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The cytoplasmand thenucleus havebeen identified as activity
sites for granzyme B (GrB) following its delivery from cytotoxic
lymphocyte granules into target cells. Here we report on the
ability of exogenous GrB to insert into and function within a
proteinase K-resistant mitochondrial compartment.We identi-
fied Hax-1 (HS-1-associated protein X-1), a mitochondrial pro-
tein involved in the maintenance of mitochondrial membrane
potential, as a GrB substrate within the mitochondrion. GrB
cleaves Hax-1 into two major fragments: an N-terminal frag-
ment that localizes to mitochondria and a C-terminal fragment
that localizes to the cytosol after being released from GrB-
treated mitochondria. The N-terminal Hax-1 fragment major
cellular impact is on the regulation of mitochondrial polariza-
tion. Overexpression of wild-type Hax-1 or its uncleavable
mutant form protects the mitochondria against GrB or valino-
mycin-mediated depolarization. The N-terminal Hax-1 frag-
ment functions as a dominant negative form of Hax-1, mediat-
ing mitochondrial depolarization in a cyclophilin D-dependent
manner. Thus, induced expression of the N-terminal Hax-1
fragment results in mitochondrial depolarization and subse-
quent lysosomal degradation of such alteredmitochondria. This
study is the first to demonstrate GrB activity within the mito-
chondrion and to identify Hax-1 cleavage as a novel mechanism
for GrB-mediated mitochondrial depolarization.

The granzyme family of serine proteases are pivotal mediators
of apoptosis utilizedby cytotoxic lymphocytes against targets such
as virus-infected cells and tumor cells (1–6). Granzyme B (GrB)3

exerts its cytotoxic effect after perforin-dependent intracellular
delivery, acting in both cytosolic and nuclear compartments. The
capacity of GrB to initiate a mitochondrial apoptotic cascade that
features permeabilization of the mitochondrial outer membrane
and release of apoptogenic proteins has been tied directly to cleav-
age of Bid (7–10). GrB-generated tBid activates the downstream
executioners of the mitochondrial apoptotic cascade, Bax and/or
Bak (11). However, mitochondria of Bid-deficient cells continue
to release cytochrome c in response to GrB, suggesting the
existence of an alternative mechanism(s). Our recent studies
demonstrated that GrB induces a mitochondrial apoptotic cas-
cadebycleavingMcl-1, anantiapoptoticBcl-2 familymember that
resides on themitochondrial outermembrane in a complexwith a
potent proapoptotic BH3-only protein, Bim. GrB-mediated deg-
radation of Mcl-1 releases sequestered Bim, allowing the execu-
tion of a distinct apoptotic cascade (12, 13). The mitochondrial
function of BH3-only proteins, including Bid and Bim, is strictly
Bax/Bak-dependent (14). Accordingly, Bax/Bak-deficient cells are
relatively resistant to GrB-mediated apoptosis, but mitochondria
continue to undergo significant depolarization that cannot be
attributed to currently describedmechanisms ofGrB-mediated
apoptosis (10, 15, 16).
Mitochondrial polarization (i.e. maintenance of its inner

membrane potential) is ultimately controlled by the mecha-
nisms responsible for the opening of a multiprotein pore, the
permeability transition pore (PTP), at the contact sites between
the outer and the inner mitochondrial membranes (17). The
PTP complex is putatively composed of a voltage-dependent
anion channel at the outer mitochondrial membrane, adenine
nucleotide translocase in the inner mitochondrial membrane,
and cyclophilin D (Cyp-D), a peptidyl-prolyl isomerase in the
mitochondrialmatrix. Recent studies involving knock-outmice
for each of these components provided evidence that only
Cyp-D represents a necessary regulatory component for the
PTP opening mechanism, whereas adenine nucleotide translo-
case and voltage-dependent anion channel participate in the
process to a limited extent (18–22). Disruption in the mito-
chondrial membrane potential (MMP) due to the opening of
the PTP has profound consequences formitochondrial respira-
tion, energy production, and hence, cell survival.
Recent studies have shown that Hax-1 is essential for mainte-

nance of the MMP in myeloid and epithelial cells (23, 24). Hax-1
was originally identified by a yeast two-hybrid screen, associating
with HS-1 (hematopoietic lineage cell-specific protein 1), a major
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substrate for tyrosine kinase activity (25). Hax-1 possesses two
Bcl-2 homology domains BH1 and BH2, a PEST sequence, and a
putative transmembrane domain. In addition, Hax-1 has limited
sequence similarity to BNIP3, a BH3-only protein that is up-regu-
lated in response tooxidative stress.Hax-1 is reportedly cleavedby
the mitochondrial Omi/HtrA2, a serine protease that is released
into the cytosol during apoptosis to antagonize inhibitors of apo-
ptosis (24). Nevertheless, the biological significance of Omi/
HtrA2-mediated Hax-1 cleavage is not fully understood. Hax-1
has also been identified as an endogenous inhibitor of caspase-9 in
cardiac myocytes (26). Furthermore, an autosomal recessive
severe congenital neutropenia resulting from a homozygous germ
line mutation in Hax-1 is associated with increased apoptosis in
myeloid cells (23, 27). Why a null mutation of a ubiquitously
expressed gene causes a myeloid-specific phenotype is unclear.
Current speculation suggests that the tissue-specific effect of
Hax-1may be due to intrinsic differences in the regulation of apo-
ptosis in neutrophils. However, compared with fibroblasts from
normal donors, stressed Hax-1-deficient fibroblasts from severe
congenital neutropenia patients showed amore rapid loss of their
membrane potential, suggesting that Hax-1-mediated stabiliza-
tion of the MMP is not limited to neutrophils (23). Indeed, the
likelihood that Hax-1 acts as a mitochondrial antiapoptotic pro-
tein in other cells has been verified by aHax-1-null mouse model
(28). Loss of Hax-1 resulted in postnatal lethality as well as lym-
phocyte and neuron apoptosis. Hax-1 interacts with mitochon-
drial proteases Parl and Omi/HtrA2. These interactions enable
Hax-1 to present HtrA2 to Parl and thereby facilitate the process-
ing of HtrA2 to an active protease localized in the mitochondrial
intermembrane space. It has been further determined that in lym-
phocytes, the presence of processed HtrA2 delays the accumula-
tion of mitochondrial outer membrane-associated activated Bax.
Promotion of cell survival by Hax-1 was also elucidated in car-
diomyocytes, where it functions in the regulation of calcium sig-
naling through dynamic interactions with phospholamban and
sarcoplasmic reticulum Ca-ATPase (SERCA2a) (29–31). Hax-1
has also been elucidated as a binding target for several viral pro-
teins encoded by Epstein-Barr virus, Kaposi’s sarcoma associated
herpes virus, and human immunodeficiency virus, type 1 (32–35),
but the biological implications of these interactions remain
unclear.
In the current study, we show that GrB is targeted to mito-

chondria and that Hax-1 is processed by GrB within a protein-
ase K-resistantmitochondrial compartment. Hax-1 cleavage by
GrB generates a two-pronged assault on the conservation of the
MMP; it eliminates antiapoptotic full-length Hax-1 and pro-
duces an N-terminal fragment that functions to disrupt the
MMP and to enhance the outermembrane permeability for the
release of apoptogenic proteins.

