investigate the potential role of other pro-survival BCL-2 members in the
Bnip3ΔExon3 signalling pathway. To investigate this, I used subcellular fractionation to separate
cytosol and mitochondria to determine if Bnip3ΔEx3 influences the cellular location of the
protein BCL-2. In support of the potential role of other BCL-2 members, I returned to
mitochondrial calcium imaging to confirm if activation of other BCL-2 members (BCL-2 and
MCL-1) produce a similar phenotype to what was observed with Bnip3ΔEx3.
Aim 5: Investigate the potential for calcium-modulation of transcriptional regulators in
Bnip3ΔEx3 signalling.
Hypothesis: Bnip3ΔEx3-modulated calcium signals, in particular nuclear signals, regulate
transcription factors to elicit a change in gene expression.
Objective 5.1: To investigate the role Bnip3ΔEx3 in the activation of the transcription regulators
and gene expression. The regulation of two transcriptional regulators, NFATc3 and HDAC5,
was examined using fluorescently-tagged proteins to trace subcellular localization as an indicator
of activation/deactivation. These two transcriptional regulators will give insight into whether
cytosolic or nuclear calcium signalling of transcriptional regulators are involved in the
mechanism of Bnip3ΔEx3. Gene expression and cell size were two endpoints used as indicators
of the cellular significance of Bnip3∆Ex3 regulation of transcriptional activators.

Methodology
HCT-116 cells were used to investigate the mechanism of Bnip3ΔEx3 signalling
including the involvement of pro-survival BCL-2 proteins and regulation of transcriptional
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regulators. Primary cells were used to examine the cellular outcomes of Bnip3ΔEx3 signalling.
Specifically, in cardiac muscle NFAT and HDAC signalling are known to cause hypertrophy.
Therefore, if Bnip3ΔEx3 regulated calcium signalling does indeed modulate transcriptional
activity and gene expression this may prove an informative system to test if these effects are
physiologically relevant. A brief review of cardiac hypertrophy and the ‘fetal gene program’,
which is regulated in-part by NFATs and HDACs, is included below (see Appendix A – Fetal
Gene Activation).
Plasmids & Virus
The plasmids used for this set of experiments were the Bnip3FL and Bnip3∆Exon3
plasmids described above. Flag-BCL2, was a gift from Clark Distelhorst (Addgene # 18003)
(Wang et al. 2001). pMSCV-puro-MCL1-WT was a gift from Joseph Opferman (Addegene #
45817) (Perciavalle et al. 2012). NFATc3 fused to YFP (NFAT-YFP) was a gift from Tetsuaki
Miyake, and HDAC5-GFP was a gift from E. Olson. Lentiviral Bnip3∆Ex3, described above,
was used to enforce expression of Bnip3∆Ex3 in NCMC.
Cell Culture, Transfections & Transductions
HCT-116 cells were grown in cultures as described above, and were transfected with
plasmids using JetPrime reagent. NCMC were used to measure cell size and gene expression
when expressing Bnip3∆Ex3. These cells were isolated from neonatal rats, cultured, and
transduced as described above.
Western Blotting & Fractionation for BCL-2
Subcellular localization of BCL-2 was determined by subcellular fractionation of HCT116 cells expressing Flag-BCL2 with or without HA-Bnip3∆Ex3 in a single trial. Cells were
collected and lysed in RIPA buffer, then cell lysates were fractioned into mitochondria and
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cytosolic using the Qproteome Mitochondrial Isolation kit (Qiagen, # 37612) as per
manufacture’s protocol. Protein from cytosol and mitochondrial fractions, and whole cell lysate
were measured using the Bradford method by way of a Bio-Rad protein assay kit. Protein
samples were made of approximately 1/15th of the fraction volume (15 µg cytosolic or whole cell
protein, 8 µg mitochondrial protein), laemmli loading buffer and 5% 2-mercaptoethanol, then
boiled for 10 minutes. Protein was run on a SDS-PAGE (12% acrylamide) to distinguish proteins
ranging from 17 to 67 kDa. Proteins were wet-transferred to a PVDF membrane overnight.
Membranes were blocked with 5% milk or BSA in TBST, and probed with primary antibodies.
The proteins of interest, Flag-BCL2 and HA-Bnip3∆Ex3, were probed for with anti-Flag (CST #
2368), and anti-HA-tag (CST # 3724) primary antibodies respectively. Fraction controls included
mitochondrial-specific apoptosis inducing factor (AIF) and cytosol-specific MAPK/ERK Kinase
1/2 (MEK), and were detected using primary antibodies specific for each fraction control (CST
#5318 and #8727). Membranes were incubated in blocking solution plus primary antibody
overnight at 4oC. Membranes were washed in TBST, and the horseradish peroxidase-conjugated
secondary antibody (Jackson ImmunoResearch Laboratories) was applied for 1 hour at room
temperature. Following a final wash in TBST, enhanced chemiluminescence (Thermo Scientific,
# 80196) was applied according to the manufactures protocol to visualize bands. Results were
documented by autoradiography.
Mitochondrial Calcium Imaging
Mitochondrial calcium levels in HCT-116 cells transfected with Bnip3FL, BCL-2 or
MCL-1 plasmids were measured in the same manner as described above. Red fluorescence signal
of mito-Car-GECO was measured in cells from random 10 fields of view (described above), and
data shown as mean fluorescence relative to area ± S.E.M.

71

NFAT & HDAC5 Localization
The cellular localization of NFATc3 and HDAC5 was determined by use of
fluorescently-tagged constructs, NFAT-YFP & HDAC-GFP, co-transfected into HCT-116 cell
with Bnip3∆Ex3 or an empty vector control (pcDNA3). The nucleus was counterstained with
Hoechst. Overlapping or discrete green and blue signals enable the approximation of nuclear or
cytosolic distribution of NFATc3 or HDAC5. Cells were imaged using the epifluorescence
microscopy system described above. Based on the appearance of the GFP signal, cells were
classified as having cytosolic or nuclear distribution. The proportion of nuclear: cytosolic cells
from each field of view is presented as mean percent nuclear, or mean percent cytosolic in the
case of HDAC, ± S.E.M.
Immunofluorescence for Cell Size
Cell size was measured in NCMC virally transduced with Bnip3∆Ex3 or a control virus
by way of immunofluorescence of the cytoskeletal protein myosin heavy chain (MF-20). Cells
expressed Bnip3∆Ex3 for 24 hours before being fixed in 4% paraformaldehyde. Fixed cells were
blocked and permeabilized with 5% goat serum in PBS plus 0.3% triton X-100 for 60 minutes at
room temperature. Cells were then incubated in a primary antibody solution of PBS, BSA (1%),
triton X-100 (0.1%) and the primary antibody MF-20 (Developmental Studies Hybridoma Bank),
followed by a second antibody solution containing an Alexaflour 555 conjugate secondary
antibody (LifeTech, # A31570). Nuclei were counterstained with Hoechst and imaged, as
described above. The size of cells from 10 fields of view was measured in pixels and converted
to µm2 for calculation of average cell size (± S.E.M.) per condition.
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qPCR
Expression levels of α-myosin heavy chain (Myh6) and β-myosin heavy chain (Myh7) in
NCMC expressing Bnip3∆Ex3 was measured by quantitative real-time PCR (qPCR) (technical
assistance from Mr. Donald Chapman). mRNA was extracted from cells using Trizol then
reverse transcribed into cDNA. DNase treated cDNA was combined with SYBR Green
Supermix (Thermo), and primer sets for Myh6, Myh7, or the internal control β-actin. Samples
were run in quadruplicates.
Statistical Analysis
Mitochondrial calcium imaging data and NFAT/HDAC5 localization data of presented as
means ± standard error of the mean (S.E.M.) of cells from 10 random fields of view. Statistically
significance was determined by One-way ANOVA followed by Tuckey’s post-hoc test.
Statistical significance for cell size and gene expression was determined by a two-tailed T-test,
with a p-value of 0.05 as the threshold of significance.

