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Death receptor–mediated apoptosis requires the mitochondrial ap-
optosis pathway in many mammalian cells. In response to death
receptor signaling, the truncated BH3-only protein BID can activate
the proapoptotic BCL-2 proteins BAX and BAK and trigger the
permeabilization of the mitochondria. BAX and BAK are inhibited
by prosurvival BCL-2 proteins through retrotranslocation from the
mitochondria into the cytosol, but a specific resistance mechanism
to truncated BID-dependent apoptosis is unknown. Here, we re-
port that hexokinase 1 and hexokinase 2 inhibit the apoptosis ac-
tivator truncated BID as well as the effectors BAX and BAK by
retrotranslocation from the mitochondria into the cytosol. BCL-2
protein shuttling and protection from TRAIL- and FasL-induced cell
death requires mitochondrial hexokinase localization and interactions
with the BH3 motifs of BCL-2 proteins but not glucose phosphoryla-
tion. Together, our work establishes hexokinase-dependent retro-
translocation of truncated BID as a selective protective mechanism
against death receptor–induced apoptosis on the mitochondria.
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The programmed cell death apoptosis protects multicellular
organisms from harmful or infected cells (1–3). Apoptosis can

be induced by death receptor signaling in response to death re-
ceptor ligands, such as FasL and TRAIL (4). Activated death
receptors trigger a cytosolic cascade of apoptosis-specific cysteine
proteases, termed caspases (5). Cytotoxic T cells eliminate tumor
cells through this mechanism, elicited or amplified by immuno-
therapy. In mammalian cells, death receptor ligand–induced ap-
optosis usually requires the mitochondrial apoptosis pathway (6).
Caspases engage mitochondrial apoptosis through the cleavage of
the BCL-2 homology domain 3 (BH3)–only protein BID (7).
Truncated BID (tBID) can inhibit prosurvival BCL-2 proteins and
thus activate the proapoptotic BCL-2 proteins BAX and BAK
(8–10). Once BAX and BAK are active, they release proteins from
the intermembrane space by permeabilizing the outer mitochon-
drial membrane (OMM), thereby committing the cell to apoptotic
fate through the caspase cascade. Prosurvival BCL-2 proteins in-
hibit BAX and BAK by constant retrotranslocation from the mi-
tochondria into the cytosol (11–13). This dynamic shuttling of
BAX and BAK determines the relevant protein pool on the OMM
and, consequently, the cellular response to apoptosis stimulation
(14, 15). BH3-only proteins, such as tBID, inhibit BAX/BAK
retrotranslocation. Therefore, death receptor signaling shifts BAX
and BAK toward the mitochondria through tBID and induces
OMM permeabilization.
Hexokinases catalyze the first step of the glucose metabolism to

produce glucose-6-phosphate (G-6P), which can be funneled into
ATP production (glycolysis), storage (glycogenesis), and biosyn-
thesis (pentose phosphate pathway and hexosamine pathway). The
four human isoforms of hexokinases play, therefore, important roles
in the regulation of anabolic and catabolic processes in human cells.

Hexokinases have been also observed to protect cells from apo-
ptosis (16–18). Ectopic HK2 expression has protective effects in
different cell types (19–21). HK2 up-regulation is associated with
poor prognosis in human brain metastases of breast cancer and
human glioblastoma (22, 23). HK2 expression levels have been
linked to tumor grade and mortality in hepatocellular carcinoma
(24). Anti-apoptotic effects have been attributed to the HK1
binding to mitochondria, in particular to the voltage-dependent
anion channel (VDAC) (25). Mitochondrial HK2 has also been
suggested to antagonize proapoptotic BCL-2 family proteins (26).
Here, we show that mitochondrial HK1 and HK2 selectively ret-
rotranslocate tBID, BAX, and BAK from the mitochondria and,
therefore, inhibit death receptor–mediated apoptosis on the
mitochondria.

Results
Hexokinases Accelerate the Retrotranslocation of BAX and BAK. We
used a BioID candidate approach labeling transient interaction
partners with biotin to identify proteins involved in BAX retro-
translocation (Fig. 1A) (27). Previously suggested interaction
partners, such as hexokinases, creatine kinases, peripheral ben-
zodiazepine receptor, or CHCHD2, were included (Fig. 1B). This
approach identified the hexokinases HK1 and HK2 in addition to
BCL-xL and expected auto-labeling of BAX (Fig. 1B and SI Ap-
pendix, Fig. S1). Transient interactions between hexokinases and
BAX could influence BAX regulation. We, therefore, analyzed
GFP-BAX retrotranslocation with and without ectopic hexokinase
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expression using fluorescence loss in photobleaching (FLIP) (28).
In brief, repeated cycles of bleaching diminish cytosolic GFP-BAX
fluorescence, and imaging between bleaching cycles characterizes
the mitochondrial GFP-BAX pool and thus retrotranslocation
kinetics (Fig. 1 C and D). Ectopic expression of HK1/2 accelerated
BAX retrotranslocation to the same extend as ectopic BCL-xL ex-
pression with the corresponding endogenous proteins present
(Fig. 1 D and E). BAX retrotranslocation kinetics with a low margin
of error and the microscopic analysis of mCherry-BAX and HK1-
GFP coexpression showed that cells ectopically expressing mCherry-
BAX also expressed HK1-GFP (SI Appendix, Fig. S2). Based on
hexokinase-dependent BAX retrotranslocation and similar regula-
tion of BAX and BAK, we tested the potential of hexokinases to
participate in BAK retrotranslocation. BAK shuttling from the mi-
tochondria into the cytosol was accelerated by ectopic HK1/2 and
BCL-xL expression to comparable velocity (Fig. 1F and SI Appendix,
Fig. S3). Therefore, hexokinases accelerate the retrotranslocation of
BAX and BAK. HK1 also accelerated BCL-xL retrotranslocation

similar to the anti-apoptotic BCL-2 protein MCL-1 with compa-
rable BAX retrotranslocation activity, suggesting interdependency
between proteins retrotranslocation BAX and BAK (Fig. 1G). In
addition, BCL-xL overexpression shifted HK1/2 to the cytosol (SI
Appendix, Fig. S4). Despite structural and functional differences,
hexokinases and prosurvival BCL-2 proteins participated in BAX/
BAK retrotranslocation (Fig. 1G).