EXPERIMENTAL PROCEDURES

Reagents and Cell Lines—Human GrB was purified from
cytolytic granules of the human YT NK cell line, as described
previously (36). Human replication-deficient adenovirus (Ad)
was purified from infected 293 cells by the University of Pitts-
burgh Vector Core Facility. Anti-human Mcl-1 Abs were from
Oncogene (Boston, MA) and from Santa Cruz Biotechnology,
Inc. (Santa Cruz, CA); anti-�-actin monoclonal Ab was from

Sigma; anti-BimAbwas fromProSci (Poway, CA); Abs to apop-
tosis-inducing factor (AIF), histone 1, cytochrome c, SMAC,
Hax-1, GrB (for confocal microscopy), LAMP2, and �-tubulin
were from Santa Cruz Biotechnology, Inc.; anti-Xpress mouse
monoclonal Ab for lacZ-encoded protein and anti-Cox IV
monoclonal Abwere from Invitrogen; anti-GrB used for immu-
noblotting was from Serotec (Raleigh, NC); Abs to caspase-3
and Grp75 were from StressGen (Ann Arbor, MI); and Abs to
prohibitin and Cyp-D were from Abcam (Cambridge, MA).
MitoTracker Deep Red and goat anti-mouse Alexa Fluor 488
Ab were from Invitrogen; [35S]methionine, Protein A-Sepha-
rose beads, and Protein G-Sepharose beads were from Amer-
sham Biosciences. Z-VAD-fluoromethyl ketone and Z-VAD-
aldehyde were from ICN (Aurora, OH). Valinomycin was from
Cayman (Ann Arbor, Michigan), and proteinase K was from
Sigma.
The Bax/Bak-deficient Jurkat clonal cell line was obtained

from a wild-type (WT) Jurkat cell line, as described previously
(37). Jurkat T leukemic cells were grown in RPMI 1640medium
containing 10% fetal calf serum, 20 mM HEPES, 2 mM L-gluta-
mine, and 100 units/ml each of penicillin and streptomycin.
Breast carcinomaMCF7, colon cancer Hct116, and T-REx-293
cells were grown in Dulbecco’s modified Eagle’s medium con-
taining 15% fetal calf serum, 20 mM L-glutamine, and 100
units/ml each of penicillin and streptomycin. Transfected
T-REx-293 clonal cell lines were maintained in the presence of
blasticidin (5 �g/ml) and zeocin (20 �g/ml), as described pre-
viously (38).
RNAi—Hax-1 siRNA and a matched control siRNA were

obtained from Dharmacon, as the siGENOME SMARTpool
siRNA reagent and the siGENOMENon-targeting siRNA Pool
2, respectively. Each reagent consists of a pool of four dis-
tinct siRNAs. A Cyp-D siRNA based on the previously
described siRNA-1 (39) was obtained from Ambion as a Cus-
tom Select siRNA along with the Silencer Select Negative Con-
trol 1. In addition, three distinct Cyp-D siRNAs and their neg-
ative control (with matching GC content) were obtained from
Invitrogen as the Stealth Select 3 RNAi reagent (HSS115357-9)
and the Stealth RNAi Negative Control Med GC, respectively.
Transfection of HCT116 and T-REx-293 cells was carried out
as described previously (38).
Sequence Analysis of GrB-generated Hax-1 Fragments—N-

terminal (Edman) radiosequencing of [3H]leucine- and
[35S]methionine-labeled Hax-1 fragments generated by GrB
digestion of in vitro translated full-length Hax-1 and MALDI
mass spectrometry of a tryptic digest of unlabeled Hax-1 also
generated by in vitro translation were carried out by theW. M.
Keck Foundation Biotechnology Resource Laboratory of Yale
University.
Cellular Fractionation and Mitochondria Purification—To

obtain an enriched mitochondrial fraction, Jurkat, MCF7,
Hct116, or T-REx-293 cells were suspended in mitochondrial
buffer (MIB) composed of 0.3 M sucrose, 10 mM MOPS, 1 mM

EDTA, and 4 mM KH2PO4, pH 7.4, and lysed by Dounce
homogenization, as described previously (12). Briefly, nuclei
and debris were removed by a 10-min centrifugation at 650� g,
and a pellet containing mitochondria was obtained by two suc-
cessive spins at 10,000 � g for 12 min. To obtain the cytosolic
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fraction, the postnuclear supernatantwas further centrifuged at
20,000� g for 1 h at 4 °C. To obtain the enrichedmitochondrial
fraction, the mitochondria-containing pellet was resuspended
in MIB and layered on a Percoll gradient consisting of four
layers of 10, 18, 30, and 70%Percoll inMIB.After centrifugation
for 30 min at 15,000 � g, the mitochondrial fraction was col-
lected at the 30/70 interface.Mitochondria were diluted inMIB
containing 1 mg/ml bovine serum albumin (at least a 10-fold
dilution required to remove Percoll). The mitochondrial pellet
was obtained by a 40-min spin at 20,000 � g and used immedi-
ately. Purity was assessed by electron microscopy and by
enzyme marker analysis, as described previously (38, 40).
Confocal Microscopy—Cells were grown and treated on Lab-

Tek II chamber slides. After treatment with the MitoTracker
Deep Red dye according to themanufacturer’s instructions, the
cells were fixed with 4% paraformaldehyde and permeabilized
with 0.2% Triton X-100. Images were captured by a confocal
Olympus Fluoview 1000 system using a �100 oil immersion
objective with the companion FV10-ASW1.6 imaging software
at 25 °C. The digital imageswere split andmerged using ImageJ,
and image contrast and brightness were adjusted with Adobe
Photoshop.
Quantitation of colocalization was measured using Meta-

morph (Molecular Devices, Downingtown, PA). For this pur-
pose, two-color confocal micrographs that contain defined
positive regions of each protein were segmented using conven-
tional thresholding tools. The thresholded images were com-
pared by simple Boolean math. The numbers of positive pixels
for each proteinwere determined using a logical ANDoperator,
and the percentages of overlay were assessed.
Molecular Cloning of Hax-1 Plasmids—Isolation of total

RNA from Jurkat T-cells, first strand cDNA synthesis, and PCR
were carried out as described previously (38). A full-length
Hax-1 amplicon that extended 9 nucleotides into the 5�- and
3�-untranslated regions, respectively, was generated with the
following primer pair (forward and reverse): 5�-CGCGGATC-
CAGTACGGGAATGAGCCTC-3� and 5�-ACGCGTCGACT-
TAACAAGGCTACCGGGA-3�. The putative Hax-1 amplicon
was size-selected on a 1% agarose gel and restriction enzyme-
digested with BamHI and SalI (New England Biolabs). The
digestedHax-1 ampliconwas ligated into either aTet-inducible
vector, pcDNA4/TO (Invitrogen), for stable expression in
T-REx-293 cells or the constitutive expression vector pCR3.1
(Invitrogen) for in vitro translation experiments. Both plasmids
had been previously digested with BamHI and XhoI. Following
transformation (Escherichia coli Top10F� (pcDNA4/TO);
DH5� (pCR3.1)), randomly picked colonies underwent DNA
sequence analysis (University of Pittsburgh DNA Sequencing
Core Facility) to confirm sequence integrity.
Generation of Hax-1 Mutant Clones—Both single substitu-

tion Asp to Ala full-length Hax-1 clones, D148A and D159A,
were produced from the WT Hax-1 clone (see above) by
overlap extension using PCR. Single point mutations for
D148A(GAT3 GCT) and D159A(GAC3 GCC) were intro-
duced bymutated forward and reverse primers that overlap the
specific Asp residue that was changed to Ala.
The mutated primer pairs (forward and reverse) for D148A

were as follows: 5�-TTGGAGAGTGCTGCAAGAAGTGAAT-

CCCCCCAA-3� and 5�-ACTTCTTGCAGCACTCTCCAAG-
ACCCCCCCAAA-3�; for D159A, 5�-CCAGCACCAGCCTG-
GGGCTCCCAGAGGCCATTT-3� and 5�-GGAGCCCCAG-
GCTGGTGCTGGTTGGGGGGATTC-3�.