Results
The BCL-2 family of proteins is strongly connected with calcium homeostasis in the
regulation of cell survival and death. The interplay between ER and mitochondrial calcium is of
particular importance (Baffy et al. 1993, Pinton et al. 2000, Vervliet et al. 2016). For this reason,
I investigated the possibility of other BCL-2 proteins involvement in Bnip3FL/Bnip3∆Ex3
signalling pathway. I focused on the protein BCL-2 because of its well documented interactions
with Bnip3, and is well studied for its roles in regulating calcium to promote cell survival. First, I
examined how the subcellular distribution of BCL-2 between the cytosol and mitochondria is
affected by Bnip3∆Ex3. I observed that expression of Bnip3∆Ex3 increased translocation of
BCL-2 to the mitochondria (Figure 5A). Interestingly, Bnip3∆Ex3 did not associate with the
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mitochondria. Next, I investigated if two pro-survival BCL-2 members, BCL-2 and MCL-1,
could reproduce the blockade of mitochondrial calcium observed when Bnip3∆Ex3 expression
was enforced. Both proteins were effective at blocking mitochondrial calcium uptake when coexpressed with Bnip3FL, thus phenocopying the effect of Bnip3∆Ex3 (Figure 5B).
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Figure 5 – Bnip3∆Ex3 regulates BCL-2 localization

Figure 5. Bnip3∆Ex3 regulated BCL-2 translocation to the mitochondria. A) Mitochondrial
and cytosol fractions of lysates of HCT-116 cells transfected with Flag-BCL-2, with or without
HA-Bnip3∆Ex3 were immunoblotted for Flag-tag and HA-tag to show mitochondrial
localization of BCL-2. BCL-2 accumulated in the mitochondria when Bnip3∆Ex3 was
expressed. Fraction controls specific for the mitochondrial (AIF) and cytosolic (MEK1/2)
fractions were used to detect contamination. B) Mitochondrial calcium detected by mito-CarGECO (red) in HCT116 cells counterstained with Hoechst (blue) and expressing Bnip3FL, BCL2, and MCL-1. BCL-2 and MCL-1 block mitochondrial calcium uptake induced by Bnip3
expression. Imaging data presented as means ± S.E.M. of cells from 10 fields of view (n > 30
cells per condition). p < 0.05 vs control (*) or Bnip3FL (†).

Next, I explored the possibility of calcium-mediated transcriptional and gene regulation,
by tracing the cellular location of two transcriptional regulators, NFATc3 and HDAC5. In HCT75

116 cells co-expressing Bnip3∆Ex3 and YFP-tagged NFATc3 I observed translocation of
NFATc3 into the nucleus (Figure 6A). Conversely, GFP-fused HDAC5 was exported from the
nucleus when Bnip3∆Ex3 was expressed (Figure 6B). Together these results indicate a possible
role for Bnip3∆Ex3-mediated cytosolic and nuclear calcium signals in the regulation of
transcriptional regulators. Following up on NFAT and HDAC5 specifically, these two
transcriptional activators are known to induce hypertrophy in vitro and in vivo (Linseman et al.
2003, Wilkins and Molkentin 2004, Backs et al. 2008, Liu et al. 2012). To test if Bnip3∆Ex3regulation of gene expression has a physiologically relevant outcome, I returned to primary cells
and measured cell size of NCMC cells expressing Bnip3∆Ex3. I observed a significant increase
in size of cells expressing Bnip3∆Ex3 (Figure 6C), indicating that Bnip3∆Ex3 has the potential
to induce hypertrophic growth in primary cardiac muscle cells. Lastly, the expression of two
genes α- and β-myosin heavy chain (Myh6 and Myh7) was measured in NCMC as an indicator of
the activation of hypertrophic gene expression. An increase in the ratio of fetal (Myh7) to adult
form (Myh6) indicates the activation of ‘fetal genes’ and reactivation of cell growth pathways
leading to hypertrophy. In cells expressing Bnip3∆Ex3, expression of Myh6 was decreased (70%
of control) and Myh7 expression was slightly increased (116% of control) when compared with
control (Figure 6D). A ratio of Myh7/Myh6 greater than 1 indicates ‘fetal gene’ re-activation.
The ratio of Myh7/Myh6 in cells expressing Bnip3∆Ex3 was 1.66, suggesting re-activation of
‘fetal genes’.
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Figure 6 – Bnip3∆Ex3 modulates transcriptional regulators and gene expression
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Figure 6. Bnip3∆Ex3-mediates regulation of NFATc3 and HDAC5 transcriptional
regulators and gene expression. HCT-116 or NCMC cells expressing Bnip3∆Ex3 or vector
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control. A) HCT-116 cells co-transfected with Bnip3∆Ex3 and NFAT-YFP (green) show
translation of NFAT into the nucleus (blue), indicated by overlapping green and blue signals. B)
HCT-116 cells co-expressing Bnip3∆Ex3 and HDAC5-GFP (green), with counterstained nuclei
(blue), indicate HDAC5 is removed from the nucleus when Bnip3∆Ex3 is expressed. C) NCMC
expressing Bnip3∆Ex3 show an increase in cell size, indicated by immunofluorescence of
myosin heavy chain (MF-20; red). D) qPCR analysis of adult (Myh6) and fetal (Myh7) forms of
myosin heavy chain gene expression relative to the expression of the housekeeping gene β-actin.
NCMC expressing Bnip3∆Ex3 show an increase in the ratio of fetal/adult gene expression
indicating ‘fetal gene’ activation. qPCR samples run in quadruplicates. Data presented as means
± S.E.M. p < 0.05 vs control (*).

