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Themetabolic state of a cell is a key determinant in the decision to live
and proliferate or to die. Consequently, balanced energy metabolism
and the regulation of apoptosis are critical for the development and
maintenance of differentiated organisms. Hypoxia occurs physiolog-
ically during development or exercise and pathologically in vascular
disease, tumorigenesis, and inflammation, interfering with homeo-
static metabolism. Here, we show that the hypoxia-inducible factor
(HIF)-1–regulated glycolytic enzyme hexokinase II (HKII) acts as a mo-
lecular switch that determines cellular fate by regulatingboth cytopro-
tection and induction of apoptosis based on the metabolic state. We
provide evidence for a direct molecular interactor of HKII and show
that, together with phosphoprotein enriched in astrocytes (PEA15),
HKII inhibits apoptosis after hypoxia. In contrast, HKII accelerates ap-
optosis in the absence of PEA15 and under glucose deprivation. HKII
bothprotects cells fromdeathduringhypoxiaandfunctionsasa sensor
ofglucoseavailabilityduringnormoxia, inducingapoptosis in response
to glucose depletion. Thus, HKII-mediated apoptosis may represent an
evolutionarily conserved altruistic mechanism to eliminate cells during
metabolic stress to the advantage of a multicellular organism.
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Balanced energy metabolism and regulation of apoptosis are of
vital importance to all organisms (1, 2). Therefore, energy

metabolism and regulation of apoptosis are interdependent (3). In
cells, metabolism and apoptosis converge at mitochondria, thereby
integrating pathways responsible for endogenous tolerance against
substrate deprivation (4). All differentiated multicellular organ-
isms have evolved strategies to promote survival when deprived of
metabolic substrates, such as during hypoxia (5). Therefore, elu-
cidating the underlying molecular mechanisms by which metabo-
lism and apoptosis are coregulated may lead to novel therapeutic
strategies for both acute and chronic diseases.
The transcription factor hypoxia-inducible factor (HIF)-1 is a key

regulator in the adaptation to hypoxia and the resultant energy
depletion, orchestrating the cellular response to hypoxic conditions
(5–7). Induction of HIF-1 leads to the transcriptional regulation of
a multitude of genes, ultimately resulting in a hypoxia-tolerant state
of the cell (7). HIF-1 also links hypoxia and glycolysis (8) via
complex and incompletely understood mechanisms. HIF-1 adapts
cellular metabolism to hypoxic conditions during development (7)
or exercise (9) and thereby prevents death of tumor cells and pri-
mary cells under various conditions of disease (5–7, 10). In addition,
HIF-1 controls innate immunity by regulating glycolysis in cells of
the immune system (11, 12). Finally, by controlling the expression
of members of the glycolytic cascade, including hexokinase II
(HKII) (7, 8), HIF-1 contributes to a proliferative metabolism (13).
Mitochondrial glycolytic hexokinase isoenzymes (HKI, HKII, or

also HKIV) may mediate cytoprotection under various conditions
(14–18). However, the molecular mechanisms have remained

elusive. We therefore aimed to investigate the complex functional
roles of mitochondrial HKs in the adaptive response to different
states of metabolic deprivation during hypoxia and hypoglycemia.

Results
HIF-1–Dependent Activation of HKII in Primary Neurons and Hypoxia
Tolerance. First, we assessed whether mitochondrial hexokinases
responded to a hypoxia-mimicking stimulus that activates HIF-1
transcriptional activity by interfering with degradation of HIF-1α
(19). We treated cultured primary rat brain cortical neurons with
the iron chelator deferoxamine (DFO), thereby mimicking hypoxia
(19). DFO treatment resulted in marked protection from neuronal
cell death after oxygen-glucose deprivation (OGD), an established
model of cerebral ischemia (Fig. 1). At specified time points (Fig.
1A), we extracted RNA or protein from sister cultures to assess
changes in gene expression for both HKI (Fig. 1B) and HKII (Fig.
1C). HKI is the predominating isoenzyme in the brain and HKII is
typically expressed in insulin-sensitive tissues or inmalignant tumors
(20). However, messenger RNA (mRNA) expression of HKII was
increased at 12 h after DFO treatment, whereas HKI expression did
not change over 48 h. Immunoblotting of proteins from these cul-
tures revealed a concordant increase in HKII protein content (Fig.
1D). Using isoenzyme-specific electrophoretic zymography, we
further demonstrated a specific increase in HKII activity (factor of
average increase = 2.28 ± 0.54), but not HKI activity in response to
DFO treatment (Fig. 1 E and F). At 48 h after DFO treatment,
neurons were protected from cell death, as indicated by decreased
lactate dehydrogenase (LDH) release 24 h after OGD (Fig. 1G).
We therefore hypothesized that up-regulation of HKII significantly
contributes to hypoxia tolerance mediated by activation of HIF-1.