PCR, restriction enzyme digestion, ligation to pCR3.1, and
sequence analysis to confirm both Asp to Ala conversions were
carried out as above. The double mutant D148A/D159AHax-1
clone was constructed from either single mutation clone
(D148A or D159A) by overlap extension using PCR with the
same mutated primers described above. PCR, restriction
enzyme digestion, ligation to pCR3.1, and sequence analysis to
confirm both Asp to Ala conversions were carried out as above.
Production of Hax-1 GrB N- and C-terminal Fragment-en-

coding Clones—The N- and C-terminal GrB Hax-1 fragment-
encoding clones whose cDNA inserts correspond to fragments
generated by GrB cleavage at Asp148 were produced from the
WTHax-1 clone. TheN-terminal fragmentwas produced from
a primer pair consisting of the forward primer for full-length
Hax-1 (see above) and the reverse primer 5�-ACGCGTCGAC-
CTAATCACTCTCCAAGACCCC-3�. The C-terminal frag-
ment was made with the forward primer 5�-CGCGGAT-
CCACGGGAATGGCAAGAAGTGAATCCCCCCAA-3� and
the reverse primer for full-lengthHax-1 (see above). The C-ter-
minal GrB fragment containing the D159A mutation was gen-
erated with C-terminal fragment primers and the full-length
D159A clone (see above). PCR was carried out with the Expand
High Fidelity PCR System kit (Roche Applied Science). Restric-
tion enzyme digestion, ligation to pcDNA4/TO or pCR3.1, and
sequence verification were as described above for full-length
Hax-1.
Molecular Cloning of AIF—Isolation of total RNA fromHeLa

cells, and first strand cDNA synthesis using oligo (dT)12–18 and
PCR were performed as described (38). A full-length AIF clone
(which encodes the longest isoform of three variants) that
extends 6 nucleotides into the 5�-untranslated region and 3
nucleotides into the 3�-untranslated region was produced with
the following primer pair (forward and reverse): 5�- CGGGG-
TACCGCCGAAATGTTCCGGTGTG-3� and 5�-CCGGAAT-
TCGCTTCAGTCTTCATGAATGTTG-3�. The putative AIF
full-length amplicon was size-selected on an agarose gel (0.9%)
and digested with KpnI and EcoR I (New England Biolabs). It
was ligated into pCR3.1 that had also been digested with KpnI
and EcoRI. Following transformation (E. coliDH5�), randomly
picked colonies underwent DNA sequence analysis as de-
scribed above.
Stable Transfection of T-REx-293 Cells with Tet-inducible

Plasmids—The cell line T-REx-293 (Invitrogen) (human
embryonic kidney cells that stably express the Tet repressor)
was stably transfected with the linearized Tet-inducible plas-
mids pcDNA4/TO, pcDNA4/TO/lacZ (Invitrogen), pcDNA4/
TO/Hax-1 (full-length), pcDNA4/TO/N-Hax-1 (Tet N-Hax-
1), and pcDNA4/TO/C-Hax-1 (Tet C-Hax-1). All procedures
involving linearization, transfection, and stable clone selection
were carried out as described previously (38).
Cell Lysates and Cell Extracts—Cell lysates were prepared

with 1% Nonidet P-40, 20 mM Tris-HCl, pH 7.4, 137 mM NaCl,
10% glycerol, 1 mM phenylmethylsulfonyl fluoride, 10 �g/ml
leupeptin, and 10 �g/ml aprotinin. To prepare cell extracts,
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cultured cells were washed twice with phosphate-buffered
saline and then resuspended in ice-cold buffer (20 mM HEPES,
pH 7.0, 10 mM KCl, 1.5 mM MgCl2, 1 mM sodium EDTA, 1 mM

sodium EGTA, 1 mM dithiothreitol, 250 mM sucrose, and pro-
tease inhibitors). After incubation on ice for 20min, cells (2.5�
106/0.5 ml) were disrupted by Dounce homogenization. Cellu-
lar extracts were obtained as the supernatants resulting from
centrifugation to remove nuclei at 650 � g for 10 min at 4 °C.
Mitochondrial Membrane Potential and Oxidative Stress

Measurements—Flow cytometry was utilized to measure alter-
ations in MMP and in production of reactive oxygen species
(ROS). The cationic fluorescent dyes 1,1�,3,3�-tetraethylbenz-
amidazolocarbocyanin iodide (JC-1) and 3,3�-diethyloxacarbo-
cyanine iodide (Invitrogen) were utilized for MMP mea-
surement. 5-(and 6)-carboxy-2�,7�-dichlorodihydrofluorescein
diacetate (carboxy-H2DCFDA; Invitrogen) was utilized for
measurement of ROS production. The staining was performed
according to the manufacturer’s procedures, and mitochon-
drial alterations were quantified by the Beckman Coulter Epics
XL-MCL and analyzed with the EXPO32 software.
ATP Measurement—ATP levels were measured by the

ATPLite kit (PerkinElmer Life Sciences) according to the man-
ufacturer’s procedure. This method is based on mono-oxygen-
ation of luciferin, catalyzed by luciferase in the presence of
Mg2�, ATP, and oxygen, resulting in a luminescent signal that
is proportional to the ATP concentration.
In Vitro Transcription-Translation—Full-length Hax-1,

D148A mutant Hax-1, D159A mutant Hax-1, double mutant
D148A/D159A Hax-1, GrB N-terminal (Met1–Asp148) and
C-terminal (Ala149–Arg279) Hax-1 fragments as well as the
D159A mutant C-terminal Hax-1 fragment cDNAs were
expressed in the TNTT7 transcription-translation reticulocyte
lysate system (Promega). Each coupled transcription-transla-
tion reaction contained 1 �g of plasmid DNA in a final volume
of 50 �l in a methionine-free reticulocyte lysate reaction mix-
ture supplemented with 35S-labeled methionine according to
the manufacturer’s instructions. After incubation at 30 °C for
90 min, the reaction products were immediately used or stored
at �78 °C.
Western Blot Analysis—Proteins in cell lysates, cell extracts,

mitochondria, cytosol, or nuclei were resolved by SDS-PAGE
and transferred to polyvinylidene difluoride membranes. Fol-
lowing probing with a specific primary Ab and horseradish per-
oxidase-conjugated secondary Ab, the protein bands were
detected by enhanced chemiluminescence (Pierce).

RESULTS

Mitochondrial Insertion of GrB—To investigate whetherGrB
has a direct effect on a protein(s) involved in controlling PTP
function, we revisited its subcellular localization after intracel-
lular delivery. Although the granzyme readily undergoes endo-
cytic uptake, efficient induction of apoptosis requires the pres-
ence of perforin or an alternative endosomolytic reagent that
act to ensure the release of the protease from endosomes (41–
43). Based onmultiple studies performed by our laboratory (12,
13, 44) as well as others (8, 42, 45, 46), replication-deficient Ad
is considered an appropriate replacement for perforin. Using
confocal microscopy, we observed a Bcl-2-independent associ-

ation of GrB with mitochondria when GrB was exogenously
delivered to HeLa cells together with Ad. Overexpression of
Bcl-2 did not impact the mitochondrial localization of GrB
because a similar pattern of co-localization was observed in
vector or Bcl-2-transfected HeLa cells (Fig. 1A and supplemental
Fig. S1).GrBwas associatedwithmitochondriawithin 10min of
its exogenous application (Fig. 1, D, F, and H).

To investigate whether GrB translocates into the mitochon-
drion, we co-incubated isolated mitochondria with GrB for
10–20 min and then treated the mitochondria with proteinase
K to remove excess as well as externally bound GrB. Based on
the relative gel loading (1:4 pellet/supernatant), 80% of the
applied GrB was detected in the mitochondrial pellet (20 min),
and the rest was detected in the wash fraction (Fig. 1C). Subse-
quent treatment of the mitochondrial pellet with proteinase K
showed that GrB remained confined to the pellet, whereas the
Bcl-2 family members Mcl-1, Bid, and Bim were completely
removed from the mitochondrial outer membrane. Similar to
GrB, the mitochondrial matrix proteins, Grp75 and prohibitin,
were detected exclusively in the pellet, and levels were unaf-
fected by the proteinase K treatment.
To determine whether GrB enters mitochondria of intact

cells, WT- or Bcl-XL-overexpressing Jurkat cells were treated
with GrB/Ad, and following removal of excess GrB and the
addition of a GrB pharmacological inhibitor, the cells were
homogenized and subjected to subcellular fractionation.
Within 10 min of its exogenous application, a significant por-
tion of the detected GrB was associated with the mitochondria.
To distinguish between mitochondrion-associated and mito-
chondrion-inserted GrB, the mitochondrial fraction was fur-
ther treated with proteinase K. Again, a significant fraction of
GrB was proteinase K-resistant (Fig. 1D). Furthermore, similar
levels of GrB mitochondrial insertion were observed in WT or
Bcl-XL-overexpressing Jurkat cells, suggesting that the inser-
tion was not impacted by an increased expression of Bcl-XL. As
confirmed by histone-1 immunoblotting, all of the cellular frac-
tions were devoid of nuclei, whereas the reported nuclear local-
ization of the granzyme was confirmed with highly purified
nuclei (Fig. S2, A and B). Further kinetic studies were per-
formed with MCF7 cells (which are caspase-3-deficient; Fig.
1E) andwithMCF7 stably transfectedwith caspase-3 that dem-
onstrated similar kinetics and insertion levels of GrB (not
shown). In Jurkat cells (Fig. 1F), the mitochondrial transloca-
tion of GrB coincided with the initiation of cytochrome c
release (10 min), yet marked processing of Bid was only
observed significantly later (30–60 min), further suggesting
that the mitochondrial translocation of GrB is not tBid-depen-
dent. To further demonstrate the mitochondrial insertion of
GrB following its intracellular delivery by perforin, a sublytic
dose of perforin, which caused death in �10% of cells on its
own, was used to deliver GrB into MCF7 cells. Again, GrB was
detected in the mitochondrial fraction within 10 min of its
intracellular delivery (Fig. 1G) andwas further demonstrated to
accumulate in a proteinase K-treated mitochondrial fraction
(Fig. 1H). Taken together, the mitochondrion appears to be a
major site for localization of GrB after its intracellular delivery.
Cleavage of Mitochondrial Proteins by GrB—To verify that