Mitochondrial Hexokinases Inhibit Commitment to Apoptosis.
Hexokinase-dependent BAX/BAK retrotranslocation could link
the glucose metabolism to mitochondrial apoptosis regulation.
We analyzed the influence of glucose phosphorylation on BAX
shuttling using the in-organelle BAX retrotranslocation assay
(29). Application of the glycolysis inhibitor 2-Deoxy-D-glucose
(2-DG) to HCT116 cells or the presence of the hexokinase inhibi-
tor G-6P did not change endogenous BAX shuttling from
isolated mitochondria (Fig. 2 A and B and SI Appendix, Figs. S5
and S6). GFP-BAX shuttling was also accelerated by catalytically
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Fig. 1. Hexokinases accelerate BAX/BAK retrotranslocation. (A) BirA-BAX expression (yellow) in cells (square) labeled transient BAX interaction partners (X,
blue) with biotin (red star). BAX-interacting proteins (X, blue) and unlabeled proteins (Y, gray) were separated by a biotin affinity matrix (solid line). (B)
Hexokinases HK1 and HK2 and the prosurvival BCL-2 protein BCL-xL were identified as transient BAX-binding proteins (input [I] and labeled fraction [L]) by
Western blot. BirA-BAX was analyzed using anti-myc antibodies. n = 3. (C) FLIP measurements of GFP-BAX in the absence (Top) and the presence of over-
expressed HK1 (Bottom) diminished GFP-BAX fluorescence in the cytosol of targeted cells (circled) completely after 82 s, and GFP-BAX was detected on the
mitochondria (arrowheads). Time is in seconds. (Scale bars [white bar] = 10 μm.) (D) FLIP of GFP-BAX without (solid black line) and with overexpressed HK1
(blue), HK2 (green), and BCL-xL (red) ± SEM from 132 (−), 137 (+HK1), 118 (+HK2), or 125 (+BCL-xL) region of interest (ROI) measurements. Fluorescence of the
neighboring cell is shown as control (broken line). (E) GFP-BAX retrotranslocation velocity without (gray, −) and with overexpressed HK1 (light blue), HK2
(dark blue), or BCL-xL (red) ± SD P values according to one-way ANOVA. (F) FLIP of GFP-BAK without (solid black line) and with overexpressed HK1 (blue), HK2
(green), and BCL-xL (red, obscured by HK1/2) ± SEM from 92 (−), 88 (+HK1), 93 (+HK2), or 94 (+BCL-xL) ROI measurements. Fluorescence of the neighboring cell
served as control (broken line). (G) GFP-BCL-xL retrotranslocation velocity without (gray, −) and with overexpressed HK1 or MCL-1 ± SD P values according to
one-way ANOVA. (H) Transient interactions with prosurvival BCL-2 proteins (e.g., BCL-xL, red) or HK1/2 (blue) accelerate retrotranslocation of BAX/BAK
(yellow) from the OMM into the cytosol.
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compromised HK1 D657A or HK2 D209/657A (Fig. 2 C and D).
These results suggest glucose phosphorylation-independent BAX
retrotranslocation.
However, reduced BAX retrotranslocation rates due to catalyti-

cally impaired hexokinases may indicate reduced mitochondrial
hexokinase presence (SI Appendix, Fig. S7). HK2-GFP largely
colocalized with mitochondria (Pearson’s coefficient r = 0.846),
whereas HK2-GFP D209/657A was shifted to the cytosol (Pearson’s
coefficient r = 0.633). Mitochondrial hexokinase localization can be
inhibited by peptides mimicking the N-terminal transmembrane

domains (TMDs) (30). Hexokinase TMD-derived peptides reduced
BAX shuttling velocity and the amount of shuttled BAX (Fig. 2 E
and F). Consequently, hexokinase TMD-derived peptides induced
OMM permeabilization in a concentration-dependent manner by
shifting hexokinases from mitochondria until BAX and BAK were
active (Fig. 2G and SI Appendix, Figs. S8–S10). The induction of
OMM permeabilization by hexokinase TMD-derived peptides
parallels BCL-xL TMD effects (SI Appendix, Fig. S11). Notably, the
BCL-xL TMD can bind BAX molecules and decrease their likeli-
hood of being activated (31) but also compete with full-length
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Fig. 2. Mitochondrial hexokinase inhibits apoptosis. (A) Retrotranslocation of BAX from isolated mitochondria after pretreatment of cells with either glucose
(Glc, red) or 2-deoxy-D-glucose (2-DG, blue). n = 3. (B) BAX shuttling velocity from isolated mitochondria in the presence of Glc or G-6P. n = 3. (C) FLIP of GFP-
BAX without (blue line) and with overexpressed HK1 D657A (red line) ± SEM from 122 (−) or 117 (+HK1 D657A) ROI measurements. The neighboring cell
served as control (solid black line). (D) GFP-BAX retrotranslocation without (gray, −) and with overexpressed HK1 (light blue) wild-type or D657A as well as
HK2 (dark blue) wild-type or D209/657A ± SD P values according to one-way ANOVA. (E) BAX shuttling from isolated mitochondria without (•, black) or with
100 (○, red) or 200 μM (▼, blue) of HK1 TMD peptide. (F) BAX retrotranslocation from isolated mitochondria without (light gray, −) or with HK1 TMD peptide
(light blue) or 200 μM HK2 TMD peptide (dark blue) or 200 μM Fis1 TMD peptide (dark gray, negative control). (G) OMM permeabilization of isolated mi-
tochondria without (−) or with 25, 100, or 250 μM of either HK1, HK2, or Fis1 TMD peptide, monitored by cyt c release into the supernatant (SN). The mi-
tochondrial fraction (P) and VDAC served as controls. (H) Caspase 3/7 activity in HCT116 BCL-2allKO cells with (black, −) and without (gray) ectopic BAX
expression with and without overexpressed BCL-xL (red), HK1 (light blue, either wild-type or N-terminal TMD), or HK2 (dark blue, either wild-type or
N-terminal TMD) ± SD. n = 3. P values according to one-way ANOVA. (I) BN-PAGE of isolated mitochondria with (+) or without (−) apoptosis induction through
BCL-2/BCL-xL inhibition by the BH3 mimetic ABT-737of attached (A) and detached (D) and therefore apoptotic cells. The apparent molecular weight (MW) is
indicated.
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BCL-xL for BAX binding at high concentrations and therefore
favor BAX activation (32). In parallel, TMD-derived peptides com-
peted with endogenous hexokinases and interfere with hexokinase-
dependent BAX/BAK inhibition.
Hexokinase TMDs alone are insufficient to inhibit BAX/BAK.