Discussion
The BCL-2 family of proteins features many interactions between members; however,
spliced isoforms often lack the BH domains that mediate protein-protein interactions. Until now,
Bnip3∆Ex3 has not been shown to interact with or regulate any protein aside from full-length
Bnip3. However, a similar situation arose with the smaller splice variant of the BH3-only protein
Nix. Initially, ‘small/spliced Nix’ (sNix) was only thought to only be capable of binding and
inhibiting the full length protein Nix (Yussman et al. 2002). Later, sNix was found to interact
with a subunit of NF-κB co-translocating sNix to the nucleus and affecting NF-κB regulation of
genes in a way that potentially promotes survival (Chen et al. 2013). Herein, I propose a
mechanism by which Bnip3∆Ex3 regulates the localization of BCL-2 to the mitochondria to
protect against mitochondrial calcium-overload and MPT-driven cell death. The evidence lies in
the subcellular localization pattern of BCL-2 observed during expression of Bnip3∆Ex3 and in
our measurements of the effect of BCL-2 on mitochondrial calcium, but also in the literature that
BCL-2 regulates both calcium (Baffy et al. 1993, Thomenius and Distelhorst 2003, Vervliet et al.
2016) and the MPTP (Shimizu et al. 1999, 2000, Arbel and Shoshan-Barmatz 2010). This study
of Bnip3∆Ex3 regulation of BCL-2 proteins, other than Bnip3, suggests that the mechanism of
Bnip3∆Ex3 may include other pro-survival BCL-2 members that placate mitochondrial-calcium
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overload. I have shown that both MCL-1 and BCL-2 phenocopy the effects of Bnip3∆Ex3 on
mitochondrial calcium, and although this is not a direct link, this evidence serves as a starting
point for further investigation. Additionally, BCL-2 is shuttled to the mitochondria by the
calcium-regulated chaperone protein FKBP38, where BCL-2 has a pro-survival effect (Wang et
al. 2005, Edlich et al. 2005, Choi and Yoon 2011). The regulation of FKBP38 by Bnip3∆Ex3mediated calcium signals as a mechanism for BCL-2 translocation is an potential mechanism
behind BCL-2 translocation. Taken together, this evidence possibly illuminates a hitherto
unknown mechanism which Bnip3∆Ex3 promotes cell survival through BCL-2 proteins and the
mitochondria.
Calcium signalling is known to influence gene expression, in particular through the
regulation of Ca2+/calmodulin (CaM)-dependent pathways of transcription factor regulation.
When the effects of Bnip3∆Ex3 on nuclear calcium were observed, it was a natural next step to
examine the possibility of transcriptional regulation. Herein, I focused on two transcriptional
regulators, NFATc3 and HDAC5, because they are ideal candidates to demonstrate transcription
factor activation originating from cytosolic and nuclear calcium signalling. Regarding the
mechanism of Bnip3∆Ex3, nuclear import NFAT implicates the activation of the
CaM/calcineurin pathway by Bnip3∆Ex3 signalling (Dewenter et al. 2017). Additionally, nuclear
export of a class IIa HDAC implies the activation of the calcium-sensitive Ca2+/calmodulindependent kinase II (CaMKII) in the nucleus, which results in de-repression of MEF2
transcription factors (Linseman et al. 2003, Backs et al. 2006, 2008). Together, these data
indicate that the calcium signals of Bnip3∆Ex3 have the potential to indirectly regulate
transcription through both cytosolic and nuclear factors. With respect to the cellular effects of the
transcriptional regulators observed in this study, expression of Bnip3∆Ex3 in primary cardiac
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cells induced a measurable increase in cell size indicating that Bnip3∆Ex3 does have the
potential to control gene expression and effect a cellular change. Furthermore, changes in
expression levels of the two genes Myh6 and Myh7 indicates re-activation of the ‘fetal gene
program’, which is a cardiac-specific process causing hypertrophy and involves both NFATs and
class IIa HDACs (Linseman et al. 2003, Wilkins and Molkentin 2004, Backs et al. 2008, Liu et
al. 2012). ‘Fetal gene’ activation is likely the pathway at work during Bnip3∆Ex3 expression
causing increased cell size. Although ‘fetal gene’ activation is imperative for development, in
adult hearts it leads to hypertrophic growth. Research into the consequences of ‘fetal gene’
activation in adult cardiac hypertrophy focus on its association with heart failure, but the
adaptive role of hypertrophy as a benefit in the heart is often overlooked. (reviewed in Dirkx et
al. 2013, Dewenter et al. 2017). However, the significance of hypertrophy caused by the
calcineurin/NFAT pathway is unclear and has been investigated for its role in both maladaptive
and exercise-induced ‘adaptive’ cardiac remodeling (Hainsey et al. 2002, Oliveira et al. 2009,
Kreusser et al. 2014).
The activation of NFATs is also reported to include proliferation and pro-survival in
response to calcium signalling of pro-survival BCL-2 signalling in certain cell types (Zhong et
al. 2006). Therefore, it is important to consider that the gene expression effects of Bnip3∆Ex3
signalling may be dependent on cell type and whether a cell type is proliferative, such as cells of
the intestinal lining, or if it is a terminally differentiated cell type that cannot proliferate and
therefore responds through hypertrophic growth, as is the case of cardiac muscle. The effects of
NFAT activation are specific to cell type and the cellular context. For example, NFATc3 is a
positive regulator of skeletal muscle differentiation and vascular smooth muscle proliferation,
and these processes involve many of the same co-activators found in the ‘fetal program’ such as
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GATAs, MEF and SRF transcription factors (Musarò et al. 1999, Gonzalez Bosc et al. 2005,
Beylkin et al. 2006). In neurons, NFATc3 seems to have a pro-apoptotic role which is balanced
by NFATc4 (Mojsa et al. 2015). Conversely, NFATc3 was also found to be the predominant
NFAT isoform involved in regulating neuronal precursor cell differentiation (Serrano-Pérez et al.
2015). In highly proliferative cells, such as gastric and prostate cancer cell lines, NFATc3
promotes calcium-regulated proliferation (Lehen’Kyi et al. 2007, Zhang et al. 2017). Similar
parallels can be drawn for HDAC5, where in cancer cell lines enforced expression stimulates
proliferation. Conversely, in injured neurons, HDACs are exported from the nucleus resulting in
the de-repression of pro-regenerative genes (Cho et al. 2013). Interestingly, HDAC5 was found
to regulate MEF2C expression in osteocytes in the regulation of bone mass (Wein et al. 2015). In
cardiac muscle, class IIa HDACs, are critical repressors of transcriptional regulators of the ‘fetal
gene program’ such as MEF2 and SRF transcription factors (Davis et al. 2003, Torrado et al.
2003, Watamoto et al. 2003, Cao et al. 2005, Dai et al. 2005).
In summary, Bnip3∆Ex3 indirectly has the potential to change gene expression profile
through both cytosolic- and nuclear-localized regulators of transcriptional activity and the
implications of this regulation may add to the pro-survival effect of Bnip3∆Ex3; however, the
effects of this signalling are likely to vary greatly depending on the cell types and tissue system
involved.
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Chapter 5: Summary
Figure 7 - Graphical summary