mitochondria are indeed a biologically relevant site for GrB and
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to identify potential protein substrates, two-dimensional differ-
ential in-gel electrophoresis was performed on control and
GrB-treatedmitochondria. Among seven proteins that demon-
strated a reduced level of at least 2-fold within 30 min of GrB
treatment, Hax-1 (supplemental Fig. S3, A and B) and AIF
(supplemental Fig. S4) were identified as potential substrates.

After granzyme delivery, we observed a time-dependent
release of AIF into the cytosol and the presence of its putative
cleavage products in the proteinase K-resistant mitochondrial
pellet (supplemental Fig. S4A, lanes 3 and 4). Inmanymodels of
apoptosis, mitochondrial AIF translocates to the nucleus,
where it induces chromatin condensation and DNA degrada-
tion (47). It was therefore surprising to observe thatGrB cleaves
AIF within the mitochondrion. To confirm that granzyme pro-
cesses AIF, we examined the rate of AIF cleavage product gen-

eration. Mitochondria were exposed to the granzyme for vari-
ous times (0.5–2 h) and subsequently treated with proteinase K
to remove outer membrane-associated proteins as well as
boundGrB (supplemental Fig. S4B). Cleavage fragments of AIF
were detected at the earliest time point tested (30 min; lanes
4–6). To learn whether GrB directly cleaves AIF, we examined
the capacity of the protease to process in vitro translated AIF
(supplemental Fig. S4C). Four possible cleavage products were
observed, with two being also detected by immunoblotting.
Although AIF is a putative death effector, the flavoprotein also
functionsasanNADHoxidaseessential foroxidativephosphor-
ylation and for efficient antioxidant defense (48). GrB may
therefore cause cell death, in part, by disrupting AIF activity.
Mitochondrial Hax-1 was also identified as a potential GrB

substrate. Hax-1 was detected in the mitochondrial compart-

FIGURE 1. Insertion of GrB into a proteinase K-resistant mitochondrial compartment. A and B, mitochondrial localization of GrB. HeLa cells stably transfected with
vector control or Bcl-2 were treated with GrB/Ad (33 nM/10 pfu/ml, respectively) for 10 min. The cells were then stained with MitoTracker Deep Red and with anti-GrB
Ab. Scale bar, 10 �m. Using the Metamorph colocalization method described under “Experimental Procedures,” it was determined that 52 and 61% of GrB colocalized
with MitoTracker in control cells and Bcl-2-HeLa cells, respectively. A higher magnification of this staining is shown in supplemental Fig. S1. The expression level of Bcl-2
in the utilized cells is shown in B. No difference between vector or Bcl-2-transfected cells was detected with regard to the mitochondrial localization of GrB. C, insertion
of GrB into purified mitochondria. Purified mitochondria from Jurkat cells were treated with GrB (160 nM) for the indicated time periods. Subsequently, the mitochon-
dria were left untreated (left; lanes 1– 6) or treated with proteinase K (30 �g/ml for 10 min followed by 1 �M phenylmethylsulfonyl fluoride to stop the reaction; right,
lanes 7–12). The mitochondria were then spun to separate the pellets and their supernatants. All proteins in the supernatants of the proteinase K-treated mitochondria
were digested (lanes 10 –12). Like Grp75 and prohibitin, mitochondrial GrB remained proteinase K-resistant, whereas Mcl-1, Bid, and Bim were proteinase K-sensitive
(lanes 7–9). The arrowhead indicates cleaved Mcl-1 fragments, and the asterisks show unidentified protein bands. The gel loading ratio between the mitochondrial
pellet (Mit Pellet) and wash supernatant (Wash Supp) was 1:4, indicating that at 20 min following its application, �80% of the GrB was mitochondrially inserted.
D, mitochondrial insertion of exogenously applied GrB onto WT or Bcl-XL-overexpressing Jurkat cells. The cells were treated with GrB/Ad (33 nM/10 pfu/ml) for the
indicated time periods. The cells were then homogenized in the presence of a GrB inhibitor and subjected to cellular fractionation to obtain the indicated fractions. The
mitochondrial fraction was further treated with proteinase K as described in C. The Cox IV and �-actin immunoblots correspond to the membrane GrB application for
30 min. No significant differences were detected between WT and Bcl-XL-overexpressing cells in the levels of mitochondrial association or insertion of GrB. E and F,
kinetics of GrB mitochondrial localization following its cellular delivery with Ad. MCF7 (E) and WT Jurkat cells (F) were treated as described in D. A significant fraction of
the cell-delivered GrB was associated with the mitochondria within 30 min of its exogenous application, and most of the delivered GrB was inserted into a proteinase
K-resistant mitochondrial compartment within 1 h (E, lanes 3 and 4). In Jurkat cells (F), exogenously applied GrB was associated with mitochondria as early as 10 min
after treatment, concomitant with the initial detection of the release of mitochondrial cytochrome c but prior to the detection of Bid processing. G and H, kinetics of GrB
mitochondrial localization following its cellular delivery with perforin. MCF7 cells were treated with GrB (33 nM) and PFN titrated to kill less than 10% of the cells on its
own. Results obtained with perforin (G and H) were similar to those obtained with Ad (E and F). In G, the cells were treated with GrB/PFN for 1 h, and following subcellular
fractionation, the mitochondrial fraction was treated with proteinase K, as described in D. In H, GrB was associated with the mitochondria at the earliest time point
tested (10 min), whereas cytosolic cytochrome c and SMAC were detected significantly later.
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ment of multiple cell lines, including Jurkat, MCF7, HEK293
(not shown), and Bax/Bak-deficient Jurkat (Fig. 2A, lanes 1–4).
In Bax/Bak-deficient Jurkat cells, Hax-1 co-localized with GrB
within a proteinase K-resistant mitochondrial fraction. Inter-
estingly, in these Bax/Bak-deficient Jurkat cells, GrB induced
significant processing ofMcl-1 but noprocessing of Bid and low
level processing of caspase-3 to its p20 subunit. Only low levels
of intermembrane space apoptogenic proteins, such as cyto-
chrome c, were detected in Bax/Bak-deficient cells (Fig. 2A),
whereas increased levels were noted in WT Jurkat or MCF7
cells (Fig. 1, F and H). In isolated mitochondria sequentially
exposed to GrB and proteinase K, we detected aHax-1 cleavage
product of �16 kDa. This fragment did not demonstrate time-
dependent accumulation in the treated mitochondria (Fig. 2B);
thus, the possibility that the Hax-1 fragment was released from
themitochondria was considered. Examining the liberated pro-
teins from isolatedmitochondria exposed to GrB, we observed,
in addition to cytochrome c and AIF, a granzyme-mediated,
time-dependent release of both full-length Hax-1 (31 kDa) and
the cleavage fragment (16 kDa) (Fig. 2C). The mitochondrial
release of Hax-1 and Hax-1 fragment(s) was specific to GrB-
treated mitochondria because the BH3-only proteins, tBid or
Bim,which induced the release of cytochrome c and SMAC, did
not cause an efflux of mitochondrial Hax-1 (data not shown). It
appears that two distinct efflux mechanisms are activated in

mitochondria by GrB versus BH3-
only proteins; although GrB can
mediate the release of Hax-1 and
intermitochondrial space proteins,
BH3-only proteins do not impact
the mitochondrial locality of Hax-1.
Mapping ofHax-1Cleavage Sites—