Therefore, ectopic expression of either HK1 or HK2 but not the
respective TMDs inhibited GFP-BAX expression-mediated ap-
optosis in HCT116 cells lacking 17 members of the BCL-2 family
(Fig. 2H and SI Appendix, Fig. S12) (33). The blue native poly-
acrylamide gel electrophoresis (PAGE) analysis of mitochondrial
complexes shows further similarities between HK1/2 and pro-
survival BCL-2 proteins: mitochondrial complexes of BCL-xL,
HK1, and HK2 depended on VDAC2 and accumulated in at-
tached cells in the presence of apoptotic stimuli (Fig. 2I and SI
Appendix, Figs. S13–S15) (29). However, BAX/BAK retro-
translocating proteins were not present in the same complexes
and therefore lack stable interactions.

Hexokinase binding to VDAC can be inhibited by the small
molecule Clotrimazole (CLZ) (34). VDAC inhibitors such as
CyclosporinA (CsA) and 4,4′-diisothiocyanostilbene-2,2′-disul-
fonic acid (DIDS) also alter mitochondrial hexokinase associa-
tion. CsA, like CLZ, shifted HK1 from the mitochondria and
increased OMM permeabilization, whereas DIDS had the ad-
verse effects (SI Appendix, Figs. S16 and S17). Therefore, mi-
tochondrial hexokinases but not glucose phosphorylation
accelerate BAX/BAK retrotranslocation and confer apoptosis
resistance.

Hexokinase-Dependent BCL-2 Protein Shuttling Inhibits Death
Receptor–Mediated Apoptosis. Inhibition of OMM permeabiliza-
tion by mitochondrial hexokinases suggests that hexokinase locali-
zation regulates apoptosis. Predominantly cytosolic hexokinases in
the presence of either CLZ or CsA should increase susceptibility to
apoptosis, whereas increased mitochondrial hexokinase in the
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Fig. 3. Mitochondrial hexokinases protect cells from death receptor-mediated apoptosis. (A–E) Caspase 3/7 activity after apoptosis induction by Doxorubicin
(Doxo, A), ActinomycinD (ActD, B), Staurosporine (STS, C), FasL (D), or TRAIL (E) without (DMSO, gray, −) or with CLZ (red), CsA (orange), or DIDS (blue) ± SD.
n = 3. P values are> 0.001 (****), 0.001 to 0.005 (***), 0.005 to 0.01 (**), and 0.01 to 0.05 (*) according to one-way ANOVA. (F–H) Clonogenic HCT116 cell
survival following TRAIL, Actinomycin D (ActD, G), or Doxorubicin (Doxo, H) treatment without (DMSO, gray, −) or with CLZ (red), CsA (orange), or DIDS
(blue) ± SD. n = 3. P values are > 0.001 (****), 0.001 to 0.005 (***), 0.005 to 0.01 (**), and 0.01 to 0.05 (*) according to one-way ANOVA. (I) Caspase 3/7 activity
in the presence of HK1/2 siRNA (green) or control siRNA (black) without (−) and with apoptosis induction by TRAIL ± SD. n = 3. P values are > 0.001 (****) and
0.005 to 0.01 (**) according to one-way ANOVA. Noteworthy, HK1/2 siRNA results in a predominant reduction of HK1 levels, while expression regulation of
HK2 diminishes HK2 level reduction in the presence of HK1 siRNA. Functional redundancy of HKs suggests similar effects by level reduction of both
hexokinases.
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presence of DIDS is anticipated to reduce cellular apoptosis
predisposition. However, Doxorubicin-induced apoptosis was not
influenced by altered hexokinase localization (Fig. 3A). Similarly,
neither predominantly mitochondrial hexokinase localization in
the presence of DIDS nor largely cytosolic localization of hexo-
kinases with CLZ or CsA produced a tendency in Actinomycin D–

or Staurosporine-induced apoptosis (Fig. 3 B and C). Strikingly,
increased cytosolic hexokinase localization caused enhanced cas-
pase activation when apoptosis was induced by the death receptor
ligand FasL (Fig. 3D). In addition, hexokinase shifted to the mi-
tochondria resulted in the tendency toward reduced apoptosis
commitment. Therefore, hexokinase localization could specifically
regulate death receptor–induced apoptosis.
TRAIL-induced apoptosis supports this possibility: increased

cytosolic hexokinase localization resulted in enhanced caspase
activation by the death receptor ligand, while increased mito-
chondrial hexokinase protected cells from TRAIL (Fig. 3E).
Shifting hexokinase to the mitochondria also protected U2OS
cells against TRAIL-induced apoptosis, while increased cytosolic
hexokinase localization amplified apoptotic response (SI Appen-
dix, Fig. S18). In parallel to HCT116 cells, mitochondrial hexo-
kinase localization failed to protect U2OS cells from intrinsic
apoptotic stress induced by Actinomycin D or Doxorubicin and
cytosolic hexokinase did not produce increased apoptosis as well
(SI Appendix, Fig. S19).
We then tested whether differences in caspase activity

changed apoptosis kinetics or translated into altered cell fates by
assaying clonogenic survival. Again, TRAIL-induced apoptosis
was significantly enhanced when hexokinases were shifted toward
the cytosol and increased mitochondrial hexokinase produced a
tendency to greater apoptosis resistance (Fig. 3F). In contrast,
hexokinase localization did not influence cell death in response to
intrinsic stress induced by Actinomycin D or Doxorubicin (Fig. 3
G and H). The role of hexokinases in apoptosis inhibition is
supported by small interfering RNA (siRNA)-induced apoptosis
(SI Appendix, Figs. S20 and S21). TRAIL-induced apoptosis is
further enhanced when HK1/HK2 expression is diminished (Fig.
3I and SI Appendix, Figs. S22 and S23). Therefore, mitochondrial
hexokinases protect cells specifically from death receptor–mediated
apoptosis.

