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A pivotal step in the mitochondrial pathway of apoptosis is
activation of Bak and Bax, although the molecular mechanism
remains controversial. To examine whether mitochondrial apo-
ptosis can be induced by just a lack of antiapoptotic Bcl-2-like
proteins or requires direct activators of the BH3-only proteins
including Bid and Bim, we studied the molecular requisites for
platelet apoptosis induced by Bcl-xL deficiency. Severe throm-
bocytopeniainduced by thrombocyte-specific Bel-xL knock-out
was fully rescued in a Bak and Bax double knock-out back-
ground but not with single knock-out of either one, In sharp
contrast, deficiency of either Bid, Bim, or both did not alleviate
thrombocytopenia in Bcl-xL knock-out mice. An i vitro study
revealed that ABT-737, a Bad mimetic, induced platelet apopto-
sis in association with a conformational change of the amino
terminus, translocation from the cytosol to mitochondria, and
homo-oligomerization of Bax. ABT-737-induced Bax activation
and apoptosis were also observed in Bid/Bim-deficient platelets.
Human platelets, upon storage, underwent spontaneous apo-
ptosis with a gradual decline of Bcl-xL expression despite a
decrease in Bid and Bim expression. Apoptosis was attenuated
in Bak/Bax-deficient or Bcl-xL-overexpressing platelets but not
in Bid/Bim-deficient platelets upon storage. In conclusion,
plateletlifespan is regulated by a fine balance between anti- and
proapoptotic multidomain Bel-2 family proteins. Despite resid-
ing in platelets, BH3-only activator proteins Bid and Bim are
dispensable for Bax activation and mitochondrial apoptosis.

Platelets are unique blood cells that do not have a nucleus but
contain mitochondria and have the daily job of handling hemo-
stasis and thrombosis (1). They are produced from megalkaryo-
cytes and once released into circulation can function for about
10 days in humans and 4-5 days in mice (2). They are then

ElThe on-line version of this article (available at http://www.jbc.org) contains
supplemental Fig. 1.
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thought to be destroyed by the reticuloendothelial system.
Regarding the mechanism that controls their lifespan, several
studies have observed a decrease in mitochondrial membrane
potential, caspase activation, and phosphatidylserine exposure
in platelets, leading to the conclusion that platelets undergo
apoptotic cell death (3-5). It has been demonstrated that plate-
lets contain several apoptosis-related proteins such as Bcl-2
family proteins and a variety of caspase family proteins (3~7).
Recently, Mason et al. (8) reported that knock-out of a single
allele of the bcl-x gene results in mild thrombocytopenia, which
is ameliorated in a Bak knock-out background. We have also
reported previously that thrombocyte-specific homozygous
Bel-xL knock-out mice show marked thrombocytopenia (9),
These findings established the critical role of Bcl-2 family pro-
teins in regulating platelet apoptosis and lifespan. Platelets may
be the simplest model for the study of Bel-2 biology with phys-

iological relevance because they neither perform de novo pro-
tein synthesis nor undergo proliferation.

The proapoptotic multidomain Bcl-2 family proteins Bak
and Bax serve as effector molecules for the mitochondrial path-
way of apoptosis. Upon activation, they form pores by homo-
oligomerization at the mitochondrial outer membrane through
which apoptogenic factors such as cytochrome ¢ are released
into the cytosol (10). Currently, three models for regulation of
Bal/Bax-dependent mitochondrial apoptosis by Bcl-2 family
proteins have been proposed (11-15). One, referred to as the
indirect model or displacement model, argues that Bak and Bax
are constitutively active and are neutralized by binding to at
least one or more antiapoptotic members of the multidomain
Bcl-2 family proteins including Bcl-2, Bel-xL, Mcl-1, Bcl-w, and
Bfl-1/A1. BH3?-only proteins such as Bad, Bid, Bim, Noxa, and
Puma bind to the antiapoptotic Bel-2 proteins to unleash Bak
and Bax (15). The second model, referred to as the direct mode],
argues that Bak and Bax are inactive by default and require
activator proteins to function. Among BH3-only proteins,
Bid and Bim are classified as activator proteins with the others

3The abbreviations used are: BH3, Bcl-2 homology domain 3; Pf4, platelet
factor 4; MTS, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl}-2H-tetrazolium.
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classified as sensitizer proteins because only Bid and Bim have
been demonstrated to directly activate Bak and Bax (16, 17). In
this model, Bid and Bim are sequestered by the antiapoptotic
Bel-2 family proteins, and the sensitizer BH3-only proteins
bind to the antiapoptotic Bcl-2 proteins to liberate Bid and Bim
so they can directly engage Bak and Bax (14). The third model,
referred to as the embedded together model, argues that BH3-
only activator proteins can recruit not only Bax but also
antiapoptotic Bcl-2 proteins to mitochondrial membranes.
Although membrane-bound Bax can form oligomers, mem-
brane-bound antiapoptotic Bcl-2 proteins function as a domi-
nant-negative Bax by competitively binding to Bax (12, 18).