Because GrB efficiently cleaves
and activates cytosolic caspase-3,
it was important to investigate
whether Hax-1 cleavage is mediated
by GrB-activated caspase-3. In cells
treated with GrB/Ad and the
broadly reactive caspase inhibitor,
Z-VAD-fluoromethyl ketone, the
level of Hax-1 was reduced despite
the documented inhibition of
caspase-3 activity (Fig. 3A). These
results suggested that the reduction
in the cellular level ofHax-1was pri-
marily due to GrB and not the acti-
vated caspase. We further demon-
strated that GrB directly cleaves
native Hax-1 immunoprecipitated
from cellular extracts (Fig. 3B). Sim-
ilarly, in vitro translated Hax-1 was
processed by GrB, yielding the
16-kDa fragment that had a mobil-
ity similar to that of Hax-1 frag-
ments obtained from GrB-treated
mitochondria (Fig. 3C).We also uti-
lized in vitro translated Hax-1 to
investigate whether a 16-kDa Hax-1

fragment could be generated by caspase-3 (Fig. 3D). To this
end, an immunoblot of isolated mitochondria or in vitro trans-
lated Hax-1 exposed to isolated GrB or recombinant caspase-3
showed that only GrB was able to generate the 16-kDa frag-
ment. The activity of caspase-3 was verified by probing the
same membrane for cleavage of mitochondria-associated
Mcl-1, which is a substrate for both GrB and caspase-3. An
autoradiographic approach showed that Hax-1 could be pro-
cessed by caspase-3, but the cleavage products were distinct
from the fragments generated by GrB.
In experiments designed to map the GrB cleavage sites of

Hax-1, we first performed a rate analysis of GrB-mediated
cleavage of [35S]methionine-labeled in vitro translated Hax-1
(Fig. 4A). The results showed that a sufficient amount of the
16-kDa fragment would accumulate in a 3-h treatment for
sequence analysis. Protein bands representingHax-1 fragments
were excised from an electroblotted membrane and subjected
to Edman degradation and bioinformatic analysis (49). The
major cleavage site for GrB was Asp148 (D148 in Fig. 4) with a
minor cleavage site at Asp159 (D159 in Fig. 4). We then gener-
ated D148A and D159Amutant Hax-1-encoding plasmids that
are suitable for in vitro translation. TheWTHax-1 and the two
mutants were treated withGrB, and the reaction products were
analyzed by immunoblotting and autoradiography (Fig. 4B).
The D148A mutated Hax-1 has a pronounced resistance to

FIGURE 2. GrB-mediated cleavage and release of mitochondrial Hax-1. A, mitochondrially localized Hax-1 is
cleaved and released into the cytoplasm of GrB/Ad-treated cells. Bax/Bak-deficient Jurkat cells were treated
with GrB/Ad (33 nM/10 pfu/ml, 2 h) as described in the legend to Fig. 1. The cells were then Dounce homoge-
nized and subjected to subcellular fractionation to obtain mitochondrial and cytosolic fractions. The mito-
chondria were further treated with proteinase K, as described in the legend to Fig. 1. Subcellular fractions
obtained from control or GrB/Ad-treated cells were assessed by immunoblotting for the expression of the
indicated proteins. The low release levels of cytochrome c and AIF are probably due to the Bax/Bak-deficiency
of these cells. Also, no significant processing of either Bid or caspase-3 was observed in these cells, despite
marked processing of Mcl-1. B, GrB-mediated cleavage of Hax-1 within a proteinase K-resistant compartment
of mitochondria. Purified mitochondria obtained from WT Jurkat cells were treated with GrB for the indicated
time periods (66 nM; lane 2 on ice, lanes 4 and 5 at 37 °C). The mitochondria were then treated with proteinase
K (lanes 3–5), as described in the legend to Fig. 1. Hax-1 cleavage product (arrowhead) is detected in mitochon-
dria treated with GrB and subsequently with proteinase K (lanes 4 and 5). C, GrB mediates the release of Hax-1
and its cleaved fragment from mitochondria. Purified mitochondria obtained from WT Jurkat cells were treated
with GrB, as described above. The mitochondrial pellet (Mit-Pellet) (30% of input, lanes 1–5) and supernatant
(Mit-Sup) (90% of input, lanes 6 –10) were separated and assessed by immunoblotting for the presence of the
indicated proteins. Loss of mitochondrial full-length Hax-1 in the mitochondrial pellet is accompanied by the
detection of the cleaved Hax-1 product (lanes 2–5). Release of Hax-1 and its cleavage fragment is accompanied
by the release of cytochrome c and AIF (lanes 7–10). Expression of Cox IV in the mitochondrial pellet serves as
a control for equal loading. The asterisks indicate unidentified protein bands.
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GrB-mediated processing, whereas the D159A mutation
resulted only in a partial resistance (Fig. 4B, top). The C-termi-
nal fragment of Hax-1 (residues 149–279), which has a pre-
dicted size of �14 kDa (and includes a single [35S]methionine
residue as compared with four such residues in the N-terminal
fragment), was confirmed by tryptic digestion and MALDI
mass spectrometry to be present in an excised gel band that
turned out to encompass the two major Hax-1 fragments. To
further confirm the identity of the cleavage sites, we generated
the in vitro translated N-terminal Hax-1 fragment (residues
1–148), the corresponding C-terminal Hax-1 fragment (149–
279), and the same C-terminal fragment with a D159A muta-

tion. With these in vitro translated products, we observed that
the C-terminal fragment is further cleaved at Asp159, as initially
predicted (Fig. 4C). Once the two cleavage sites were mapped, we
generated a double-mutant, D148A/D159A, Hax-1 construct
whose corresponding in vitro translated protein demonstrated
resistance to cleavage by GrB (Fig. 4D). These cleavage mapping
results suggest that GrB converts full-length Hax-1 into a major
N-terminal fragment (residues 1–148), which appears resistant to
further degradation by GrB, and two C-terminal fragments: resi-
dues 149–279 (major) and residues 160–279 (minor).
Subcellular Localization of the GrB-generated Hax-1

Fragments—To determine whether the Hax-1 fragments had
mitochondrial translocation potential, we examined the capac-
ity of full-lengthHax-1 and its N-terminal and C-terminal frag-
ments to translocate into a proteinase K-resistant mitochon-
drial compartment (Fig. 5A). The full-length Hax-1 and the
N-terminal Hax-1 fragment, but not the C-terminal fragment,
were detected in proteinase K-treated mitochondria. To fur-
ther investigate the subcellular localization of the Hax-1 frag-
ments, we generated stably transfected T-REx-293 cells with
Tet-inducible plasmids expressing either the lacZ encoded pro-
tein or the above described HAX-1-related proteins (Fig. 5B).
Following Tet induction, the N-terminal Hax-1 fragment, but
not the C-terminal fragment, translocated into a proteinase
K-resistant mitochondrial compartment (Fig. 5, C and D).
Mitochondrial Depolarization Function of the N-terminal

Hax-1 Fragment—We then assessed the effects of the induced
expression or knockdownofHax-1 on theMMPof quiescent or
GrB/Ad-treated cells. Hax-1 knockdown did not alter the
steady-state MMP of quiescent cells, but it increased the sensi-
tivity to GrB-mediated mitochondrial depolarization (Fig. 6, A
and B). Induced expression of double mutant, uncleavable
Hax-1 and also of WT Hax-1 protected the mitochondria
against GrB-mediated depolarization (Fig. 6C). In contrast, the
induced expression of the N-terminal fragment (Fig. 6C (j) and
supplemental Fig. S5), but not the C-terminal fragment (not
shown), resulted in significant mitochondrial depolarization.
Furthermore, the presence of the N-terminal Hax-1 fragment
markedly enhanced the mitochondrial depolarization induced
by GrB (Fig. 6C, k and l). Thus, the N-terminal Hax-1 fragment
appears to negate the positive effect of endogenous full-length
Hax-1 on mitochondrial ��m.