Figure 7. Proposed mechanisms of Bnip3∆Ex3 cell survival and gene regulation. Right: The
Bnip3 splice variant, Bnip3∆Ex3, activates calcium release from the ER through IP3R.
Simultaneously, Bnip3∆Ex3 triggers translocation of BCL-2 to mitochondria preventing calcium
entry and MPTP-dependent cell death. Cytosolic calcium signals activate nuclear import of
NFATc3 and export of HDAC5, likely through calcium-dependent regulation of calcineurin and
calmodulin kinase II (CaMKII). Regulation of these transcription factors leads to hypertrophic
gene expression. Left: Full length Bnip3 (Bnip3FL) facilitates release of ER calcium, through the
IP3R, and the uptake into the mitochondria. Calcium influx overloads the mitochondria
signalling MPTP formation and swelling followed by resultant MPTP-dependent cell death.
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Discussion
Calcium signalling by Bnip3ΔEx3 is a complex process and involving the release of
calcium from the ER and redirection away from the mitochondria to the nucleus. This creates a
two-pronged effect. First, mitochondrial function is preserved and MPTP-dependent cell death is
averted. Although this outcome may involve the inhibition of Bnip3FL by Bnip3ΔEx3, herein I
show evidence implicating the recruitment of BCL-2 by Bnip3ΔEx3 to protect mitochondria.
Second, cytosolic and nuclear calcium signals lead to the calcium-dependent regulation of
transcriptional activators. I have shown that NFATc3 and HDAC5 are regulated by Bnip3ΔEx3
signalling and the re-activation of the ‘fetal gene program’ is possible. This pathway might be
activated by CaM/calcineurin and CaM/CaMKII signalling, but this has yet to be established for
the signalling pathway of Bnip3∆Ex3. Combining the regulation of Bnip3ΔEx3 by hypoxia with
the signalling pathway uncovered in the HCT-116 enterocyte cell line, this splice variant might
have a role in the countering cell death stimuli during hypoxia in other cellular contexts where
MPTP-dependent cell death occurs. This leads to the intriguing possibility that controlling Bnip3
splicing could be therapeutic in ischemic cardiac and cerebral, and gastrointestinal disorders.
Aside from hypoxia, the sole example of shifting Bnip3 splicing to favour Bnip3ΔEx3
comes from a study of cancer cell metabolism and regulation by pyruvate dehydrogenase kinase
2 (PDK2)(Gang et al. 2015). However, in heart tissue of rat pups the drug misoprostol, a
prostaglandin E2 agonist, induced the splicing of Bnip3 mRNA into Bnip3ΔEx3 (Appendix C1). Using misoprostol may be one approach to manipulate endogenous splicing of Bnip3 to
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favour the pro-survival isoform Bnip3ΔEx3 in pathologies involving hypoxia of the heart or
intestine, such as heart failure or NEC.
This study opens several interesting avenues to study Bnip3 splicing in the future. Of
significance, the study of the regulation of Bnip3 splicing by drugs or intrinsic pathways may
allow investigations of the endogenous signalling pathways that yield the protein Bnip3ΔEx3.
Investigating the cellular outcomes of Bnip3ΔEx3 in other cell types may further elucidate the
role of Bnip3 gene products in other tissue systems. Currently, Bnip3FL is found to play a role in
the death of neurons and liver hepatocytes (Schmidt-Kastner et al. 2004, Glick et al. 2012);
however, the role of Bnip3ΔEx3 is unknown in these cell types and based on the observations of
this study and in others (Gang et al. 2011, 2015), Bnip3ΔEx3 is a potential regulator of cell death
in these systems. One of the major findings of this study is the modulation of transcriptional
regulators and gene expression by Bnip3ΔEx3 and the associated cellular changes. From this
finding, I inferred the activation of calcium-dependent signalling pathways. Regulation of these
transcription factors serve as an indicator of active pathways and provides a starting point for
direct investigations into the activity of specific mediators of these pathways (CaM, CaN, and
CaMKII), potential target genes, and the significance at the level of the cell or tissue. Lastly,
understanding the interactions between Bnip3ΔEx3 and other BCL-2 members, be it direct or
indirect, is an important aspect to continue investigation, as proteins such as BCL-2, Mcl-1, or
Bcl-xL might be key mediators of to the observed phenomena.