Hexokinase-Dependent Retrotranslocation Inhibits tBID. Receptor-
mediated apoptosis is linked to the mitochondrial pathway
through the cleavage of the BH3-only protein BID. We tested the
potential inhibition of tBID-dependent apoptosis by hexokinases,
using a defined setting with BAX, BCL-xL, and tBID or the BH3-
only protein BIM as the only present BCL-2 proteins in BCL-
2allKO cells. Overexpression of BAX alone commits BCL-2allKO
cells to apoptosis, preventing BAX expression to levels detectable
by Western blot (33). Therefore, additional BCL-xL expression is
required for cell survival and BAX expression to detectable levels.
When only tBID could induce apoptosis, a CLZ-mediated hexoki-
nase shift toward the cytosol profoundly enhanced commitment to
apoptosis (Fig. 4 A and B and SI Appendix, Fig. S24). Hexokinases
could only partially inhibit overexpressed BAX in BCL-2allKO cells
(Fig. 4C). Reduced inhibition of BAX-induced caspase activity, poly
ADP ribose polymerase (PARP) cleavage and loss in membrane
potential by HK1/2 compared to BCL-xL shows lower potency of
hexokinases to inhibit BAX. Reduced BAX inhibition by HK1/2
also explains lower BAX expression when only hexokinases are
present (SI Appendix, Figs. S25–S27). In parallel to BAX/BAK in-
hibition by hexokinases, protection against tBID-induced cell death
required mitochondrial association of full-length hexokinase
(Fig. 4 D–F and SI Appendix, Figs. S27). The discrepancy between
hexokinase- and BCL-2 protein–dependent cell protection and
accelerated BAX/BAK shuttling (Fig. 1) suggests the involvement
of an additional apoptosis inhibition mechanism. Since tBID binds

the OMM (35), we tested the effect of HK1 on BH3-only protein
shuttling. Strikingly, HK1 accelerates the retrotranslocation of tBID,
while BCL-xL inhibits tBID shuttling from the mitochondria
(Fig. 5 A–C). In contrast, hexokinases did not influence BIM or
PUMA shuttling (Fig. 5 D–I). Therefore, mitochondrial hexokinases
inhibit apoptosis by two different shuttling mechanisms: effector
inhibition through BAX/BAK retrotranslocation and activator inhi-
bition by specifically retrotranslocating mitochondrial tBID.

Hexokinases form BAX/BAK and tBID Retrotranslocation Complexes
Dependent on BH3 Binding. Hexokinase-dependent retrotranslocation
suggests that mitochondrial localization and specific interactions
between hexokinase and BCL-2 proteins are required for BCL-2
protein shuttling. Shifting hexokinases toward the cytosol inhibited
hexokinase-dependent tBID retrotranslocation (Fig. 6 A and B).
This parallels BAX retrotranslocation (Fig. 6C). The BH3 mi-
metic ABT-737 also reduced tBID retrotranslocation but has no
further effect in the presence of CLZ. ABT-737-mediated inhi-
bition of tBID retrotranslocation could result from competition
between the BH3 mimetic and the BH3-only protein for hexoki-
nase binding. The binding of hexokinases to the BH3 motif could
explain why hexokinases can retrotranslocate BAX, BAK, and
tBID, while differences in the BH3 motif could prevent BIM
shuttling. We tested this hypothesis by analyzing potential inter-
actions between HK1 and the BH3-only proteins tBID and BIM
(Fig. 6D). tBID and BIM formed complexes with HK1. BCL-xL
increased the pool of tBID-bound HK1. CLZ, on the other hand,
prevented interactions between both BH3-only proteins and HK1,
but BCL-xL-binding to tBID and BIM remained undisrupted
(Fig. 6D). The inhibitory effect of CLZ, CsA, and ABT-737 on
transient interactions between HK1 and BirA-tBID corroborates
disruption of hexokinase-dependent apoptosis inhibition by these
small molecules (Fig. 6E). Interestingly, hexokinase localization
affected transient interactions with BCL-xL similarly that could
play a role in the interdependent regulation of proteins regulating
BAX (Fig. 1) but not retrotranslocation of BAX or tBID (Figs. 4
and 5). The role of the BH3 motif in hexokinase interactions with
the BCL-2 family is corroborated by reduced interactions between
hexokinases and BAX variants lacking the BH3 motif or containing
the triple alanine substitution 63–65A (Fig. 6F). Together the ret-
rotranslocation of BAX, BAK, and tBID, the inhibitory effect of
ABT-737 on interactions, binding to BID, BIM, and BAX, and the
disruptive effect of BAX BH3 variants on hexokinases suggest that
hexokinases interact via the BH3 motif with BCL-2 proteins. Mi-
tochondrial hexokinases reduce the cellular predisposition to BAX/
BAK activation and inhibit death receptor–mediated apoptosis via
effector retrotranslocation of BAX/BAK and shuttling of the
activator tBID (Fig. 6F).

Discussion
Hexokinase-dependent retrotranslocation of tBID, BAX, and BAK
from the mitochondria into the cytosol is an example of dynamic
BCL-2 protein shuttling from the OMM by non–BCL-2 proteins.
Through selective inhibition of tBID, hexokinase-dependent retro-
translocation is a direct countermeasure to mitochondrial apoptosis
in response to death receptor signaling. Death ligand–induced mi-
tochondrial apoptosis by cytotoxic T cells requires inhibition of
tBID and BAX/BAK retrotranslocation in addition to caspase-
mediated BID cleavage. Therefore, hexokinase-dependent retro-
translocation contributes to cell-to-cell differences in apoptosis in-
duction and increases resistance to TRAIL and FasL. tBID-specific
inhibition by hexokinases also illuminates the previously recognized
cell type–specific differential apoptosis induction by tBID and BIM
(36, 37). Differences in tBID/BIM activities could manifest in some
tissues but be absent from others (38), depending on the tBID
retrotranslocation rate. Accelerated BAX/BAK retrotranslocation
by ectopic hexokinase expression also supports a “primed to death”
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scenario (39, 40). Although hexokinases accelerate BAX/BAK
shuttling, BAX/BAK retrotranslocation enhanced to the same rates
by either hexokinases or prosurvival BCL-2 proteins involves
hexokinase-dependent tBID retrotranslocation in turn freeing pro-
survival BCL-2 proteins to shuttle BAX and BAK into the cytosol.
Therefore, hexokinases play a central role in preventing receptor-
mediated apoptosis predominantly by tBID retrotranslocation.
BAX/BAK retrotranslocation is dominated by prosurvival BCL-2
proteins. Consequently, minor hexokinase-dependent effects were
observed in intrinsic apoptosis that could result from direct BAX/
BAK regulation or/and from shuttling unleashed tBID from the
mitochondria. Since BID is also a substrate of caspase-2 and may
thus mediate endoplasmic reticulum (ER) stress or DNA damage
signaling to the mitochondria, hexokinase-dependence could con-
tribute to tBID inhibition following intrinsic stress signals (41, 42).
However, significant apoptosis inhibition by hexokinases occurred
only in response to death receptor signaling.
Retrotranslocation of BCL-2 effector and activator proteins