Overexpression of HKII Protects Primary Neurons from Hypoxic Cell
Death. To study the functional relevance of the increase in HKII
expression and activity, we investigated the effect of overexpressed
HKII in comparison with BclXL under hypoxic conditions. We
chose BclXL as a positive control because of its strong antiapoptotic
properties (21) and its role in preconditioning-induced neuro-
protection (22). Transient transfection typically targets only a sub-
set of cells (∼30%of neurons in a culture). Therefore, we visualized
transfected cells using fluorescence after transfection of plasmids

Author contributions: P.M., D.W.A., and A.M. designed research; P.M., A. Kahl, A. Kamitz,
V.v.L., K.S., S.T., H.K., I.P., L.N., D.F., J.P., and D.M. performed research; P.M., T.J.C., D.M.,
U.D., D.W.A., and A.M. analyzed data; and P.M., D.W.A., and A.M. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission. D.R.G. is a guest editor invited by the Editorial
Board.
1To whom correspondence may be addressed. E-mail: philipp.mergenthaler@charite.de or
andrewsd@dwalab.ca.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1108225109/-/DCSupplemental.

1518–1523 | PNAS | January 31, 2012 | vol. 109 | no. 5 www.pnas.org/cgi/doi/10.1073/pnas.1108225109

mailto:philipp.mergenthaler@charite.de
mailto:andrewsd@dwalab.ca
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1108225109/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1108225109/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1108225109


encoding fluorescent proteins (eGFP or mOrange). Cocultivation
of transfected cells (Fig. 2 A and B, and Fig. S1) allowed us to
examine the neuroprotective properties of transfected genes by
counting green (overexpressing GFP alone or GFP together with
either HKII or the positive control BclXL) and red (overexpressing
mOrange only) fluorescent neurons before and after OGD under
identical conditions. Overexpression of HKII resulted in marked
protection from apoptosis in terminally differentiated neurons
during cultivation (pre-OGD) (Fig. 2C) and mediated significant
protection from cell death after exposure to OGD (post-OGD)
(Fig. 2C). However, HKII mutants with diminished mitochondrial
binding did not rescue neurons from apoptosis; instead, they pro-
moted apoptosis in these cells (Fig. 2D). Both a mutant with a de-
letion of the N-terminal mitochondrial binding site (HKIIΔN) and
a phosphodeficient mutant (HKIIT473A), in which the Akt-kinase
phosphorylation site was rendered nonphosphorylatable, exhibited
a detrimental effect before and after OGD.

HKII Senses the Metabolic State of the Cell and Regulates Cellular Fate
Depending on its Catalytic Activity. We next investigated whether
HKII would protect only from hypoxia or also other from types of
metabolic deprivation, such as glucose deprivation (GD). Indeed,
overexpression of HKII resulted in protection from cell death
induced by oxygen deprivation (OD) in neurons (Fig. 2E).However,
when neurons were starved of glucose (GD) (Fig. 2F), HKII pro-
moted cell death. Furthermore, overexpression of HKIIS155A/S603A,
a mutant of wild-type HKII (HKIIWT) that is largely deficient of its
catalytic activity (23), exhibited the opposite effect: it promoted cell
death under baseline conditions (pre-OD/GD) (Fig. 2G andH) and
after OD (Fig. 2G), but offered a relative protection from cell death
after GD (Fig. 2H), thereby blunting the detrimental effect of
HKIIWT after GD. Taken together, these data suggest that the

catalytic activity is required for HKII to sense the metabolic state of
the cell, thereby protecting cells from hypoxic death but inducing
cell death upon glucose starvation.