In the physiological setting, genetic studies have revealed a
functional relationship between BH3-only activator proteins
and multidomain Bcl-2 family proteins. For instance, fatal poly-
cystic kidney disease and lymphopenia caused by loss of Bcl-2
are ameliorated in a Bim knock-out background (19). Similarly,
we reported previously that spontaneous-hepatocyte apoptosis
caused by hepatocyte-specific deficiency of Bel-xL or Mcl-1 is
alleviated by Bid deficiency (20, 21). These studies indicated
that Bid or Bim is apparently involved in apoptotic phenotypes
induced by lack of an antiapoptotic Bel-2 family protein. How-
ever, it had not been established whether or not these direct
activators are required for Bak/Bax activation, leading to mito-
chondriel apoptosis.

Inthe present study, we explored the molecular requisites for
platelet apoptosis induced by Bcl-xL deficiency. We observed
complete recovery from severe thrombocytopenia in Bel-xL
knock-out mice with a Bak and Bax double knock-out back-
ground, confirming that Bel-xL deficiency causes apoptotic cell

death through a Bak/Bax-dependent mitochondrial apoptosis:

machinery. Deficiency of either Bid, Bim, or both did not alle-
viate thrombocytopenia in Bel-xL knock-out mice. An ix vitro
study revealed that pharmacological inhibition of antiapoptotic
Bcl-2 family proteins sufficiently activated Bax protein to cause
apoptosis even in Bid/Bim-deficient platelets. Our current
study indicates that Bak/Bax can be activated by neutralization
of antiapoptotic Bcl-2 family proteins for the execution of apo-
ptotic cell death without involvement of the BH3-only direct
activator proteins Bid and Bim in specific cellular contexts.

EXPERIMENTAL PROCEDURES

Mice—Mice carrying a bcl-x gene with two loxP sequences at
the promoter region and a second intron (bel-#"*/°%) (22) and
heterozygous pf4-Cre transgenic mice expressing the Cre
recombinase gene under the regulation of the promoter of the
platelet factor 4 gene (23) have been described previously.
Thrombocyte-specific Bel-xL knock-out mice (bel-w** pf4-
Cre) (9) and systemic Bid knock-out mice (24) also have been
described previously. We purchased C57BL/6] mice from
Charles River (Osaka, Japan) and systemic Bim knock-out
mice, systemic Bak knock-out mice, systemic Bax knock-out
mice, -and conditional Bak/Bax double knock-out mice
(bak™'~ basx™*%) from The Jackson Laboratory (Bar Harbor,
ME). We generated thrombocyte-specific Bel-xL/Bid double
knock-out mice (bid '~ bel-o**1"% pf4.Cre), Bel-xL/Bim dou-
ble knock-out mice (bim '~ bcl-a* ™% pfa-Cre), Bel-xL/Bid/
Bim triple knock-out mice (bid ™/~ bim ™'~ bcl-a"*1710% pf4.-Cre),
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Bel-xL/Bak double knock-out mice (bak™'~bel-s"!0x pf4-Cre),
Bcl-xL/Bax double knock-out mice (bax™'"bcl-a/*1"* pfq-
Cre), Bcl-xL/Bak/Bax triple knock-out mice (bak™'~bas'™=/ o
bel-5"*%%  pf4-Cre), and Bak/Bax double knock-out mice
(bak™'~ bas™*!1%* yf1-Cre) by mating the strains. We also gener-
ated systemic Bid/Bim double knock-out mice (bid~/~bim~'~) by
mating the strains. Heterozygous HA-hBcl-xL transgenic mice
expressing human Bel-xL gene under the regulation of the CAG
promoter were generated according toaprocedure described pre-
viously (25) using a hemagglutinin-tagged human bel-xL expres-
sion plasmid, pcDNA HAbcl-xL (26). Mice were maintained in a
specific pathogen-free facility and treated with humane care under
approval fromthe Animal Care and Use Committee of Osaka Uni-
versity Medical School.

. Hematological Analyses—Blood was collected from the infe-

rior vena cava of mice. Complete blood cell counts were deter-
mined using an automated cell counter (Sysmex, Kobe, Japan).