To determine whether the N-terminal Hax-1 fragment
enhances the mitochondrial apoptotic response to GrB, we
evaluated the effect of the expressed fragment on GrB-medi-
ated release of mitochondrial apoptogenic proteins, cyto-
chrome c and SMAC. Control and Tet-treated cells stably
transfected with N-terminal Hax-1 fragment were treated with
GrB/Ad for 10–60 min, and the cytosolic levels of cytochrome
c and SMAC were assessed. Expression of the N-terminal
Hax-1 fragment did indeed enhance the level of GrB-mediated
cytochrome c and SMAC release (Fig. 6D). Thus, the N-termi-
nal Hax-1 fragment induces mitochondrial depolarization that
further sensitizes the cells to GrB-mediated cell death.
To further characterize the consequences of N-Hax-1-in-

duced expression on mitochondrial physiology, changes in the
levels of endogenous ROS and ATP were measured (Fig. 7, A
and B). Flow cytometric analysis of carboxy-H2DCFDA,

FIGURE 3. Direct and preferential cleavage of Hax-1 by GrB. A, loss of Hax-1
expression in GrB/Ad-treated cells is not attenuated in the presence of the
caspase inhibitor, Z-VAD-fluoromethyl ketone. Jurkat cells were treated with
GrB/Ad (33 nM/10 pfu/ml) in the presence or absence of the pancaspase inhib-
itor, Z-VAD-fluoromethyl ketone (100 �M). The cells were lysed in the pres-
ence of GrB inhibitor, as described above, and assessed by immunoblotting
for the expression of Hax-1, caspase-3, and �-actin. B, direct GrB cleavage of
immunoprecipitated Hax-1. GrB (66 nM) was applied to the extract of Jurkat
cells (lane 2) or a pellet of the protein A�anti-Hax-1�Hax-1 complex immuno-
precipitated from the Jurkat cell extract (lane 4). Controls were the untreated
extract or the Hax-1 immunoprecipitant (lane 1 and 3, respectively). Reaction
products were resolved by SDS-PAGE and assessed by immunoblotting with
anti-Hax-1 Ab. GrB acts directly on endogenous Hax-1 because immunopre-
cipitated (IP) Hax-1 is cleaved by GrB. C, direct GrB activity on in vitro trans-
lated Hax-1. In vitro translated Hax-1 was co-incubated with GrB (66 nM) for
the indicated time periods (lanes 1– 6). Lysates of control or GrB-treated mito-
chondria (lanes 7 and 8) were run on SDS-PAGE side by side with the in vitro
translated Hax-1 to compare migration patterns. The asterisk indicates an
unidentified protein band. D, mitochondrial Hax-1 is preferentially cleaved by
GrB, although in vitro translated Hax-1 is also a caspase-3 substrate. Mito-
chondria purified from Jurkat cells (lanes 1–3) or 35S-labeled in vitro translated
Hax-1 (lanes 4 – 6) were left untreated or treated with GrB (66 nM) or recombi-
nant caspase-3 (100 nM). The reaction products were assessed by immuno-
blotting (IB) for the presence of the indicated proteins and by autoradiogra-
phy for the 35S-labeled fragment(s) of in vitro translated Hax-1. Mitochondrial
Hax-1 was cleaved by GrB but not by recombinant caspase-3 (top), and the
GrB cleavage product had a migration pattern similar to that of GrB-treated in
vitro translated (IVT) Hax-1 (lanes 2 and 5). The activity of GrB and caspase-3
was confirmed by their activity on mitochondrial Mcl-1 (second panel). Cox IV
serves to demonstrate equal loading of mitochondrial proteins (third panel).
Autoradiographic assessment of IVT Hax-1 cleavage products suggests that it
is cleaved by either GrB or caspase-3, although different cleavage fragments
are produced. The arrowheads indicate cleavage products. The asterisk indi-
cates an unidentified protein band present in the in vitro translation mixture.
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a ROS-sensitive membrane-per-
meant probe that becomes fluores-
cent upon oxidation, demonstrated
a significant increase in oxidative
stress in cells with Tet-induced
expression ofN-Hax-1 fragment. As
a positive control for generation of
oxidative stress, the cells were
treated for 1 hwith hydrogen perox-
ide. Induced expression of the
N-Hax-1 fragment also led to amild
(�30%) ATP depletion relative to
the untreated control during the
early period (6 h) of the tetracycline
treatment, but the levelswere slowly
reduced (to approximately 20% of
control during the following 12 h)
(Fig. 7B).
Because induced expression of

N-terminal Hax-1 did not mediate
apoptosis on its own, we examined
the cell response to the increased
presence of depolarized mitochon-
dria that was associated with en-
hanced ROS production and ATP
depletion. Damaged mitochondria,
particularly depolarized mitochon-
dria, have been reported to be elim-
inated by lysosomic degradation
(50, 51). Indeed, utilizing confocal
microscopy, we observed in cells
with induced expression of the
N-Hax-1 fragment an increased co-
localization of mitochondria and
LAMP2, a lysosome-specific pro-
tein (Fig. 7C; higher magnification

FIGURE 4. Mapping of GrB cleavage sites in Hax-1. A, accumulation of a 16-kDa Hax-1 fragment during co-incubation with GrB. 35S-Labeled in vitro translated
Hax-1 was co-incubated with GrB (100 nM) for 1–3 h. The reaction products were resolved by SDS-PAGE, and the 35S signal was assessed by autoradiography.
B, GrB cleaves Hax-1 at Asp148 and Asp159. In vitro translated products of WT Hax-1 (lanes 1–3), D148A mutant Hax-1 (lanes 4 – 6), and D159A mutant Hax-1 (lanes
7–9) were treated with GrB, as indicated. The reaction products were resolved by SDS-PAGE and assessed by immunoblotting (IB) (top) or autoradiography
(bottom). The two panels show the presence of two distinct bands that are generated by GrB cleavage: a major band that corresponds to the Asp148 cleavage
site (lanes 2, 3, 8, and 9) and a minor band that corresponds to the Asp159 cleavage site (lanes 2, 3, 5, and 6). These results are in agreement with the predicted
GrB Hax-1 cleavage sites by the GrB Hax-1 fragment analyses described under “Experimental Procedures.” D148 and D159 arrowheads correspond to bands
generated by GrB cleavage at Asp148 and Asp159 (D148 and D159), respectively. The asterisks indicate unidentified protein bands. C, cleavage of in vitro
translated C-terminal Hax-1 by GrB. 35S-Labeled in vitro translated full-length Hax-1 (lanes 1 and 2), N-terminal Hax-1 fragment (Met1–Asp148, lanes 3 and 4),
C-terminal Hax-1 fragment (Ala149–Arg279, lanes 5 and 6), and D159A mutant C-terminal Hax-1 (lanes 7 and 8) were either untreated or treated with GrB (66 nM

for 20 min) and subjected to SDS-PAGE followed by immunoblotting and autoradiography. The asterisks indicate nonspecific proteins. The arrowhead indicates
the new C-terminal Hax-1 fragment (Trp160–Arg279) generated by GrB. Because of the close gel migration of the GrB Hax-1 fragments, they are not well
distinguishable by immunoblotting or autoradiography. D, double mutant D148A/D159A Hax-1 protein is resistant to cleavage by GrB. 35S-Labeled, in vitro
translated double mutant Hax-1 was treated with GrB, as described above. The reaction products of WT Hax-1 and double mutant Hax-1 were run side by side
on SDS-PAGE.