HKII Regulates Apoptotic Signaling After Metabolic Disturbance but
Not After Genotoxic Injury. Next, we investigated whether HKII
would protect cells from apoptosis in general or only when cells
were stressed by metabolic disturbances (e.g., hypoxia). Trans-
fected HeLa cells were submitted to hypoxic conditions for 6 h
(Fig. 3A) with 24 h of reoxygenation or for 21 h (Fig. 3B). Al-
ternatively, apoptosis was induced by treatment with 100 nM
actinomycin D (Fig. 3C) or 75 μM etoposide (Fig. 3D). Cell death
was analyzed in transfected cells using flow cytometry. Although
HKII rescued cells from apoptosis after hypoxia irrespective of
severity (Fig. 3 A and B), it did not rescue cells after actinomycin
D or etoposide treatment (Fig. 3 C andD). BclXL, used as positive
control, mediated significant protection from cell death in both
models. These data demonstrate that HKII regulates apoptosis
after metabolic disturbances but not after genotoxic injury.

Identification of Phosphoprotein Enriched in Astrocytes as Direct
Interactor of HKII. To investigate the molecular mechanism that
governs HKII-dependent regulation of apoptosis, we screened
a mouse brain cDNA library for putative interactors of HKII using
a membrane-based split-ubiquitin yeast two-hybrid system (Fig.
4A). Using this approach, we identified phosphoprotein enriched
in astrocytes (PEA15) as a candidate for interaction with HKII. To
investigate the regulation of PEA15, we first measured its ex-
pression after hypoxia-mimicking activation of HIF-1. In contrast
to HKII (Fig. 1), PEA15 mRNA was not regulated under these
conditions (Fig. S2). However, consistent with the interaction of
HKII with PEA15 contributing to the antiapoptotic function of
HKII at mitochondria, immunoblot analysis of cytosolic and mi-
tochondrial fractions from primary cortical neurons demonstrated
that PEA15 was located both in the cytosol and at mitochondria
(Fig. 4B). Coimmunoprecipitation of HKII from primary cortical
neurons revealed an interaction of endogenous HKII with PEA15
in neurons under physiological conditions (Fig. 4C). To determine
whether HKII and PEA15 also interact in live cells, we used
fluorescence lifetime imaging microscopy (FLIM) to quantify
fluorescence resonance energy transfer (FRET) between mono-
meric mCerulean (donor) fused to HKII and the monomeric
yellow fluorescent protein (YFP) mVenus (acceptor) fused to
PEA15 (Fig. 4 D and E). We transfected human breast cancer
(MCF-7) cells using plasmids encoding these fusion proteins. We
then measured the fluorescence lifetime of the mCerulean FRET
donor on a cell-by-cell basis using time-correlated single-photon
counting (TCSPC) 24 h after transfection. The average lifetime of
HKII-mCerulean in the presence of cytoplasmic (noninteracting)
mVenus was 2.54 ns ± 0.15, which was significantly decreased to
2.31 ns ± 0.17 in the presence of PEA15-Venus, corresponding to
a FRET efficiency of 9.1% (Fig. 4D). As controls, we also mea-
sured the average lifetimes of mCerulean expressed alone (2.58 ns
± 0.16) and HKII-Cerulean and mCerulean coexpressed with
PEA15-Venus (2.54 ns ± 0.11 and 2.57 ns ± 0.12, respectively).
These whole-cell measurements confirmed that the fluorescence
lifetime of mCerulean was unchanged by the experimental con-
ditions used (Fig. 4E) and that the lifetime reduction in the
presence of PEA15-Venus was because of FRET.Determining the
average fluorescence lifetime for whole-cell FRET analysis is un-
biased and compensates for the low spatial resolution in the life-
time images (Fig. 4E, Id and IId) compared with the intensity
images (Fig. 4E, Ib and Ic, and IIb and IIc). However, whole-cell
measurements underestimate FRET efficiency because the in-
teraction is expected to be confined to specific subcellular com-
partments (i.e., mitochondria), resulting in localized sites of low
and normal lifetimes in each cell. Analysis of the data of the
fluorescence lifetime images as corresponding histograms pro-
vided a more accurate demonstration of the interaction between
HKII and PEA15 in the double-transfected cells. As expected, the
fluorescence lifetime distributions overlapped in the analysis of
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Fig. 1. Hypoxia tolerance mediated by HIF-1–dependent activation of HKII
in primary neurons. (A) Diagram of experimental paradigm. Analysis of HKI
(B, E, and F) and HKII (C–F) expression in response to DFO treatment. (C) HKII
expression was induced 12 h after hypoxia-mimicking treatment. After 48 h,
(D) HKII protein and (E and F) enzyme activity were also increased. (B) mRNA
expression and enzyme activity (E and F) of HKI remained unchanged.
Representative immunoblot (D) and zymogram (E) 48 h after DFO treat-
ment. (F) Summary of HKII activity using zymography after DFO treatment.
*P = 0.007, unpaired two-tailed Student’s t test. (G) DFO treatment reduced
neuronal damage 24 h after OGD. *P = 0.006, unpaired two-tailed Student’s
t test. N indicates the number of independent experiments.
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single cells (Fig. 4E, histograms) and the entire cell population
(Fig. 4D and Fig. S3). Nevertheless, coexpression of HKII-mCer-
ulean and PEA15-Venus significantly reduced the global fluores-
cence lifetime of HKII-mCerulean compared with all control
conditions, confirming that HKII and PEA15 interact in live cells.
Furthermore, we investigated whether HKIIT473A, which cannot
bind to mitochondria, interacts with PEA15. The average lifetime
of HKIIT473A-mCerulean coexpressed with PEA15-Venus was 2.23
ns ± 0.15, corresponding to a FRET efficiency of 12.2% (Fig. S4),
indicating that this mutant HKII interacts with PEA15 to a similar
extent asHKIIWT. In summary, with our findings in the cell-survival
assay (Fig. 2D), these data suggest that the complex of HKII and
PEA15 has to be anchored at mitochondria to prevent cell death.