Platelet Isolation, Storage, and Preparation of Lysates—Plate-
lets were isolated as described previously (9). Briefly, whole
blood collected from mice or healthy donors was mixed with %
volume of citrate-phosphate-dextrose (Sigma-Aldrich). Plate-
let-rich plasma was obtained by centrifugation at 100 X gfor 15
min at room temperature without braking. To avoid mechani-
cal aggregation of platelets by centrifugation, platelet-rich
plasma was incubated with 1 um prostaglandin E; (Sigma-
Aldrich) and 1 unit/ml apyrase (Sigma-Aldrich) (27). Next,
platelets were isolated by centrifugation at 200 X g at room
temperature for 15 min. Washed platelets were resuspended in
modified Tyrode’s buffer (5 mm HEPES, 137 mm NaCl, 2.7 mm
KCl, 0.4 mm NaH,PO,-2H,0, 2.8 mM dextrose, pH 7.4) and left
standing for 30 min before use. In some experiments, platelet-
rich plasma or platelet suspension was stored under continuous
gentle agitation in an incubator at 25 °C for the indicated time.
For preparation of cell lysates, the platelet pellet was obtained
by centrifugation at 200 X g at room temperature for 10 min
after incubation with 1 uM prostaglandin E; (Sigma-Aldrich)
for 10 min and lysed in lysis buffer (1% Nonidet P-40, 0.5%
sodium deoxycholate, 0.1% sodium dodecyl sulfate, 1X prote-
ase inhibitor mixture (Nacalai Tesque, Kyoto, Japan), 1X phos-
phatase inhibitor mixture (Nacalai Tesque), phosphate-buff-
ered saline, pH 7.4) unless otherwise indicated. The platelet
lysates were cleared by centrifugation at 10,000 X gat 4 °C for
15 min. Protein concentrations were determined using a bicin-
choninic acid protein assay kit (Pierce). We confirmed that
incubation with prostaglandin E, did not affect the caspase-3/7
activity of isclated platelet supernatant (data not shown).

In Vitro ABT-737 Experiment—ABT-737, provided by
Abbott Laboratories (Abbott Park, IL), was dissolved with
DMSO. Platelets were treated with 10 um ABT-737 or DMSO
for the indicated times.

3-(4,5-Dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium (MTS) Assay—The MTS
assay is a colorimetric assay for measuring the ability of living
cells to reduce the uncolored MTS substrate to purple forma-
zan. In platelets, this activity is directly related to cellular via-
bility (4, 5). The MTS assay was performed with a cell proli-
feration kit (CellTiter 96 AQueouss Promega, Tokyo, Japan)
according to the manufacturer’s protocol. Upon addition of
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MTS solution, the reaction plate was incubated at 37 °C for 4 h,
and then the absorbance was read at 490 nm with a plate reader
(Bio-Rad).

Caspase-3/7 Activity—Serum or platelet supernatant
caspase-3/7 activity was measured with a luminescent substrate
assay for caspase-3 and caspase-7 (Caspase-Glo assay, Pro-
mega) according to the manufacturer’s protocol.

Western Blot Analysis—Equal amounts of protein lysates
were electrophoretically separated using SDS-PAGE and trans-
ferred onto PVDF membrane unless otherwise indicated. For
immunodetection, the following antibodies were used: rabbit
polyclonal antibody to Bcl-xL (Santa Cruz Biotechnology,
Santa Cruz, CA), rabbit polyclonal antibody to Bid, rabbit poly-
clonal antibody to Bax, rabbit polyclonal antibody to cleaved
caspase-3, rabbit polyclonal antibody to Bim, rabbit polyclonal
antibody to Puma, rabbit polyclonal antibody to Bcl-2, rabbit
polyclonal antibody to Bcl-w, rabbit polyclonal antibody to
cytochrome ¢ oxidase IV (Cell Signaling Technology, Beverly,
MA), rabbit polyclonal antibody to Bak, rabbit polyclonal anti-
body to Bax (Millipore, Billerica, MA), rabbit polyclonal anti-
body to GAPDH (Trevigen, Gaithersburg, MD), rabbit poly-
clonal antibody to Bim (Assay Designs, Ann Arbor, MI), and
mouse monoclonal antibody to B-actin (Sigma-Aldrich).