requires mitochondrial hexokinases that form VDAC2-dependent
complexes like prosurvival BCL-2 proteins (29). Different BN-
PAGE complex sizes suggest that stable complexes contain either
hexokinases or prosurvival BCL-2 proteins. However, transient
interactions during tBID/BAX/BAK retrotranslocation remain
possible, as the presence of BCL-xL influences tBID binding to
hexokinases. These interactions could regulate the overall pool of
proteins retrotranslocating BAX and BAK. Thereby, a stable
mitochondrial BAX pool perhaps required for mitochondrial

dynamics could be ensured. The nature of mitochondrial hexoki-
nase complexes suggests the potential involvement of other factors
and processes, including the cellular glucose metabolism. Never-
theless, the Glc-to–G-6P conversion is dispensable for hexokinase-
dependent BCL-2 protein retrotranslocation. BCL-2–dependent
BAX retrotranslocation involves interactions between its BH3
motif and the hydrophobic groove of prosurvival BCL-2 proteins
(12). Hexokinase-dependent tBID/BAX/BAK retrotranslocation
differs necessarily from this mechanism, because hexokinases lack
a corresponding hydrophobic groove. However, our interaction
studies and the shuttling of BAX, BAK, and tBID suggest the
recognition of the BH3 motif by hexokinases. Additional inter-
action sites could discriminate between tBID and BIM during
retrotranslocation, since BH3-binding might mediate interactions
between BIM and hexokinases. Furthermore, binding of the BCL-
2 protein to the cytosolic hexokinase domains are critical, as the
hexokinase TMDs are insufficient to inhibit apoptosis. Inhibition
of tBID shuttling by BCL-xL further emphasizes the unique
character of hexokinase-dependent tBID retrotranslocation. The
reduced rate of tBID shuttling in the presence of BCL-xL not only
contrasts with BAX/BAK retrotranslocation but also supports the
presence of OMM-embedded complexes between tBID and pro-
survival BCL-2 proteins (43, 44). Our results support a role of
embedded tBID/BCL-xL in reducing the capacity of BCL-xL to
retrotranslocate BAX and BAK and thus increase apoptosis pre-
disposition of the cell (14). The inverse scenario with embedded
complexes inhibiting tBID-dependent BAX activation is unlikely

A B C

D E F

Fig. 4. Mitochondrial hexokinases inhibit tBID-dependent apoptosis. (A) Caspase 3/7 activity in HCT116 BCL-2allKO cells following expression (mock – con) of
BAX, BCL-xL (−), and either tBID or BIM without (blue) or with CLZ (red) ± SD. n = 3. P values are according to one-way ANOVA. (B) PARP cleavage of cells in A
after expression of BAX, BCL-xL, and either tBID or BIM without (DMSO, −) or with CLZ. β-actin served as control. n = 3. (C) Protein levels of HK1 (endogenous
and ectopically expressed), BCL-xL, and GFP-BAX in HCT116 BCL-2allKO ectopically expressing GFP-BAX alone (−), GFP-BAX and BCL-xL (BCL-xL), GFP-BAX and
HK1 (HK1), and GFP-BAX and HK2 (HK2). n = 3. β-actin served as control. (D) Caspase 3/7 activity measurement in HCT116 BCL-2allKO cells without (gray) or
with overexpressed GFP-BAX in the absence (black, −) or the presence of HK1 (light blue, wild-type, or lacking the N-terminal TMD [ΔTMD]) or BCL-xL (red) ±
SD. Increased caspase activity in the presence of ectopic tBID expression in HCT116 BCL-2allKO cells over-expressing GFP-BAX and BCL-xL (orange) is decreased
by additional overexpression of HK1 (purple, wild-type, or lacking the N-terminal TMD [ΔTMD]). n = 3. P values according to one-way ANOVA. (E) PARP
cleavage of HCT116 BCL-2allKO cells over-expressing GFP-BAX, BCL-xL, and tBID in the absence (−) or the presence of either overexpressed HK1 or overex-
pressed HK2 (wild-type or the N-terminal TMD [TMD]). β-actin served as control. n = 3. (F) Relative cleaved PARP/PARP ratio of samples depicted in E. P values
are according to one-way ANOVA.
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Fig. 5. Hexokinases selectively retrotranslocate tBID from the mitochondria. (A, D, and G) FLIP measurements of GFP-tagged tBID (A), BIM (D), or PUMA (G) in
the absence (Top) and the presence of overexpressed HK1 (center) or BCL-xL (Bottom) diminished GFP fluorescence in the cytosol of targeted cells (circled),
and GFP-tagged BH3-only proteins were detected on the mitochondria (arrowheads). Time is in seconds. (Scale bar [white bar], 10 μm.) (B, E, and H) FLIP of
GFP-tagged BH3-only proteins tBID (B), BIM (E), or PUMA (H)) without (gray) and with overexpressed HK1 (blue) and BCL-xL (red). Fluorescence of the
neighboring cell is shown as control (black). (C) Retrotranslocation of GFP-tBID in HCT116 BAX/BAK DKO cells with or without (gray, −) ectopically expressed
HK1 (blue) or BCL-xL (red) ± SD from 337 (−), 354 (+HK1), or 200 (+BCL-xL) ROI measurements. n = 3. P values are according to one-way ANOVA. (F) GFP-BIM
shuttling in HCT116 BAX/BAK DKO cells with or without (gray, −) overexpressed HK1 (blue) or BCL-xL (red) ± SD from 182 (−), 180 (+HK1), or 138 (+BCL-xL) ROI
measurements. n = 3. (I) GFP-PUMA retrotranslocation in HCT116 BAX/BAK DKO cells with or without (gray, −) overexpressed HK1 (blue) or BCL-xL (red) ± SD
from 116 (−), 146 (+HK1), or 108 (+BCL-xL) ROI measurements. n = 3.
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based on tBID inhibition by transient hexokinase-dependent ret-
rotranslocation. Formation of embedded BCL-xL complexes could
be particularly prominent for tBID, as the BH3 mimetic ABT-737
does not inhibit BCL-xL shuttling (12, 45). Hexokinase-dependent
tBID retrotranslocation could play an important role in the
clearance of particularly cancer cells by the immune system.