PEA15 Is Essential for HKII-Mediated Protection. To investigate the
functional implication of the HKII and PEA15 interaction, we
transfected primary cortical neurons using plasmids encoding both
proteins. Similar to HKII, PEA15 and PEA15-Venus were equally
potent in mediating neuroprotection from a damaging OGD insult
(Fig. 5A). However, consistent with our data showing a direct
interaction between HKII and PEA15, coexpression of the pro-
teins resulted in a synergistic protective effect on neuronal sur-
vival. The beneficial effect on survival was potentiated after
neurons were exposed to OGD and allowed to recover for 24 h
(Fig. 5A), indicating the functional relevance of this interaction for
protection from hypoxic cell death. However, in primary cortical
neurons from PEA15 knockout (PEA15−/−) mice, overexpression
of HKII did not result in protection from cell death (Fig. 5B). In
contrast to neurons from wild-type mice, HKII promoted neuro-
nal cell death upon OGD. Exogenous expression of PEA15 pro-
tected PEA15−/− neurons and overexpression of HKII together
with PEA15 reconstituted the protective effect of HKII in
PEA15−/− neurons after OGD. Furthermore, knockdown of HKII
using siRNA oligonucleotides abolished the protective effect of
PEA15 and promoted neuronal cell death (Fig. 5C). Knockdown

was specific for HKII and was confirmed by quantitative RT-PCR
(Fig. S5). Taken together, these data demonstrate that PEA15 is
essential for the antiapoptotic properties of HKII and in turn, that
PEA15 cannot prevent cell death without HKII.

Glucose Deprivation Decreases Interaction of HKII and PEA15. Next,
we investigated the mechanism of the regulation of cell death by
HKII and PEA15. To determine the effect of OD or GD on the
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Fig. 2. Mitochondrial HKII protects neurons from hypoxic cell death. We established an assay for investigating the functional impact of specific gene products (A
and B). We cocultivated two independently transfected neuronal populations and used two different fluorescent protein (eGFP and mOrange) encoding plasmids
to differentiate the two populations [cotransfected cells were eGFP + gene of interest (GOI), indicated by “G”]. We calculated ratios of the number of green and
red fluorescent cells for each condition. A ratio of 1 means that equal numbers of green and red fluorescent cells survived; a ratio of 2 means that twice as many
green as red fluorescent cells survived a damaging insult. Using this assay, we analyzed the effect of HKII on neuronal survival after OGD (C). The results
demonstrated potent protection from cell death because of cultivation (pre-OGD) and in response to OGD (post-OGD). Mitochondrial binding (D) of HKII is
essential for neuroprotection. Deletion of the mitochondrial binding site of HKII (HKIIΔN) and nonphosphorylatable HKII (HKIIT473A) have a detrimental effect on
survival. (E) HKIIWT protected neurons from OD, (F) but promoted cell death after GD. (G) Catalytically inactive HKIIS155A/S603A promoted cell death under OD, (H)
but protected cells from detrimental GD. N indicates number of independent experiments. *P = 0.05, **P = 0.01, one-way ANOVA, Duncan post hoc.