FIGURE 5. Subcellular localization of GrB Hax-1 cleavage products. A, translocation of in vitro translated
full-length Hax-1 and the N-terminal Hax-1 fragment, but not the C-terminal Hax-1 fragment, into a proteinase
K-resistant compartment of purified mitochondria. Jurkat cell-purified mitochondria were incubated with
increasing doses of 35S-labeled IVT Hax-1 (lanes 3–5), 35S-labeled IVT N-terminal Hax-1 fragment (Met1–Asp148,
lanes 6 – 8), 35S-labeled IVT C-terminal Hax-1 fragment (Ala149–Arg279, lanes 9 –11), or control reaction lysate
with no plasmids (lanes 1 and 2). The mitochondrial supernatant (Mit Sup) was separated, and the mitochon-
drial pellet (Mit Pellet) was treated with proteinase K. Following the addition of a proteinase K inhibitor and
three washes, the mitochondrial pellet fractions were lysed and assessed for the presence of Hax-1-related
proteins by immunoblotting and autoradiography. The identified proteins are indicated by numbered arrow-
heads as follows. 1, endogenous Hax-1 plus exogenous IVT Hax-1; 2 and 3, 35S-labeled IVT Hax-1; 4, endogenous
Hax-1; 5–7, exogenous IVT N-terminal Hax-1 fragment; 8, endogenous Hax-1; 9, exogenous IVT C-terminal
Hax-1 fragment. The molecular weight for each of the detected proteins is indicated on the left of each panel.
B, inducible expression of N- and C-terminal fragments of Hax-1. T-REx-293 clonal cell lines stably transfected
with Tet-inducible lacZ, Tet-inducible N-terminal Hax-1 fragment (residues 1–148), or Tet-inducible C-terminal
Hax-1 fragment (residues 149 –279) were treated with tetracycline (1 �g/ml, 16 h). The cells were lysed and
assessed by immunoblotting for the expression of the Hax-1-related proteins or Xpress epitope (used as a tag
for lacZ-encoded protein). Of note, The N-terminal Hax-1 fragment consistently demonstrated a faster migra-
tion pattern than C-terminal Hax-1 fragment, despite the lower predicted molecular mass of the latter. C and D,
mitochondrial localization of the N-terminal, but not the C-terminal, GrB Hax-1 fragment. T-REx-293 clonal cell
lines stably transfected with Tet-inducible N-terminal (C) or C-terminal Hax-1 fragment (D) were treated with
tetracycline (1 �g/ml, 16 h). Control and treated cells were Dounce homogenized and subjected to subcellular
fractionation to obtain cytosolic and mitochondrial fractions. The mitochondria were treated with proteinase
K as described under “Experimental Procedures.” �-Actin and Cox IV serve as markers for the subcellular
fractions and to demonstrate loading at a proportional cell ratio.
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shown in supplemental Fig. S6). These findings suggest that the
mere presence of the N-terminal Hax-1 fragment is not suffi-
cient for the induction of cell death and that the consequent
lysosomic elimination of damaged mitochondria potentially
sustains cell survival.
The depolarizing effect of the N-terminal Hax-1 fragment

argues that this cleavage product acts as a dominant negative of
endogenous full-length Hax-1. To test this possibility, we
examined the effects of Tet-induced Hax-1, Tet-induced dou-
ble mutant Hax-1, and Tet-induced N-terminal Hax-1 frag-
ment on valinomycin-mediated mitochondrial depolarization.
Valinomycin is a member of a group of natural neutral iono-
phores that disrupt the transmembrane ion concentration gra-
dient. Induced expression of WT Hax-1 and of double mutant
Hax-1 protected against valinomycin-mediated depolarization,
whereas induced N-terminal Hax-1 fragment mediated depo-
larization on its own (Fig. 8, A–C). These results suggest that
within mitochondria, Hax-1 functions to stabilize the mem-
brane potential, and its cleavage by GrB generates an N-termi-
nal fragment that is not only dysfunctional in stabilizing the
mitochondrial ��m, but also functions on its own to disrupt
the membrane potential.
Recent studies in knock-out mice have elucidated the func-

tion of Cyp-D in regulating the opening of the PTP (18, 20).
Therefore, we examinedwhether Cyp-D is involved as an effec-
tormolecule downstreamofHax-1. To this end, we induced the
expression of the N-terminal Hax-1 fragment while knocking
downCyp-D. Knockdown of Cyp-D alone did not have a signif-
icant effect on the steady-state MMP. However, the depolariz-
ing effect of the inducedN-terminal Hax-1 fragment wasmark-
edly inhibited in cells with reduced expression of Cyp-D (Fig. 8,
D–E). The involvement of Cyp-D in the depolarizing effect of
the N-terminal Hax-1 fragment was confirmed with four dis-
tinct non-overlapping Cyp-D siRNAs. Cyclosporine A (CsA),
an inhibitor of mitochondrial depolarization, was recently
demonstrated to specifically target Cyp-D because PTPs in
mitochondria from Cyp-D knock-out mice lose their CsA sen-
sitivity (18, 20). Thus, to verify that Cyp-D participated in the
mitochondrial depolarization mediated by the N-terminal
Hax-1 fragment, the effect of CsA was examined. Indeed, the
presence of CsA completely inhibited the depolarizing activity
of the Tet-induced N-terminal Hax-1 fragment (Fig. 8F). No
changes in the MMP were observed in cells with induced
expression of theC-terminalHax-1 fragment in the presence or
absence of CsA (not shown). Thus, inhibition of Cyp-D by
knockdown or by CsA abolishes the depolarizing effect of
induced N-terminal Hax-1 fragment.

DISCUSSION

Themitochondrial apoptotic events detected in GrB-treated
cells have been linked to the function of substrates cleaved by

FIGURE 6. The mitochondrial activity of GrB is enhanced by knockdown of
Hax-1 and by the presence of the N-terminal Hax-1 fragment but inhib-
ited by induced expression of WT or the uncleavable form of Hax-1. A and
B, increased GrB-mediated mitochondrial depolarization following Hax-1
knockdown. Hct116 cells were treated with Hax-1 siRNA followed by treat-
ment with GrB/Ad (33 nM/10 pfu/ml). Changes in ��m were assessed by JC-1
flow cytometry (A), and the levels of expression of Hax-1 in the cells were
assessed by immunoblotting (B). Because Hax-1 localizes mainly to mitochon-
dria but is released from mitochondria treated with GrB, the mitochondrial
and cytosolic fractions were separated to assess for the potential presence of
Hax-1 in the cytosol. Cox-IV and �-tubulin serve as equal loading controls and
purification markers for the mitochondrial and the cytosolic fractions, respec-
tively. C, inhibition of GrB-mediated mitochondrial depolarization by induced
expression of uncleavable double mutant Hax-1 and sensitization to such
depolarization by induced expression of N-terminal Hax-1 fragment. T-REx-
293 clonal cell lines stably transfected with Tet-inducible lacZ control, full-
length Hax-1, double-mutant Hax-1, or the N-terminal Hax-1 fragment (resi-
dues 1–148) were treated with tetracycline (1 �g/ml, 16 h) and with GrB/Ad
(1.6 or 3.2 nM/10 pfu/ml for 2 h). The cells were then assessed for changes in
mitochondrial ��m as indicated by JC-1 staining. The N-terminal Hax-1-me-
diated mitochondrial depolarization is shown in j; its sensitization to GrB-
mediated depolarization is shown in k and l; and the double mutant (DM)
Hax-1 inhibition of GrB-mediated depolarization is shown in w and x. Sim-
ilar results were obtained in at least four independent experiments.

D, GrB-mediated release of mitochondrial apoptogenic proteins is enhanced
in cells overexpressing the N-terminal Hax-1 fragment. T-REx-293 cells stably
transfected with Tet-inducible N-terminal Hax-1 fragment were kept as con-
trols or treated with tetracycline and subsequently with GrB/Ad (33 nM/10
pfu/ml) for the indicated time periods. Following the addition of a GrB inhib-
itor, the cells were Dounce homogenized and fractionated to mitochondrial
and cytosolic fractions. These subcellular fractions were assessed by immu-
noblotting for the expression of the indicated proteins.
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GrB in the cytoplasm or at the outer mitochondrial membrane.
The possibility that GrB might engage a cytotoxic pathway by
cleaving intramitochondrial substrates has not been described.
The current study has identified themitochondrion as a unique

locus for GrB activity following its translocation beyond the
mitochondrial outer membrane. The biological relevance of
these findings is indicated by the rapid intramitochondrial
accumulation of GrB following its intracellular delivery within
the estimated time frame required for the release of GrB from
giant endosomes (43). Therefore, although GrB is delivered to
and functions in the cytoplasm, its ultimate destination appears
to be mitochondrial.
The identification of putative GrB substrates within the

mitochondrion requires the cautious elimination of GrB itself
and its potential substrates outside or at the mitochondrial
outermembrane, as achieved in the current study by proteinase
K treatment ofmitochondria. To ensure that the identified sub-
strates are cleaved by GrB and not by proteinase K, all experi-
ments were performed with and without subsequent treatment
of mitochondria with proteinase K. In addition, to exclude
potential involvement of an intermediate cytosolic enzyme that
might be activated when whole cells are subjected to GrB treat-
ment, we utilized purified mitochondria that, following their
direct GrB exposure, were treated with an effective concentra-
tion of proteinase K that eliminatedmitochondrial outer mem-
brane proteins as well as the GrB source. Because GrB was
applied directly on mitochondria, the significance of all identi-
fied substrates needed to be further verified through their deg-
radation by cell internalized GrB as well as by the kinetics of
their degradation. Such corroborating experiments were per-
formed for both Hax-1 and AIF.