Conclusion
Taken together, this research elucidates some of the complexity of Bnip3ΔEx3 signalling,
and provides strong evidence of a distinct calcium signalling pathway regulated by Bnip3ΔEx3
that was previously unknown. The effects of Bnip3ΔEx3 target both the mitochondria and gene
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expression. The pro-survival mechanism of Bnip3ΔEx3 potentially involves recruitment of other
pro-survival BCL-2 members to regulate calcium release and organellar uptake. This action
results in controlled mitochondrial calcium levels and blocks pro-death calcium signalling.
Secondly, the regulation of transcription factor activity by Bnip3ΔEx3 presents an action of this
splice variant in, promoting cell survival, proliferation or cell growth; however, this requires with
further study. In closing, this study provides evidence for a novel mechanism of Bnip3ΔEx3
protection of cells from necrosis associated with diseases involving hypoxia and the induction of
Bnip3FL, such as but not limited to necrotising enterocolitis.
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Appendices
Appendix A – Fetal Gene Activation
The following is a brief review of ‘fetal gene’ activation in the heart, and is intended to
provide background information on select transcriptional regulators involved in the ‘fetal gene
program’. Re-activation of ‘fetal genes’ in postnatal and adult hearts is accompanied by changes
in the expression of adult α-myosin heavy chain (Myh6) the fetal form β-myosin heavy chain
(Myh7). During development, the fetal form is predominantly expressed, and expression shifts to
the adult form as the heart becomes fully developed. In the adult heart, re-activation of ‘fetal
genes’ and hypertrophic growth leads to a shift in the expression of these two genes back to the
fetal form (Wilkins et al. 2002, Beylkin et al. 2006). Therefore, these genes present a useful
indicator of cardiac hypertrophy and activation of ‘fetal’ genes. Although the ‘fetal program’ is
necessary for cardiac development, in postnatal and adult hearts this program results in cardiac
hypertrophy, remodeling and heart failure (Molkentin and Dorn 2001, Frey and Olson 2003).
Importantly, in early stages of re-activated ‘fetal gene’ expression the effects seem to benefit
cardiac function, likely in a compensatory manner. However, with prolonged expression of the
‘fetal program’ in heart, the changes becomes maladaptive and contribute to the pathogenesis of
heart failure (Hannenhalli et al. 2006).
Regulation of this program involves a complex network of transcriptional, epigenetic and
protein regulation that will be briefly covered here. Several transcription factors have been
demonstrated to be important to cardiac development and have an important place in
hypertrophy and remodeling in the adult heart, these include NFATs, GATAs, SRF, MEF2,
HDACs and many more.
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Nuclear factor of activated T-cells (NFATs) are a group of 4 transcription factors
(NFATc1 – NFATc4) that are have a diverse range of functions in multiple tissue types. In the
context of cardiac remodeling, NFATs regulates ‘fetal genes’ that are involved in hypertrophic
signaling. Additionally, NFATs can interact with the promoter of some forms of TRPC (transient
receptor potential cation channels), a channel important in cardiac calcium signaling and
hypertrophy (Kuwahara et al. 2006, Wu et al. 2010). This becomes more intriguing when the
regulation of NFAT activity is taken into consideration because the activity of NFATs is strongly
regulated by calcineurin, a calcium-activated phosphatase that activates NFAT causing nuclear
importation. Lastly, NFATc2 and NFATc3 have each been demonstrated to activate expression
of micro RNAs (miRNA) (da Costa Martins et al. 2010). These molecules target mRNA either to
inhibit translation or initiate degradation. For example, NFATc3 directly targets miR-23a in a
pro-hypertrophic pathway which involves miR-23a inhibition of FoxO3a (Lin et al. 2009, Wang
et al. 2012). Intriguingly, FoxO3a directly binds to the promoters of Bnip3 and Bnip3L and
positively regulates these proteins during the progression to heart failure (Mammucari et al.
2007); however, whether miR-23 or NFATc3 can regulate Bnip3 or Bnip3L expression through
this pathway has not been studied. Additionally, NFATs co-activate alongside the transcription
factor GATA4, another important regulator of ‘fetal gene’ activation (Xia et al. 2000). Aside
from its role in the ‘fetal program’, GATA4 has been shown to positively regulate the expression
of the survival gene BCL-2 (Little et al. 2009).
Two other transcription factors that have an important role in the re-activation of ‘fetal
genes’ are myocyte enhancer factor 2 (MEF2) and the serum response factor (SRF). Both MEF2
and SRF are critical for early cardiac development and in postnatal hearts are involved in
hypertrophy and heart function. SRF gene regulation involves co-activations of the ‘fetal gene
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program’ such as GATA4 and NKX2-5 (Sepulveda et al. 2002) to regulate genes involved in cell
growth, migration, differentiation. Although loss of SRF is lethal during early development
(Miano et al. 2004, Niu et al. 2005), reduced SRF function in postnatal hearts induces activation
of ‘fetal genes’ such as β-myosin heavy chain (Myh7), and reduces expression of the SERCA and
NCX1 calcium channels (Touvron et al. 2012). Expression of many miRNAs involved in
hypertrophy are also regulated by SRF, and include miR-1, miR-21, miR-133a (Zhang et al.
2011). Likewise, MEF2 is an important transcription factor regulating the ‘fetal gene program’
and hypertrophic remodeling, but also has various functions in other tissues, such as striated
muscle, neurons and the immune system. The MEF2 family consists of four genes (MEF2A – D)
and all are involved in early cardiac growth and development and maladaptation in the postnatal
heart (Lin et al. 1997, Wang et al. 2003, Xu et al. 2006, Kim et al. 2008, Pereira et al. 2009).
Either through enforced expression or dominant negative mutants, all four genes have been
demonstrated to be involved in the detrimental changes that take place in the postnatal heart
during hypertrophic heart failure. Interestingly, the MEF2C signaling pathway is dependent on
calcineurin (CaN) to induce hypertrophy, as demonstrated by attenuation of hypertrophic growth
by a dominant negative form of CaN. Interestingly, MEF2s regulate genes involved in
cytoskeletal structure, such as β-myosin heavy chain (Myh7), calcium channels, and troponins
(Dirkx et al. 2013).
Epigenetic regulation of the ‘fetal gene program’ is carried out by histone deacetylases
(HDACs) and histone acetyltransferases (HATs). In this review, only the class IIa HDACs will
be covered. Generally, HDACs remove acetyl groups from histones, thus causing condensation
of chromatin and transcriptional repression. Class IIa HDACs (HDAC4, 5, 7 and 9) are
predominantly found in the nucleus, upon phosphorylation by CaM or CaM kinases (Youn et al.
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2000) they are shuttled out of the nucleus and this movement is mediated by the chaperon protein
14-3-3 (Grozinger and Schreiber 2000, Nishino et al. 2008). As such, class IIa HDAC activity is
dependent on intracellular calcium signaling and this was demonstrated in HDAC-deficient mice
that were treatment with isoproterenol but did not show signs of cardiac hypertrophy.
Isoproterenol is known to include hypertrophy by activating β-adrenergic/cAMP signaling
pathway that converges on calcium signals to regulate HDACs. HDAC4, HDAC5, and HDAC9
all have a role in regulating cardiac development evidenced by the lethality of loss of both
HDAC5 and HDAC9 during embryogenesis (Chang et al. 2004). However, when singly deficient
the mice were viable and without cardiac abnormalities, while adult hearts hypertrophy with loss
of either HDAC5 or HDAC9. Interestingly, one of the key targets of class IIa HDACS is MEF2.
By binding MEF2 via a unique amino acid motif, class IIa HDACs repress the expression of
hypertrophic MEF2 target genes (Ginnan et al. 2012, Wein et al. 2015). Conversely, MEF2 can
be de-repressed by phosphorylation by calcium-dependent CaM and CaMKIIs. Other ‘fetal gene’
targets of class IIa HDACs include SRF, GATA, NFAT and myocardin (Davis et al. 2003,
Torrado et al. 2003, Watamoto et al. 2003, Cao et al. 2005, Dai et al. 2005).
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Appendix B – Additional Controls & Experiments
Appendix B-1. Bnip3∆Ex3 regulates activation of NFATc3

Appendix B-1. Bnip3ΔEx3 regulates the activation of NFATc3. A) HCT-116 cells expressing
GFP-tagged NFATc3 and co- transfected with empty vector control (pcDNA3; CTL), a
constitutively activated form of calineurin (pos. CTL), or Bnip3ΔEx3. B) Western blot of
phosphorylated (inactive) and total NFATc3. HCT-116 cells were transfected with Myc-tagged
NFATc3 co-transfected with HA-tagged Bnip3ΔEx3 or Myc-tagged Bnip3FL. Whole cell lysates
were immunoblotted for pNFATc3, Myc-tag (total NFATc3, approximately 130 kDa; Bnip3FL,
approximately 30 kDa), HA-tag (Bnip3ΔEx3, approximate 17 kDa). In cells expressing
Bnip3ΔEx3 a modest decrease in pNFATc3 is observed with relative no change in total NFATc3
when compared with other conditions. Antibodies: pNFATc3, sc-68701; Myc-tag, CST#2278;
HA-tag CST#3724). p < 0.05 vs control (*)
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Appendix B-2. Additional controls for Bnip3FL/Bnip3∆Ex3 MPTP imaging experiment

*
* *

† †

Appendix B-2. Bnip3FL-induced MPTP opening is equally blocked by either Bnip3ΔEx3 or
Cyclosporin A. H9C2 cells transfected with a combination of empty vector control (pcDNA3),
Bnip3FL or Bnip3ΔEx3. Cells with cobalt chloride-quenched calein (green) to show normal
mitochondria (punctate) or those undergoing permeability transition (smoothed). Transfected
cells co-expressing DsRed (red) to identify transfected cells. Additional controls include
cyclosporin A (CsA), an inhibitor of the MPTP, and Ionomycin (Iono), an inducer of MPTPdependent cell death. Both Bnip3ΔEx3 and CsA have a partial rescue of Bni3FL-induced MPTP
opening. Bnip3ΔEx3 is ineffective at reversing MPTP opening caused by the calcium ionophore,
ionomycin. A technical note: At first glance, it would appear that Bnip3ΔEx3 and ionomycin
have an increased effect than ionomycin alone. However, the increase is more likely a indication
that the effectiveness of the retention of the dye or quenching by cobalt began to wane after the
extended imaging session required to run the eight conditions, which were imaged in the order
presented in the graph. p < 0.05 vs pcDNA control (*) or Bnip3FL (†)
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Appendix C – Detecting Bnip3 splicing and Testing Bnip3FL &
Bnip3ΔEx3 siRNAs
Appendix C-1. Bnip3FL and Bnip3∆Ex3 expression in cells and tissue