A B

C D

N=9

0
2
4
6
8

10

de
ad

 c
el

ls
 [%

]

CTRL HKIIWT BclXL

#
#

12
14

6h hypoxia

de
ad

 c
el

ls
 [%

]

N=8

- +

0

100

75

50

25

Actinomycin D

CTRL BclXLHKIIWT

#
#

#

#
#

- + - +

N=7

0

0,5

1,0

1,5

2,0

no
rm

al
iz

ed
 ra

tio

CTRLHKIIWTBclXL

*
**

Etoposide

**

N=8

0
0,5

1,0
1,5
2,0

no
rm

al
iz

ed
 ra

tio

CTRL HKIIWT BclXL

*
*

2,5
3,0

21h hypoxia

Fig. 3. HKII protects cancer cells from death after hypoxia. HKIIWT rescued
cancer cells (HeLa) from cell death after (A) short and (B) long periods of
hypoxia similar to BclXL (positive control). HKIIWT did not rescue HeLa cells after
induction of apoptosis by genotoxic treatment with (C) 100 nM actinomycin D
or (D) 75 μM etoposide. *P = 0.05, **P = 0.01, one way ANOVA, Duncan post
hoc; for A, #P = 0.004, Friedman test; for C, #P < 0.0001, Friedman test.

1520 | www.pnas.org/cgi/doi/10.1073/pnas.1108225109 Mergenthaler et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1108225109/-/DCSupplemental/pnas.201108225SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1108225109/-/DCSupplemental/pnas.201108225SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1108225109/-/DCSupplemental/pnas.201108225SI.pdf?targetid=nameddest=SF5
www.pnas.org/cgi/doi/10.1073/pnas.1108225109


interaction of HKII and PEA15, we used proximity ligation assays
(PLA) with minimal unspecific background (Fig. S6). We exposed
HKII and PEA15 cotransfected neurons to sublethal OD, GD, or
control conditions and determined the relative number of inter-
actions on a cell-by-cell basis across all cells imaged using a soft-
ware algorithm. This approach underestimates the effect of
changes in transfected cells, as we did not differentiate transfected
and nontransfected cells. We found that GD significantly de-
creased the interaction of HKII and PEA15 (Fig. 5D and Fig. S7).
In particular, the population of cells with a high number of PLA
signals per cell was decreased under GD (Fig. S7C). OD, however,
did not alter the interaction between the two proteins (Fig. 5D and
Fig. S7B). These data are consistent with the detrimental effect of
GD on HKII-transfected neurons, suggesting that dissociation of
HKII from mitochondria under GD (24) induces cell death
alongside a disturbed interaction of HKII and PEA15.

Discussion
We found that the glycolytic enzyme HKII acts as a molecular
switch, determining the fate of the cell depending on its metabolic
state, requiring PEA15 to mediate protective signaling (Fig. 5E). A
hypoxia-mimicking stimulus activated HKII and protected primary

neurons from hypoxic damage. In the absence of PEA15, HKII
accelerated apoptosis. This effect is reminiscent of the role of HKII
under GD and normoxia, in which HKII induces cell death and the
interaction between HKII and PEA15 is disturbed. Thus, the func-
tional impact of the interaction between HKII and PEA15 depends
on the availability of glucose. Furthermore, HKII relies on its ca-
pacity to phosphorylate glucose to regulate cell death in response to
changes in the metabolic environment of the cell. Although apo-
ptosis is crucial for development (2), postmitotic cells, such as neu-
rons and cancer cells, have evolved mechanisms to overcome cell
death because of substrate deprivation (1, 5, 13) and other apoptotic
stimuli (25). Both HKII and PEA15 have functional roles in glucose
metabolism (20, 26) and are involved in antiapoptotic signaling
under multiple but not all (e.g., genotoxic) conditions.
We propose that the interaction of HKII and PEA15 has to