Materials and Methods
Cell Culture and Transfection. HCT116 wild-type cells, HCT116 BAX/BAK
double knock-out (DKO) cells, HCT116 BCL-2allKO cells, and U2OS wild-type
cells were cultured in McCoy’s 5A medium supplemented with 10% heat-
inactivated fetal bovine serum and 10 mM Hepes pH 7.3. Mouse embryonic
fibroblasts (MEF) cells, MEF BAX/BAK DKO cells, and MEF VDAC2 knock-out
(KO) cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) and
supplemented with 10% heat-inactivated fetal bovine serum and 10 mM

Hepes pH7.3. All cell lines were cultured in 5% CO2 at 37 °C in humified
incubator.

Cells were seeded in 6-well plates or dishes and grown for 24 to 48 h. Cells
were transfected using Turbofect reagent (Thermo Fisher Scientific) according
to manufacturer’s instructions. Empty vectors served as control in all compar-
ative experiments. Cotransfections with pcDNA3.1, HK1, HK2, BCL-xL, tBid, and
Bim constructs were performed in 1:3 or 1:6 ratios. Cells were incubated for 4
to 6 h and then subjected to FLIP measurements, confocal imaging, or treat-
ments. The experiments were performed with transient protein expression to
avoid high protein levels resulting from stable or prolonged transient protein
expression and resulting cell stress response (13).

FLIP Measurements. HCT116 Bax/Bak DKO cells were seeded on a Lab-TekTM
chambered coverglass system (VWR) and incubated for 24 to 48 h in McCoy’s
5A medium. Cells were transfected with GFP-tagged constructs containing
the HK1, HK2, BAX, BAK, tBid, Bim, or Puma coding sequence (CDS) using

A

B C

D

E

F G

Fig. 6. Hexokinases interact with the BH3 motif during BCL-2 protein retrotranslocation. (A) FLIP measurements of GFP-tagged tBID in the presence of
overexpressed HK1 without (Top) or with CLZ (second row), ABT-737 (third row), or both (Bottom) diminished GFP fluorescence in the cytosol of targeted cells
(circled), and GFP-tagged tBID was detected on the mitochondria (arrowheads). Time is in seconds. (Scale bar [white bar], 10 μm.) (B) GFP-tBID shuttling in
HCT116 BAX/BAK DKO cells with HK1 overexpression without (DMSO, −) or with CLZ (12 μM) and/or ABT-737 (10 μM, ABT) ± SD from 155 (−), 150 (+CLZ), 138
(+ABT), or 119 (+CLZ/ABT) ROI measurements. n = 3. P values are according to one-way ANOVA. C) GFP-BAX retrotranslocation in HCT116 BAX/BAK DKO cells
without (DMSO, −) or with CLZ (12 μM) ± SD from 98 (−) or 116 (+CLZ) ROI measurements. n = 3. P values are according to one-way ANOVA. (D) Immu-
noprecipitation of either GFP-fused BIM, GFP-fused tBID, or GFP alone (−) in HCT116 BCL-2allKO cells analyzed for binding of endogenous HK1 or coexpressed
BCL-xL without (DMSO, −) and with CLZ treatment by Western blot. n = 3. (E) Ectopic expression of HK1-BirA or BirA alone labeled transient interaction
partners with biotin in HCT116 cells. HK1-interacting proteins were analyzed for the presence of GFP-tBID and BCL-xL without (DMSO, −) and with treatment
with CLZ, CsA, DIDS, and ABT by Western blot. HK1-BirA and BirA was analyzed using anti-myc antibodies. n = 3. (F) IP of myc-fused BAX ΔTMD (lacking the
C-terminal TMD), wild-type BAX, BAX 63–65A, or BAX ΔBH3 (lacking the BH3 domain) expressed in HCT116 BAX/BAK DKO cells and analyzed for binding of
endogenous HK1 or HK2 by Western blot. n = 3. (G) Hexokinase-dependent BCL-2 protein retrotranslocation protects cells from BAX/BAK activity directly via
effector inhibition and indirectly via activator inhibition. BAX/BAK (yellow) are retrotranslocated directly by hexokinases (blue), inhibiting BAX/BAK acti-
vation. Therefore, hexokinase activity prevents OMM permeabilization and commitment to apoptosis. In addition, specific inhibition of the activator tBID by
hexokinases counteracts receptor-mediated apoptosis. Mitochondrial tBID (green) inhibits BAX/BAK (yellow) retrotranslocation into the cytosol by competing
with BAX and BAK for prosurvival BCL-2 protein (red) interactions, forming OMM-embedded complexes with BCL-xL. Mitochondrial HK1/2 (blue) selectively
retrotranslocates tBID into the cytosol and counteracts BAX/BAK activation in response to death receptor–mediated apoptosis.
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Turbofect reagent (Thermo Fisher Scientific) according to manufacturer’s
instructions.