Appendix C-1. Bnip3 protein expression in Caco2 and HCT-116 cell lines. Caco2 and
HCT116 cells exposure to hypoxia to induce Bnip3 expression. Whole cell lysates
immunoblotted with A) a N-terminal Bnip3 antibody (CST #44060) and B) actin as a internal
control. Treatment with the drug misoprostol is thought to repress Bnip3 expression
(unpublished data) and induce expression of the splice variant. It is clear that HCT-116 cells
(right) have greatly reduced background Bnip3FL expression compared with Caco2 cells (left),
and Bnip3FL expression is more hypoxia treatment in HCT-116 cells. The consistent appearance
of the ‘17 kDa isoform’ is of interest because it runs at approximately the same size as predicted
for Bnip3ΔEx3. B) Accompanying β-actin (antibody: sc-47778) blot for (A). C) RT-PCR of
RNA from hearts of misoprostol hearted rat pups using primers that flank the 3rd exon to target
both Bnip3FL and Bnip3ΔEx3. Misoprostol induces splicing of Bnip3 mRNA into Bnip3ΔEx3.
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Appendix C-2. Testing siBnip3FL and siBnip3∆Ex3

Appendix C-2. Testing Bnip3FL and Bnip3ΔEx3 siRNAs. siRNA oligos were designed to
specifically target full-length Bnip3 or Bnip3ΔEx3 without knocking down the other protein.
This was tested using HCT-116 cells (human) transfected with or without siRNAs to knockdown
endogenous protein which was induced using cobalt chloride (CoCl2, 200 µM for 16 hours).
CoCl2 is a a HIF stabilizer used to experimentally mimic the effects of hypoxia. Whole cell
lysates were immunoblotted with the N-terminal Bnip3 antibody described above. Left:
siBnip3FL reduces levels of Bnip3FL protein to approximately that of found in non-CoCl2
treated cells (labelled as ‘Endogenous’). Right: siBnip3ΔEx3 did not reduce expression of either
Bnip3FL nor the ’17 kDa isoform’. The ‘17 kDa isoform’ was not knocked down by the siRNA
targeted to the 2-4 junction, a site unique to Bnip3ΔEx3. This observation adds to the possibility
of another Bnip3 isoform that is similar in size to Bnip3ΔEx3, and is part of an ongoing
investigation into the multiple splice variants of Bnip3 (unpublished data). Far Right: The last
condition is protein from cells ectopically expressing HA-tagged mouse Bnip3ΔEx3 and is
intended to be a size reference for identifying endogenous Bnip3ΔEx3. HA-tag antibody
(CST#3724).
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Appendix C-3. Bnip3∆Ex2 regulates nuclear calcium
Control
*

Bnip3FL

Bnip3ΔEx2

Bnip3FL +
Bnip3ΔEx2

†

Appendix C-3. A novel spice variant of Bnip3, Bnip3ΔEx2, regulates nuclear calcium.
During the study of Bnip3 splicing, we explored the possibility of species-specific splicing of
Bnip3. The novel splice variant Bnip3ΔEx2 was detected only in human tissue samples and cell
lines (unpublished data). The ‘17 kDa isoform’ might be Bnip3∆Ex2; thus, explaining why the
siBnip3∆Ex3 was ineffective at knocking-down this protein. This novel isoform, Bnip3ΔEx2,
possess some of Bnip3ΔEx3’s ability to regulate calcium. Using the nuclear-targeted calcium
biosensor (NLS-R-GECO), I observed an increase in nuclear calcium (red) in HCT-116 cells
expressing and combination of Bnip3FL and Bnip3ΔEx2. p < 0.05 vs control (*) or Bnip3FL (†)
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Appendix E – Expanded Materials and Methods
Cell Culture
The following cell lines were utilized in the aforementioned studies, HCT-116, H9C2, and
primary rat neonatal cardiomyocytes (NCMC) cultures. What follows are general cell culture
guidelines, recommendations by ATCC were also adhered to.
Reagents:
•

Phosphate buffered saline (PBS; 0.0067M PO4l with Ca2+/Mg2+)

•

TrypLE Express dissociation solution (Gibco)

•

DMEM (H9C2 & NCMC) or McCoy’s 5a (HCT-116) supplemented with PenicillinStreptomycin (Gibco).

•

Freezing medium: Complete growth media supplemented with 10% DMSO

•

FBS, heat inactivated at 56°C for 30 min

Cell Passaging
•

Remove media from established stock cultures.

•

Rinse the cell monolayer briefly with 5 ml PBS

•

Add 1.0 ml of TrypLE to 100mm dish or 0.5ml to 60mm dish, incubate at 37C for 1-4
min.

•

Inactivate the TrypLE ™ by adding 5.0 ml of DMEM.

•

Pipette the cells up and down several times to ensure complete removal of

•

the cells from the dish and to dissociate clumps of cells.

•

Count the cells in a haemocytometer (optional) and seed a dilution of cells

•

that allows for future cell growth incubate in new culture dishes.
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Freezing Cells
•

Prepare a cell suspension and pellet the cells by centrifugation at 1500 x g.

•

Resuspend the cells in freezing medium at a concentration of 1x106 - 8x106 cells/ml.

•

Dispense 1 ml of cell suspension into each freezing vial.

•

Place vials in a box in -80 °C freezer and freeze overnight.

•

For long term storage place vials in liquid nitrogen.

Thawing Frozen Cells
•

Remove vial from the liquid-nitrogen freezer and thaw in 37 °C water bath.

•

Dissociate clumps of cells using a Pasteur pipette.

•

Transfer to a 15 ml conical tube containing 5 ml of media.

•

Centrifuge for 10 min at 1500 g; aspirate the supernatant, and agitate tube

•

vigorously to remove clumps of cells.

•

Suspend cells in 5-10ml of growth medium.

•

Plate new cultures in 100 mm dish in 10 ml of growth medium.

Isolation of Primary Cardiomyocytes (Primary Cardiomyocyte Isolation Kit, Pierce)
Hearts and isolation enzymes must remain cold throughout process unless stated otherwise.
Cardiomyocyte isolation enzyme 1 must be reconstituted in HBSS. The supplied DMEM must be
supplemented with FBS prior to use.
Reagents:
•

DMEM for Primary Cell Isolation

•

Heat-inactivated FBS

•

Hank’s balanced salt solution (HBSS; without Ca2+/Mg2+)

•

Cariomyocyte isolation enzyme 1 (with papain)
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•

Cardiomyocyte isolation enzyme 2 (with thermolysin)

•

Cardiomyocyte growth supplement (1000x)

Method:
•

Neonatal rat pups anesthetized; hearts removed and placed in ice-cold HBSS

•

Aortic and atria tissue removed and dissected heart placed in 0.5 ml HBSS (1 heart per
tube)

•

Hearts minced into 1 – 3 mm3 pieces and washed twice with 0.5 ml HBSS to remove
blood from tissues.

•

Add 0.2 ml Cardiomyocyte isolation enzyme 1 and 10 µl Cardiomyocyte isolation
enzyme 2 to each tube.

•

Mix gently and incubate tubes at 37 oC for 30-35 minutes.

•

Remove enzyme solution and wash twice with 0.5 ml ice-cold HBSS.

•

Remove HBSS and add 0.5 ml complete DMEM to each tube and break up tissue by
pipetting up and down 25 – 30 times to achieve a single-cell suspension.

•

Add 1.0 ml complete DMEM to each tube for a total volume of 1.5 ml

•

Combine individual cell suspensions for determination of cell yield.

•

Mix 25 µl of cell suspension with 25 µl trypan blue in a 1.5 ml tube.

•

Transfer 10 µl of trypan-stained cells into haemocytometer and count the total number of
cells and the number of trypan-stained cells to determine viability.