occur at mitochondria and possibly within a larger multiprotein
complex, to promote antiapoptotic signaling under various
physiological and pathophysiological conditions. Our data sug-
gest that its catalytic activity enables HKII to sense intracellular
glucose levels and to initiate a program to kill cells depleted of
glucose. In summary, we propose that mitochondrial binding
of HKII, its capacity to phosphorylate glucose, and the degree
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PEA15 as a putative interactor of HKII. (B) HKII and PEA15 are
both present in mitochondrial fractions from primary neurons.
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of interaction with PEA15 are important features of HKII-de-
pendent regulation of cell death upon metabolic disturbances.
Hence, HKII is a crucial element in the decision between life and
death, linking glucose metabolism to the regulation of cell death
and cellular proliferation (1).
Glycolytic enzymes are crucial for cellular survival because they

are essential to the energy supply of the cell (1, 27). However, ad-
ditional functions of these enzymes, including roles formitochondrial
HKs and glyceraldehyde-3-phosphate dehydrogenase (GAPDH), in
controlling apoptosis have emerged (15, 16, 18, 27, 28). In the HK
family, glucokinase (i.e., HKIV) binds tomitochondria by interacting
with BCL-2 antagonist of cell death (BAD) in a multiprotein com-
plex, enabling modulation of apoptosis in liver and pancreatic β-cells

by BAD in response to changes in glucose levels (15). Our data
demonstrate a critical role for the more ubiquitously expressed (17,
20), albeit regulated (17), isoenzyme HKII in mediating cytopro-
tection.HKII is also up-regulated in a variety of cancers (17) inwhich
metabolism and cellular proliferation are dysregulated (29).
Our results are consistent with previous observations in car-

diomyocytes and Rat1a fibroblasts that demonstrated the impor-
tance of mitochondrial binding of HKII for protection from
apoptosis (16, 30, 31). Remarkably, postmitotic neurons and
cancer cells share not only a metabolic reliance on oxygen and
glucose, but also similarity in key mechanisms to constrain apo-
ptosis (25). Thus, the mechanism by which HKII regulates cell
death is likely to be similar in many cell types, including primary
neurons and cancer cells.
We therefore conclude that HKII functions as a sentinel to

control two different conditions: (i) hypoxia, in which adaptation
of cellular metabolism and increased glycolysis provide a benefit
for survival (7, 25); and (ii) aglycemia, in which apoptosis is rapidly
induced in response to impeded metabolic flux to prevent nutrient
depletion in the remaining tissue or organism (3, 32). HKII is well
suited to function as a molecular sensor of the intracellular met-
abolic state given its high affinity (low Km) for glucose and potent
inhibition by its product glucose-6-phosphate (20). Our data ac-
cord with previous evidence suggesting that for HKII to prevent
apoptosis, it must localize to mitochondria by binding to the outer
mitochondrial membrane voltage-dependent anion channel
(VDAC) (33) after Akt-kinase–dependent phosphorylation (18,
30). Furthermore, forced displacement of HKII from VDAC by
a peptide corresponding to its N terminus (34) and dissociation of
HKII from mitochondria under glucose deprivation (24) increase
cellular susceptibility to apoptosis (16, 35). Astoundingly, enter-
oinvasive and possibly other bacteria have conquered the hexoki-
nase-VDAC binding for their own good and use stabilization of
this interaction to delay host-cell apoptosis (36), thereby proto-
typing a pathway for exploitation of this interaction in infection
therapy. Presumably, HKII is also up-regulated in inflamed tissue
in a HIF-1–dependent fashion to enhance glycolysis-dependent
mechanisms of host-defense (12).
Although originally discovered as a substrate of PKC in astro-

cytes (37), PEA15 is a multifunctional protein widely expressed in
a variety of tissues. PEA15 is involved in the regulation of apo-
ptosis, glucose metabolism, cellular proliferation, and oncogenesis
(26, 37–41), and it has been suggested to contribute to insulin
resistance in type 2 diabetes (26). Similar to HKII (17), up-regu-
lation of PEA15 is an important feature of multiple malignant
tumors (39). The mitochondrial localization of PEA15 reported
above was unexpected because it has previously been described as
a cytosolic protein, interacting with Fas-associated protein with
death Domain (FADD) and FADD-like IL-1β–converting enzyme
(FLICE) through its death effector domain (DED), thereby
blocking the formation of the death-inducing signaling complex
(DISC) (41). However, PEA15 mediates sensitivity to Bcl2-in-
duced survival in cells undergoing mitochondria-dependent type-II
apoptosis (42) and also interacts with the mitochondrial serine
protease Omi/HtrA2 (43).
Although HKII and PEA15 fulfill distinct roles in glucose me-