FIGURE 7. Mitochondrial alterations following Tet-induction of the N-ter-
minal Hax-1 fragment. A, increased expression of the N-terminal Hax-1 frag-
ment is associated with increased ROS production. T-REx-293 cells stably
transfected with Tet-inducible N-terminal Hax-1 fragment were treated with
tetracycline (1 �g/ml, 16 h, left) or with H2O2 (0.2 mM 1 h, right) and assessed
by flow cytometry for carboxy-H2DCFDA fluorescence. B, increased expres-
sion of the N-terminal Hax-1 fragment is associated with ATP depletion.
T-REx-293 cells stably transfected with Tet-inducible N-terminal Hax-1 frag-
ment were treated with tetracycline (1 �g/ml) for the indicated time periods
and assessed for cellular ATP concentration using the ATPLite Assay System
(PerkinElmer Life Sciences). C, enhanced co-localization of mitochondria and
lysosomes following Tet induction of the N-terminal Hax-1 fragment. T-REx-
293 cells stably transfected with Tet-inducible lacZ or N-terminal Hax-1 frag-
ment were treated with tetracycline (1 �g/ml, 16 h) and assessed by confocal
microscopy for a merge between MitoTracker Deep Red and anti-LAMP2 Ab
detected by a secondary green fluorescent Ab. Scale bar, 40 �m. Using the
Metamorph colocalization method described under “Experimental Proce-
dures,” it was determined that 18% of the MitoTracker labeled mitochondria
colocalized with LAMP2 in tetracycline-treated lacZ control cells, and the
colocalization level rose to 55% following Tet induction of the N-Hax-1
fragment. A higher magnification of this staining is shown in supple-
mental Fig. S6. Please note that the MitoTracker is utilized only for mitochon-
drial identification; this dye is not diagnostic for the level of mitochondrial
polarization because its mitochondrial binding depends both on mitochon-
drial membrane potential and lipophilicity. Each of the panels represents
results confirmed by at least three independent experiments. DAPI,
4�,6-diamidino-2-phenylindole.

FIGURE 8. N-terminal Hax-1 fragment functions as a dominant negative
form of Hax-1 in the destabilization of MMP in a Cyp-D-dependent man-
ner. A–C, WT Hax-1 and double mutant Hax-1, but not the N-terminal Hax-
1(1–148) fragment, protects mitochondria against valinomycin-mediated
depolarization. T-REx-293 cells stably transfected with Tet-inducible WT
Hax-1 (A), DM-Hax-1 (B), or N-terminal Hax-1 fragment (C) were treated with
tetracycline (1 �g/ml) for 16 h. The cells were then treated with valinomycin
(100 nM, 2 h) and assessed by flow cytometry for mitochondrial membrane
potential as measured by JC-1 staining. D–F, the mitochondrial depolariza-
tion effect of the N-terminal Hax-1 fragment is Cyp-D-dependent. D and E,
T-REx-293 cells stably transfected with Tet-inducible N-terminal Hax-1 frag-
ment were treated with Cyp-D or non-target siRNAs (Ambion) for 60 h. The
cells were then treated with tetracycline (1 �g/ml) for 6 h and assessed by
flow cytometry for JC-1 staining (D) and by immunoblotting for the expres-
sion level of Cyp-D (E). Similar results were obtained with three additional
non-overlapping Cyp-D siRNAs from Invitrogen (not shown). F, T-REx-293
cells stably transfected with the Tet-inducible N-terminal Hax-1 fragment
were treated with tetracycline (1 �g/ml) and CsA (1 �m) for 16 h and then
assessed by flow cytometry for JC-1 staining.
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Although mitochondrial insertion of GrB has not been pre-
viously reported, a recent seminal study (52) demonstrated the
insertion of another granzyme, GrA, into the mitochondrial
matrix, when it is applied directly on isolated mitochondria or
togetherwith perforin onto target cells. The resistance ofHax-1
to mitochondrial treatment with proteinase K in association
with its release fromGrB-treated mitochondria are in line with
previous reports on the potential localization of Hax-1 on the
mitochondrial inner membrane facing the intermembrane
space (28). Thus, Hax-1 cross-talk with the mitochondrial
matrix protein, Cyp-D, may take place on the mitochondrial
inner membrane. In any event, the direct function of GrB on
both Hax-1 and AIF lends support to the notion that GrB func-
tions bothwithin themitochondrial intermembrane space (AIF
locality) and on the inner membrane (Hax-1 locality).
Hax-1 has recently been reported to contribute to the stabi-

lization of the MMP, but the underlying mechanism remains
unknown (23). Overexpression of full-length Hax-1 and partic-
ularly of uncleavable Hax-1 protects the mitochondria from
GrB-mediated depolarization. In contrast, reduction in the
expression level of Hax-1, as achieved by RNA interference,
increases the depolarization susceptibility of mitochondria to
GrB. Furthermore, cleavage of Hax-1 by GrB does not only
eliminate the presence of protective full-length Hax-1 but also
generates an N-terminal Hax-1 fragment that possesses a func-
tional activity opposing that of Hax-1. Specifically, this mito-
chondria-localized Hax-1 fragment does not possess the pro-
tective activity of full-lengthHax-1 against depolarizing stimuli
and on its own further dissipates the MMP and enhances ROS
production and ATP depletion. The involvement of Cyp-D in
the mitochondrial depolarizing activity of the N-terminal
Hax-1 fragment serves as evidence that indeed the latter partic-
ipates in regulation of the mitochondrial PTP. This finding is
important not only in regard toGrBmitochondrial function but
also in regard to themolecularmechanism involved in the func-
tion of Hax-1 itself. The underlying mechanism for the cross-
talk betweenHax-1 andCyp-D is unknown and currently under
investigation. The finding that the regulatory machinery of the
mitochondrial PTP is an immediate but indirect attack target
for GrB represents a novel concept in GrB biology. Not only
doesGrBput inmotion a proteolytic cascade by activating cyto-
solic caspase-3, but it is also capable of targeting the ultimate
cell survival core: the mitochondrial PTP.
Although Hax-1 has been considered as a prosurvival pro-

tein, its significance in GrB cellular function remains to be elu-
cidated. Exogenous application of GrB with either perforin or
Ad onto in vitro cell cultures leads to cell death associated with
the degradation of multiple cellular targets of GrB. Indeed, the
significance of GrB substrates as intermediate death effectors,
including caspase-3, Bid, andMcl-1, has been elucidated via the
their contribution to the ultimate demise of the targeted cell. It
is noteworthy that Hax-1 appears to be a highly sensitive target
for GrB, yet its overexpression or elimination does not signifi-
cantly impact the ultimate death following in vitro application
of GrB. The protective effect of Hax-1 appears to be limited to
the mitochondria, and mitochondria that are depolarized by
the GrB-generated N-Hax-1 fragment appear to be targeted to
lysosomes for degradation. Recently, an important aspect of

GrB activity that is not associated with promoting target cell
death has been recognized (1). Thus, GrB/perforin have been
implicated in an inhibitory activity of CD8 lymphocytes against
reactivation of HSV-1 in infected target cells. In particular, GrB
was shown to degrade HSV-1 immediate early protein, ICP4,
which is essential for further viral gene expression. In this
experimental setting, the GrB-mediated degradation of ICP4
was not associated with the death of the infected cells. An
equivalent mechanism of antipathogen activity with continu-
ous survival of the target cell has been described for GrH (53).
Future studies should investigate such scenarios for Hax-1,
which has been identified as a binding target for proteins made
by different viruses, including Epstein-Barr virus, Kaposi’s sar-
coma associated herpes virus, and human immunodeficiency
virus, type 1 (32–35).
Although the significance ofHax-1 as a substrate inGrB anti-

viral activity remains to be determined, the ability of GrB to
functionwithin themitochondria represents a novel concept in
GrB research. With our current knowledge regarding the
rationale behind GrB selectivity for its cellular substrates, the
discovery that GrB can secure cellular demise by an immediate
attack on the cell energy generator should not come as a sur-
prise but rather as an expected finding.
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