•

Seed cells for a density of 2.5 x 105 cells/cm2 in a 16 mm well of 24-well plate (5.0 x 105
cells/well) and incubate at 37 oC (normal culture conditions, described above).

•

Replace growth medium after 24 hours and supplement with Cardiomyocyte growth
supplement.
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•

Cardiomyocyte culture can be treated for experimentation.

Transfection of Mammalian Cells with DNA
Transfections mediated by jetPRIME (Polyplus) were performed in 35 or 100 mm cell culture
dishes. What follows below are guidelines for transfection of 35 mm plates, reagents were scaled
proportional to surface area for transfection of 100 mm plates.
Reagents:
•

jetPRIME buffer

•

jetPRIME reagent

•

Complete growth medium

Method:
Transient transfection of adherent cells with jetPRIME
•

Plate cells 24 h prior to transfection so that they are 50-70% confluent at time of
transfection.

•

Label sterile tubes and add 0.2 ml of jetPRIME buffer to each tube.

•

Add DNA to jetPRIME buffer as follows, add 2 µg DNA; vortex mixture for 10 seconds
and spin down

•

Add 4 µl jetPRIME reagent to mixture; vortex for 10 seconds and spin down.

•

Incubate mixture at room temperature for 10 minutes.

•

Rinse cell culture with PBS and re-feed with complete growth medium

•

Add transfection mixture dropwise to culture.

•

4 h after addition of DNA, wash cells with PBS and re-feed with growth medium.

Viral Transduction
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The volume of virus for transduction of a 16 mm dish, or 1 well of a 24-well plate, was
determined empirically.
Reagents:
•

Packaged viral particles (suspended in cell growth medium)

•

Control viral particles (Santa Cruz)

•

Polybrene (Santa Cruz)

•

Complete growth medium

Method:
•

Add 5 µl viral particles to tube containing 0.5 ml complete growth medium.

•

Add polybrene at 1:1000 dilution to growth medium

•

Remove medium form cell cultures and wash with PBS

•

Mix virus-polybrene solution by pipetting several times then add dropwise to culture
well.

•

Incubate for 16 -18 h

•

Remove medium, rinse with PBS, and re-feed cells.

Protein Extracts
Keep protein samples cold at all times (unless otherwise directed). Mitochondrial and
cytoplasmic extracts were made using the Qproteome mitochondrial and cytoplasmic extraction
kit (Qiagen). Whole cell extracts were prepared as follows:
Reagents:
•

PBS (keep cold) containing:
o 1 mM Sodium vanadate
o 1 mM PMSF (add fresh)
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o Protease inhibitor cocktail (add fresh, Sigma, P-8340)
•

RIPA Lysis buffer containing:
o 1 mM Sodium vanadate
o 1 mM PMSF (add fresh)
o Protease inhibitor cocktail (add fresh, Sigma, P-8340)

•

2X SDS sample buffer (Biorad).

•

β-mercaptoethanol

Methods:
•

Remove media from cells, wash with PBS, repeat.

•

Add 1.0 ml PBS and gently scrape cells with cell scrapper, transfer to new tube.

•

Centrifuge cells at 1500xg for 5 min.

•

Remove PBS, approximate the cell pellet volume and dilute with five times that volume
in lysis buffer.

•

Vortex cells briefly every 10 min for 30 min.

•

Centrifuge cell lysate at high speed (>10 000xg), transfer supernatant to new tube.

•

Determine protein concentration by Bradford assay, and dilute protein samples with 2x
SDS sample buffer and 5% β-mercaptoethanol.

•

Boil samples for 2-4 min, chill on ice for five minutes, store at – 20 oC for short term
storage or - 80 °C for long term.

Mitochondrial/Cytosolic protein extracts (Qproteome Mitochondrial isolation kit, Qiagen)
Before beginning, add protease inhibitors to lysis buffer and disruption buffer as described.
Reagents:
•

PBS (described in whole cell lysate section)
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•

Lysis Buffer

•

Disruption Buffer

•

Mitochondrial Storage buffer

•

Protease inhibitor solution (100x)

Method:
•

Wash cells in PBS. Collect cells by gently scrapping and pellet by centrifugation at 1000
x g for 10 min at 4 oC.

•

Optional - If whole cell lysates are needed, remove supernatant and resuspend pellet in
PBS and aliquot a portion into a separate tube for whole cell protein extraction. Recentrifuge remaining cells at 1000x g for 10 min at 4 oC.

•

Remove supernatant and resuspend in 1.0 ml of lysis buffer by pipetting up and down.

•

Incubate for 10 min at 4 oC on end-over-end shaker.

•

Centrifuge at 1000x g for 10 min at 4 oC.

•

Pipette supernatant into new tube (cytosolic extract); place on ice.

•

Resuspend pellet in 1.5 ml ice-cold disruption buffer.

•

Using a blunt-ended needle and syringe, disrupt remaining cell contents by passing lysate
through the needle 10 – 20 times.

•

Centrifuge lysate 1000x g for 10 min at 4 oC.

•

Transfer supernatant into new tube. Pellet contains nuclei, cell debris, and unbroken cells.

•

Centrifuge supernatant at 6000 x g for 10 min at 4 oC.

•

Transfer supernatant into new tube (mitochondrial extract)

•

Determine protein concentration by Bradford assay and analyze samples by Western blot
analysis.
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SDS-PAGE
Reagents:
•

10% Resolving gel (15ml)
o ddH20 5.9 ml
o 1.5M Tris pH 8.8 3.8 ml
o 30% acrylamide mix 5 ml
o 10% SDS 0.15 ml
o 10% APS 0.15 ml
o TEMED .006 ml

•

Stacking gel (4ml)
o ddH20 2.7 ml
o 1.5 M Tris pH 6.8 0.5 ml
o 30% acrylamide mix 0.67 ml
o 10% SDS 0.04 ml
o 10% APS 0.04 ml
o TEMED 0.004 ml

•

5x Running Buffer (1 L):
o 15.1 g Tris
o 12.0 g Glycine
o 5.0 g SDS
o 1 L ddH2O

Methods:
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•

Prepare resolving gel and then top with stacking gel with appropriate comb inserted in
BioRad mini-gel apparatus.

•

Fill bottom and centre well of mini-gel apparatus with 1x running buffer.

•

Load samples on gel.

•

Run gel at 80 V through stacking and resolving gel

Western Immunoblot
Reagents:
•

5x TBST (2 L)
o 73.1 g NaCl
o 31.0 g Tris
o 10.0 ml Tween-20
o Adjust pH to 8.0 before adding Tween-20

•

10x CAPS (1 L)
o 17.71 g CAPS
o 2.40 NaOH

•

Transfer buffer (1 L)
o Methanol 100 ml
o 10x CAPS 100 ml
o ddH2O 800 ml

•

Prepare blocking buffer, washing solutions, ECL, and antibody diluent as per
manufacturer’s instruction.

Methods:
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•

After SDS PAGE, transfer protein to PVDF membrane by wet transfer at 20 V for 16-20
h.

•

Block membrane with 5 % (w/v) skim milk powder in TBST.

•

Incubate membrane with primary antibody diluted 1:100-1:10 000 in blocking solution
for 1-16 h at 4 °C.