tabolism and apoptosis, we provide mechanistic insight into the
interdependence of these two major pathways governing cellular
fate. Our data help answer unresolved questions of how and why
metabolic pathways, such as glycolysis and pathways governing
cellular fate, communicate (1). The inhibition of apoptosis be-
cause of metabolic deprivation by the interaction of HKII and
PEA15 and the initiation of apoptosis by HKII under glucose
depletion or in the absence of PEA15 in neurons and cancer cells,
two markedly different cell types, points to the ubiquitous rele-
vance of balanced metabolism for survival. Hence, postmitotic and
mitotic cells can use similar mechanisms to adapt to substrate
deprivation and promote survival (25). Consequently, the inter-
action of HKII and PEA15 in a mitochondrial complex may rep-
resent a prototypic molecular decision maker that senses glucose
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Fig. 5. PEA15 is indispensable for HKII-mediated protection. (A) Over-
expression of PEA15 protected wild-type neurons to a similar extent as HKII
after OGD. Coexpression of HKII and PEA15-Venus resulted in a synergistic
protective effect on neuronal survival in wild-type cells. (B) HKII over-
expression induced cell death after OGD in PEA15−/− primary cortical neurons
(HKIIWT). Following the reconstitution of PEA15 (HKIIWT and PEA15-Venus),
overexpression of HKII again mediated significant protection from hypoxic
cell death. PEA15 also mediated protection fromOGD when overexpressed in
PEA15−/− neurons. (C) Knockdown of endogenous HKII abolished protective
effect of PEA15 overexpression in wild-type neurons. (D) HKII/PEA15 in-
teraction is disturbed under GD but not under OD. Number of cells per group
are indicated in Fig. S7. (E) HKII acts as a molecular switch controlling cellular
survival depending on the metabolic state of the cell by sensing intracellular
glucose levels. Under hypoxic conditions, mitochondrial HKII promotes cellu-
lar survival when PEA15 is present. Under normoxic conditions but in the
absence of PEA15 or glucose, HKII induces cell death. Presumably, this in-
teraction is important for antiapoptotic signaling under various physiological
and pathophysiological conditions. N indicates number of independent
experiments. *P = 0.05, **P = 0.01, ***P = 0.001, one-way ANOVA, Duncan
post hoc.

1522 | www.pnas.org/cgi/doi/10.1073/pnas.1108225109 Mergenthaler et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1108225109/-/DCSupplemental/pnas.201108225SI.pdf?targetid=nameddest=SF7
www.pnas.org/cgi/doi/10.1073/pnas.1108225109


availability and promotes cell survival during hypoxia but induces
apoptosis under normoxia when glucose is not present.

Methods
Detailed methods are provided in SI Methods.

Cell Culture. Primary neuronal cultures of cerebral cortex from rat embryos
(embryonic day 18) or from PEA15−/−mouse embryos (embryonic day 15) were
dissected and cultured for up to 9 d to ensure maturation of neurons as de-
scribed (19). All animal procedures were performed in accordance with the
standards for animal care of our institution, and permissionwas obtained from
the Landesamt für Gesundheit und Soziales Berlin according to the national
regulations.

Isoenzyme-Specific HK-Zymography. To distinguish hexokinase isoenzymes,
electrophoresis of extracts frompreconditionedneuronswas performed under
native conditions.

Analysis of Neuronal Survival by Cotransfection/Cocultivation. OGD was per-
formed for 2.5–3 h, OD and GD for 5–6 h (Fig. 2). For analysis of neuronal
survival, green and red fluorescent neurons were counted immediately before
and 24 h after OGD, OD, or GD, survival of transfected neurons was assessed.
Ratios of green and red fluorescent cells were calculated.

Preparation of Mitochondria. Mitochondria from neurons were prepared by
differential centrifugation.

Coimmunoprecipitation. Neurons were washed, harvested, and lysed. Immu-
noprecipitation was performed using an antibody against HKII (Santa Cruz).

FluorescenceResonanceEnergyTransfer.Fluorescence resonance energy transfer
(FRET) was measured by time-correlated single-photon counting (TCSPC)
fluorescence lifetime imaging microscopy (FLIM-FRET). TCSPC raw data
were analyzed with SPCimage (Becker and Hickl) and images further an-
alyzed with ImageJ.

Statistical Evaluation. Data are shown as mean ± SD. Statistical testing was
performed in PASW Statistics 18.0.
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