FLIP experiments were performed as described previously (12). For each
measurement, one cell expressing GFP-tagged protein in the neighborhood of
at least one labeled cell was selected. Cells were imaged prior to bleaching
using a Zeiss LSM 510 DUO inverted, high-speed confocal microscope equipped
with a three-channel and Meta detector and an LCI-Plan Neofluor 63× lens. A
single spot in the analyzed cell was repeatedly bleached with 20 iterations
using a 488-nm laser line (75 to 100% output). After each bleaching cycle, two
pictures were collected. One FLIP experiment was completed after 10 cycles of
repeated bleaching and image acquisition. The Zeiss ZEN 2010 software was
used to analyze the fluorescence loss on the mitochondria of the selected cell.
Additionally, an unbleached control cell was monitored during the measure-
ment and used to exclude any photobleaching events that may occur during
image acquisition.

Confocal Microscopy. HCT116 wild-type cells were seeded on coverslips coated
with Poly-L-lysine (Sigma-Aldrich) in McCoy’s 5A medium. After 48 h incubation,
cells were transfected using Turbofect (Thermo Fisher Scientific) according to
manufacturer’s instructions. Then, cells were incubated with MitoTracker Deep
Red FM (Thermo Fisher Scientific) for 10 min at 37 °C and fixed with 4% para-
formaldehyde (PFA) for 10 min at room temperature. Finally, samples were
mounted in Vectashield mounting medium (Linaris) and imaged using a ZEISS
LSM 510 DUO with inverted microscope Axiovert 200 equipped with 488 and
633 nm lasers lines and a 63× PlanFluor lens.

Whole-Cell Lysis, Subcellular Fractionation, and In-Organelle Retrotranslocation
Assay. Cells without ectopic protein expression were harvested, washed with
phosphate-buffered saline (PBS), and incubated in cell lysis buffer (20 mM
Tris pH7.4, 100 mM NaCl, 1 mM EDTA, 0.5% Triton X-100, and protease in-
hibitor mix) for 15 min on ice. After clearing the whole-cell extracts by
centrifugation at 15,000 × g for 10 min at 4 °C, the resulting supernatants
were either used in caspase 3/7 activity assays or subjected to acetone pre-
cipitation. Dried precipitation pellets were boiled in sodium dodecyl sulfate
(SDS) sample buffer for 5 min at 95 °C and subsequently analyzed via SDS-
PAGE and Western blot.

For subcellular fractionation into cytosolic and heavy membrane fractions
cells were harvested, washed with PBS, and cell pellets resuspended in SEM
buffer (10 mM Hepes pH 7.2, 250 mM sucrose) supplemented with protease
inhibitors. After 10 min incubation on ice, cells were broken by two rounds of
10 passages through a 25G needle (Braun) fitted on a 1-mL syringe (Braun).
After each round, the lysate was cleared from debris and unbroken cells by
centrifugation for 5 min at 1,000 × g, and the supernatant of both steps was
collected and pooled. The suspension was centrifuged at 10,000 × g at 4 °C
for 10 min. The resulting pellet, representing the heavy membrane fraction,
was washed two times in SEM buffer and one time in KCl buffer (125 mM
KCl, 4 mM MgCl2, 5 mM Na2HPO4, 5 mM succinate, 0.5 mM EGTA, 15 mM
Hepes–KOH, and pH 7.4), supplemented with protease inhibitors. The su-
pernatant, representing the cytosolic fraction, was cleared at 150,000 × g at
4 °C for 30 min. The cytosolic fraction was acetone-precipitated, the pellets
of both fractions boiled for 5 min at 95 °C in SDS sample buffer, and applied
to SDS-PAGE and Western blot analysis. The in-organelle retrotranslocation
assays were performed as previously described (28).

Mitochondrial Outer Membrane Permeabilization (MOMP) Assay. Isolated mito-
chondria of HCT116 wild-type cells without ectopic protein expression were
preincubated with either 10 μM Cyclosporin A or 50 μM DIDS (Sigma) for
30 min at 4 °C, followed by a 10 min incubation at 37 °C with or without 1 nM
tBID (R&D Systems). Controls containing the same amount of solvent were
incubated at 37 °C in parallel.

Isolated mitochondria of MEF wild-type and MEF Bax/Bak DKO were in-
cubated with 25, 100, or 250 μM of selected peptides for 1 h at 37 °C. As
control, mitochondria were incubated with the solvent either on ice or at
37 °C. Subsequently, mitochondria and supernatant were separated at
13,000 × g at 4 °C for 5 min, and both fractions were subjected to Western
blot analysis.

Clonogenic Survival Assay. HCT116 cells were seeded in 6-well plates. Cells
were treated with either TRAIL (0.01 ng/μl to 1 ng/μl), Actinomycin D (0.01 μM
to 1 μM), or Doxorubicin (0.01 μM to 1 μM) in the presence or the absence of
12 μM CLZ, 10 μM Cyclosporin A, or 50 μMDIDS for 24 h. Cells incubated with
inhibitor solvent served as control. After an additional 24 h, recovery cells
were replated in a 1:800 dilution. After 7 d incubation, surviving colonies

were fixed with 4% PFA in PBS and stained with 1% methylene blue in 50%
methanol. Colony numbers were determined via particle count using ImageJ
software (NIH) and normalized to solvent controls.

Caspase 3/7 Activity Assay. HCT116 cells were treated with either TRAIL
(0.03 ng/μl, 0.1 ng/μl, and 0.3 ng/μl), hexameric FasL (1 ng/mL, 3 ng/mL, and
10 ng/mL), Actinomycin D (0.1 μM, 0.3 μM, and 1 μM), or Doxorubicin (0.1
μM, 0.3 μM, and 1 μM) in the presence or the absence of 12 μM CLZ, 10 μM
cyclosporin A, or 50 μMDIDS for 24 h. U2OS wild-type cells were treated with
0.3 ng/μL TRAIL (Sigma-Aldrich) for 4 h or with 1 μM Actinomycin D or 5 μM
Doxorubicin for 16 h.

HCT116 BCL-2allKO cells were transfected with 250 ng pcDNA3.1-BAX, 2 μg
pcDNA3.1-BCL-xL, and 1 μg pcDNA3.1-tBid or Bim plasmid for 16 h. Cells were
treated in parallel with either 12 μM CLZ or solvent (dimethylsulfoxide [DMSO]).
To test the inhibitory effect of hexokinase overexpression, HCT116 BCL-2allKO
cells were transfected with 250 ng pcDNA3.1-BAX plasmid alone or cotransfected
with either 250 ng pcDNA3.1 BCL-xL or 4.5 μg pcDNA3.1-HK1 or -HK2 plasmid
for 6 h.