•

Wash membrane with TBST (3 X 5 min).

•

Incubate membrane with secondary antibody 1:1000-1:100 000 in blocking solution for
1-16 h at 4 °C.

•

Wash membrane with TBST (3 X 5 min).

•

Develop blot with chemiluminescence reagent, expose blot to film, and develop.

RNA Isolation
Reagents:
•

Trizol

•

Chloroform

•

Isopropanol

•

Ethanol

•

RNase-free H2O

Method
•

Add 1 ml of Trizol to 100 – 35 mm dish, agitate for 5 min and then

•

transfer solution to microfuge tube.

•

Add 200 μl chloroform to cell suspension, vortex for 15 sec, and inclubate at room
temperature for 2-3 minutes.

•

Centrifuge samples at 12 000 x g for 15 min at 2-8 °C.
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•

Following centrifugation, there will be three phases visible within the tube. Transfer the
aqueous phase (top) to a fresh tube

•

Add 500μl of isopropanol to the aqueous phase and incubate at room temperaturefor 10
min.

•

Centrifuge samples at 12 000g for 10 min at 4 °C.

•

Following centrifugation, remove the supernatant.

•

Wash RNA pellet with 70% ethanol.

•

Centrifuge samples at 7 500g for 5 min at 2-8 °C.

•

Remove supernatant and air dry for 5-10 min.

•

Re-dissolve the pellet in 25-50 μl of DEPC-treated water by heating at 70 °C for 5 min.

DNase Treatment (RNease Kit, Qiagen)
Prior to starting RNA cleanup, calculate volume of sample needed for 5 µg of RNA to be
cleaned.
Reagents:
•

Ethanol

•

DNase I

•

RNase-free H2O

•

Buffer RW1

•

Buffer RDD

•

Buffer RPE

Method:
•

Adjust volume of sample to 100 µl with RNase-free water and mix by pipetting.

•

Add 250 µl ethanol to RNA and mix by pipette.
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•

Transfer sample to RNeasy Mini spin column placed in a 2 ml collection tube and
centrifuge for 15 seconds at ≥ 8000 x g. Discard flow-through.

•

For on-column digestion add 350 µl of Buffer RW1 to column and centrigure for 15
seconds at ≥8000 x g. Discard flow-through.

•

Add 10 µl DNase I solution to 70 µl Buffer RDD. Mix by inverting the tube and spin
down contents.

•

Add 80 µl DNase I mixture to colum membrane and incubate at room temperature for 15
min.

•

Add 350 µl Buffer RW1 to colum and centrifuge for 15 s at ≥8000 x g. Discard flowthrough.

•

Wash membrane by adding 500 µl Buffer RPE to column and centrifuge for 2 min at
≥8000 x g.

•

Elute RNA by placing the column in a new 1.5 ml tube, add 30-50 µl RNase-free water
and centrifuge at ≥8000 for 1 min.

cDNA Synthesis (Maxima First Strand cDNA Synthesis Kit, Thermo Scientific)
Reagents:
•

5x Reaction mix

•

Maxima enzyme mix

•

Nuclease-free water

•

RNA template

Method:
•

In a PCR tube add 4 µl 5x Reaction mix, 2 µl Maxima enzyme mix, template RNA (1 pg
– 5 µg) and adjust volume to 20 µl with nuclease-free water.
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•

Mix gently and spin contents to bottom of tube.

•

Incubate for 10 min at 25 oC then 15 min at 50 oC.

•

End reaction by heating at 85 oC for 5 min.

•

Measure cDNA concentration and store in – 20 oC for short term or – 80 oC for long term
storage.

Reverse-transcription polymerase chain reaction (RT-PCR)
Reagents:
•

cDNA template

•

Phusion High-Fidelity DNA Polymerase (NEB)

•

5x Phusion reaction buffer

•

dNTPs

•

Forward & Reverse Primers

•

Nuclease-free water

Method:
•

For 25 µl RT-PCR reactions combine: 3 µg template, 1x Phusion reaction buffer, 10 µM
forward and reverse primers, 1 unit Phusion DNA polymerase, Nuclease-free water up to
total volume of 25 µl.

•

Thermocycling conditions for RT-PCR reactions:
o Initial Denaturation – 98 oC for 30 s
o Denaturation (26x) – 98 oC for 10 s
o Anneal (26x) – 60 oC for 30 s
o Extension (26x) – 72 oC for 30 s
o Final extension – 72 oC for 5 min
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qPCR (PerfeCta STBR Green Supermix, Thermo)
Reagents:
•

PerfeCTa SYBR Green Supermix, Low ROX

•

Forward Primer

•

Reverse Primer

•

Template cDNA

•

Nuclease-free water

Method:
•

Combine the following reagents into one well of a 96-well PCR plate (Recommended
volumes/concentrations for 50 µl reaction):

•

o

25 µl SYBR Green Supermix (25 µl)

o

450 nM Forward Primer (100 – 500 nM)

o

450 nM Reverse Primer (100 – 500 nM)

o

350 ng Template cDNA (5 -10 µl)

o

Nuclase-free water (for final volume of 50 µl)

Thermal Cycling:
o

Initial denaturation: 95 oC 15 s

o

40 cycles of: 95 oC 15 sec, 60 oC 30s, 72 oC 32 sec

o

Dissociation stage: 95 oC 15s, 60 oC 20s, 95 oC 15s, 60 oC 15s

DNA gel
Reagents:
•

Agarose Gel (2%)

•

Agarose (2 g)

•

TAE (100 ml)
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•

6x Loading Dye

•

GelRed (Biotium)

Method:
•

Weight agarose and add to 100 ml TAE.

•

Dissolve agarose by heating in microwave. Microwave in 10 – 30 s intervals, mixing inbetween.

•

Allow agarose to cool until it can be handled by hand. Meanwhile prepare gel apparatus
and insert appropriate comb.

•

Add GelRed (1:10000 dilution) to agarose solution and gently mix to prevent forming
bubbles.

•

Pour agarose solution into gel apparatus and allow to solidify.

•

While gel solidifies, prepare samples by mixing PCR reaction with 6x loading dye.

•

Fill electrophoresis tank with TAE, insert gel and carefully remove comb.

•

Load samples and DNA size marker into wells and run (50 – 100v)

•

When finished running gel, remove from tank and expose gel to UV light (302 nm) to
visualize DNA bands.

Immunofluorescence
Reagents:
•

PBS

•

Paraformaldehyde

•

Triton-X

•

Serum (matching species that secondary antibody was raised in)

•

Primary Antibody
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•

Fluorophore-conjugated secondary antibody

Method:
•

Wash cells several times with cold PBS.

•

Fix cells with 4 % paraformaldehyde in PBS for 10 min at RT.

•

Wash cells several times with PBS.

•

Permeabilize cells with 0.3 % Triton-X in PBS.

•

Block cells with 10 % serum in PBS.

•

Incubate cells with primary antibody diluted (1:50 – 1:1000) in blocking buffer.

•

Wash cells several times with PBS.

•

Incubate cells with secondary antibody diluted (1:50 – 1:1000) in blocking buffer
directed against IgG from species the primary antibody was raised in.

•

Wash cells several times with PBS, add a drop of appropriate mounting media, and place
cover slip.

•

If necessary, allow mountant to dry then image cells.
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