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These early studies also emphasized mitochondrial binding 
of hexokinase as important for elevated tumor glycolysis. Tumor 
mitochondria were found to have 3-4 times the amount of hexokinase 
activity compared to normal liver mitochondria [4]. Also, mitochondrial 
hexokinase activity was shown to be ~3 times that of cytosolic 
hexokinase activity [3,4]. In addition, mitochondrial hexokinase was 
shown to be much more resistant to glucose-6-phosphate (HK catalysis 
product) inhibition compared to unbound hexokinase [3]. These 
results explain how tumors with enhanced mitochondrial hexokinase 
levels exhibit increased and largely unregulated glycolysis. HK2 binds 
to the outer mitochondrial membrane (OMM) via voltage dependent 
anion channels (VDACs), particularly VDAC1 [5]. As VDACs are the 
primary route for exchange of ADP/ATP and most other metabolites 
through the OMM, it has been proposed that this OMM binding gives 
HK2 preferential access to mitochondrially-produced ATP [6].

The overall question in studies of HK2-mediated protection 
against cell death has been: “Is mitochondrial binding required, or 
Is increased glucose utilization somehow protective?” results have 
argued for both. Pastorino et al. [7] showed in HeLa cells that under 
baseline conditions, HK2 is mostly mitochondrial and Bax is mostly 
cytosolic. However, in cells treated with either clotrimazole, glucose-6-
phosphate, or a peptide consisting of the HK2 mitochondrial binding 
sequence, HK2 is removed from the mitochondria into the cytosol, and 
Bax becomes associated with the mitochondria [7]. This Bax binding 
results in cytochrome c release into the cytosol and increased cell 
death [7]. However, in a recent elegant study Sun et al. [8] suggested 
a partial non-mitochondrial effect. Specifically, they produced HK 
constructs that were either full length (capable of both mitochondrial 
binding and glucosephosphorylation), truncated (no mitochondrial 
binding, but catalytically active), mutated (mitochondrial binding 
but not catalytically active), or both truncated and mutated (neither 
mitochondrial binding or catalytic activity). Interestingly, they found 
that full-length constructs almost fully protected 293 cells against 
H2O2-induced death, while either truncated or mutated HK2 offered 
only partial protection. The double truncated/mutated constructs 
offered no protection against death whatsoever. Thus, previous studies 
suggest that there may be multiple mechanisms to HK2-mediated 
protection against cell death, some of which do not directly involve the 
mitochondria.

New insight into the mechanisms of HK2-mediated protection 

has been provided by a recent study by Mergenthaler et al. published 
in The Proceedings of the National Academy of Sciences [9]. Here, 
overexpression of HK2 was shown to protect cultured neurons against 
combined Oxygen-Glucose Deprivation (OGD) as well as just Oxygen 
Deprivation (OD) alone. These protective actions of HK2 were no 
longer apparent when a catalytically inactive HK2 mutant, or a mutant 
HK2 that was incapable of mitochondrial binding, were overexpressed 
instead [9]. The investigators then went a few steps further in identifying 
Phosphoprotein Enriched in Astrocytes (PEA15) as a novel molecular 
interactor with HK2 in a yeast two-hybrid screen, which was further 
confirmed by co-immunoprecipitations, and whole-cell FLIM-FRET 
[9]. Over expression of PEA15 was shown to be protective against OGD, 
and overexpression of HK2 and PEA15 showed synergistic protection 
against OGD [9]. Importantly, in PEA15-/- neurons, overexpression of 
HK2 was no longer protective against OGD [9]. Likewise, knockdown 
of HK2 completely abolished the protection from overexpression of 
PEA15 [9].

Perhaps most intriguing was the finding by Mergenthaler et al. that 
HK2 under some circumstances could actually induce cell death, rather 
than prevent it. Historically, an increase in cell death was thought to 
be passive due to a “lack” of HK2, i.e., dislocation from mitochondria, 
inactivity, etc. Indeed, Mergenthaler et al. showed that the catalytically 
inactive and non-mitochondrial forms of HK2 increased neuronal death 
at baseline [9]. However, they demonstrated that when neurons were 
exposed to Glucose Deprivation (GD), normal HK2 overexpression 
actually exacerbated cell death; an effect not seen with the catalytically 
inactive mutant [9]. Thus, HK2 can actively kill cells under the right 
context. This also appears to be related to the HK2’s capacity to bind 
PEA15, as GD was shown to disrupt the interaction between HK2 and 
PEA15, and HK2 was cytotoxic in the PEA15-/- fibroblasts [9]. Thus, 
PEA15 appears to be a key regulator of both HK2-mediated protection 
and cell death and vice-versa.

Together, these new findings of Mergenthaler et al. [9] provide a 
novel role for HK2 and PEA15 as sensors of metabolic state. Under 
hypoxia, increased glycolysis promotes survival. However, under a 
glycemia, increased glycolysis promotes apoptosis, perhaps to prevent 
nutrient depletion in the remaining tissue. The main limitation of 
these findings is the requirement of HK2-mitochondrial binding and 
that this HK2-PEA15 complex is mitochondrial. Their findings that a 
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Ever since Warburg et al. [1] discoveries in the 1927s, it has been 
understood that energy metabolism and regulation of cell death are 
interdependent [2]. It is this correlation between enhanced glucose 
metabolism and resistance to cell death in transformed cells that 
has since been coined the “Warburg Effect”. In the 1970s and 80s, 
Bustamante et al. [3,4] discovered that it was elevated expression and 
activity of Hexokinase 2 (HK2) that resulted in the high glycolytic 
activity of tumor cells. HK2-mediated protection against cell death 
has since then received a great deal of attention, but the mechanism(s) 
remain largely unknown.
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HK2 mutant incapable of binding offered no protection against OGD 
is in disagreement with the study by Sun et al. [8] which showed partial 
protection without HK2 mitochondrial binding (albeit different cell 
lines and different death stimuli). More importantly, the HK2-PEA15 
interaction was assumed to take place on the mitochondria, however, 
both proteins were shown to have significant cytosolic pools, and 
the immunoprecipitations (which appeared to be quite weak) was 
performed on whole cell lysates. More work is clearly needed to better 
define the subcellular localization and dynamics of this HK2-PEA15 
complex.

Other more fundamental questions are also raised by this new 
study. Why and how does glucose deprivation alter HK2-PEA15 
binding whereas hypoxia does not? How exactly does HK2 induce 
cell death when glucose is not available – Is it possible that HK2 
can phosphorylate other substrates other than glucose under these 
circumstances? Perhaps most importantly can we exploit this newly 
found HK2-PEA15 interaction therapeutically, such that, for example, 
disruption of the HK2-PEA15 binding can turn on HK2’s killing 
abilities in cancer cells that are already overexpressing HK2? Hopefully 
future research will help answer these questions.
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