At indicated time points, caspase-3/7 measurements were performed as
described before (13). Whole-cell lysate was incubated with caspase 3/7
substrate (BD Pharmingen) in 100 mM Hepes, pH 7.4 and 2 mM dithio-
threitole (DTT) for 60 min at 37 °C. Generation of the fluorescent caspase 3/7
substrate cleavage product was measured for 40 times at 2-min intervals
with an excitation wavelength of 380 nm and an emission wavelength of
460 nm at 30 °C. The slope of the linear substrate cleavage reaction kinetic
was determined and normalized to the protein concentration, as measured
by Bradford assay (Roth).

HCT116 BCL-2allKO cells were seeded 1 d prior to transfection. HCT116 BCL-
2allKO cells were transfected with 250 ng pcDNA3.1-BAX, 500 ng YFP-tBID,
and 250 ng pcDNA3.1 BCL-xL plasmid or cotransfected with either 4.5 μg
pcDNA3.1-HK1 or -HK2 or 4.5 μg pcDNA3.1-HK1 or -HK2 tail (aa 1 to 12)
plasmid for 6 h.

Analysis of Native Protein Complexes. Isolated mitochondria were solubilized in
2% digitonin buffer (20 mM Tris·HCl, pH 7.4, 50 mM NaCl, 0.1 mM EDTA, 10%
[vol/vol] glycerol, 2% [wt/vol] digitonin, and 1 mM phenylmethylsulfonylfluoride
[PMSF]) at 4 °C for 30 min. Insoluble material was removed by centrifugation
(13,000 × g, 5 min, 4 °C), and the mitochondrial extracts were applied to blue
native PAGE (46). Mitochondrial protein complexes were separated using 4 to
13% continuous polyacrylamide gradient gels and were subsequently blotted
onto a polyvinylidendifluoride (PVDF) membrane for Western blot analysis.

BioID Assay.HCT116 cells were transfectedwith pcDNA3-mycBioID-BAXplasmid
for 24 h in the presence of 50 μM biotin and 10 μM QVD, resulting in myc-
tagged BirA-BAX fusion expression. Cells were harvested, washed with PBS,
and the cell pellet was lysed in SEM buffer (10 mM Hepes, pH7.2 and 250 mM
sucrose) containing 0.2% Triton X-100 and complete proteinase inhibitor mix
(Roche). Cell lysate was cleared via centrifugation at 120,000 × g at 4 °C for
30min, applied to a concentrator column (Vivaspin 3000molecular weight cut-
off (MWCO), GE Healthcare) and washed by passing 14 volumes of washing
buffer (100 mM Tris HCl, pH 8.0, 150 mMNaCl, 5 mM EDTA, 0.1% Triton X-100,
and complete proteinase inhibitor mix, Roche) through the concentrator col-
umn. After separating an input sample, (2.5%) the remaining lysate was in-
cubated with streptavidin agarose beads (Thermo Fisher) at 4 °C overnight.
Then beads were washed four times with washing buffer and boiled in SDS
sample buffer. Input and bead samples were resolved on a 10% SDS-PAGE and
analyzed via Western blot for the indicated proteins.

Hexokinase Knockdown. HCT116 wild-type cells were seeded one day prior to
transfection. Cells were transfected using Lipofectamine 2000 reagent (Life
Technologies) according to manufacturer’s instructions. Cotransfection with
200 nM HK1 siRNA (Thermo Fisher Scientific) and 100 nM HK2 siRNA or with
the corresponding control siRNA (Cell Signaling Technology; Thermo Fisher
Scientific) were performed. Cells were cultivated for two days before the
cells were treated with 0,03 ng/μl TRAIL for 1h.

Immunoprecipitation. HCT116 BAX/BAK DKO cells were transfected with an
empty cDNA3-mycBioID plasmid or cDNA3-mycBioID-BAX plasmids (wild-type,
dC, 63–65A, dBH3) or YFP-tBid, YFP-Bim with and without BCL-xL plasmid as
indicated. When stated, cells were treated with 25 μM CLZ (Sigma-Aldrich) or
solvent control (DMSO) for 4 h. Cells were harvested and washed with PBS
prior to lysis in immunoprecipitation (IP)–solubilization buffer (20 mM Tris, pH
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7.4, 50 mM NaCl, 10% glycerol, and 0.1 mM EDTA) supplemented with 2%
digitonin (MATRIX BioScience GmbH) and proteinase inhibitors. After 20 min
incubation on ice, cells were passaged though a 1-mL syringe (Braun) with a
25G needle (Braun). The cell debris was cleared (15,000 × g, 10 min, 4 °C) and
2.5% of the supernatant were used as input. The lysis was incubated with
washed protein A Sepharose cl-4B beads (GE Healthcare) and GFP antibody
(Novus) or Myc beads (C-myc [9E10] Santa Cruz), at 4 °C overnight. The fol-
lowing day, the beads were washed five times with IP-solubilization buffer
(20 mM Tris, pH 7.4, 50 mM NaCl, 10% glycerol, and 0.1 mM EDTA), supple-
mented with 0,02% digitonin and proteinase inhibitors after centrifugation at
350 × g, 3 min, and 4 °C. Beads were boiled in SDS sample buffer, and input
and IP samples were analyzed by Western blot.

Tetramethylrhodamine, Ethyl Ester (TMRE) Staining. HCT BCL2nullKO cells were
transfected with 250 ng of pEGFP-BAX and 1.5 μg of pYFP and 250 ng
pcDNA3.1 BCL-xL plasmid or cotransfected with either 4.5 μg pcDNA3.1-HK1 or
-HK1dTMD plasmid. Cells were incubated in 100 nM TMRE for 30 min prior to
haverst by trypsination after 6 h. Flow cytometry was performed with a BD
LSRFortessa using the FACSDiva software (BD Biosciences) measuring the GFP-

signal (laser 488 nm, channel 510/20 nm) and the TMRE (PE) signal (laser 561
nm, channel 586/15 nm) collecting 1 × 104 events per sample. Data analysis was
performed using FlowJo version 10.2 (BD Biosciences).

Data Availability.All study data are included in the article and/or SI Appendix.
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