Isolation of Mitochondria-rich and Cytosolic Fractions—
Platelet homogenates were prepared by repeated freeze-and-
thaw methods (28). Briefly, platelets in isolation buffer (225 mm
mannitol, 75 mu sucrose, 0.1 mm EGTA, 1 mg/ml fatty acid-
free BSA, 10 mm HEPES-KOH, 1X proteinase inhibitor mix-
ture, 1X phosphatase inhibitor mixture, pH 7.4) were frozen in
liquid nitrogen for 1 min and then thawed at 37 °C for 3 min.
This freeze-and-thaw sequence was repeated for two more
cycles, and then the samples were centrifuged at 700 X g for 10
min at 4°C. The supernatant was further centrifuged at
15,000 X g for 10 min at 4 °C. The pellet was regarded as the
mitochondria-rich fraction, and the supernatant was the cyto-
solic fraction.

Immunoprecipitation—Platelets (1.0 X 10%) were lysed in
HNC buffer (25 mm HEPES/Na, 300 mm NaCl, 2% CHAPS, 1X
protease inhibitor mixture, 1X phosphatase inhibitor mixture,
pH 7.5) and immunoprecipitated using mouse monoclonal
antibody to Bax (clone 6A7) (Abcam, Cambridge, MA) with an
immunoprecipitation kit (Dynabeads Protein G, Invitrogen).
Control immunoprecipitations were performed using mouse
control IgG (Abcam). -

Detection of Bax Oligomer zzatzontax oligomerization was
detected as described previously (29). Briefly, 5.0 X 107 platelets
were lysed with HNC buffer. Next, ~50 mg of platelet lysates
was incubated with 5 mM bismaleimidohexane (Pierce) and 5
m bis(sulfosuccinimidyl) suberate (Pierce) for 30 min at room
temperature. To quench cross-linkers, the lysates were incu-
bated with 100 mm Tris-HCl, pH 7.5 for 15 min at room tem-
perature. Bax oligomers were detected by Western blot using
rabbit polyclonal antibody to Bax (Cell Signaling Technology).

Statistical Analysis—All data are expressed as mean = S.D.
Statistical analyses were performed by unpaired Student’s ¢ test
or by one-way analysis of variance. When analyses of variance
were applied, differences in the mean values among the groups
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were examined by Scheffe post hoc correction. p < 0.01 was
considered statistically significant.

RESULTS

Thrombocytopenia Induced by Bcl-xL Deficiency Is Depen-
dent on Proapoptotic Effector Proteins Bax and Bak—Previous
research has reported that the mild thrombocytopenia caused
by heterozygous Bel-xL knock-out is prevented in a Bak knock-
out background (8). We therefore first examined whether the
severe thrombocytopenia seen in the thrombocyte-specific
homozygous Bel-xL knock-out mice (9) could also be prevented
by loss of Bak. Bcl-xL and Bak double knock-out mice were
generated by mating thrombocyte-specific Bel-xL knock-out
mice and systemic Bak knock-out mice. Bcl-xL and Bak double
knock-out mice were born at the expected Mendelian fre-
quency, but unexpectedly, their platelet count did not show any
difference from that of the thrombocyte-specific Bcl-xL knock-
out mice (Fig. 14). Among Bcl-2 family proteins, not only Bak
but Bax is also a well recognized proapoptotic effector protein.
Therefore, we next generated Bcl-xL and Bax double knock-out
mice by mating thrombocyte-specific Bel-xL knock-out mice
and systemic Bax knock-out mice. Bel-xL and Bax double

knock-out mice were also born at the expected Mendelian fre-

quency, and their platelet count also was not different from that
of the thrombocyte-specific Bel-xL knock-out mice (Fig. 1B).
To investigate whether the Bak/Bax-dependent mitochondrial
apoptotic pathway is actually involved in thrombocytopenia
caused by Bcl-xL deficiency, we generated Bcl-xL, Bak, and Bax
triple knock-out mice by mating Bel-xL and Bak double knock-
out mice with thrombocyte-specific Bax knock-out mice
because systemic Bak and Bax double knock-out mice usually
die as neonates (30). Triple knock-out mice were born at the
expected Mendelian frequency and did not show any protein
expression of Bel-xL, Bak, and Bax in their platelets on exami-
nation by Western blotting (Fig. 1C). The platelet count of the
triple knock-out mice was almost normal and not significantly
different from that of systemic Bak knock-out mice, which
served as a control for this mating (Fig. 1D). These findings
clearly demonstrated that the severe thrombocytopenia
induced by thrombocyte-specific Bel-xL knock-out was fully
dependent on Bak/Bax. Serum caspase-3/7 activity, monitored
by specific cleavage of the Ac-DEVD-p-nitroanilide substrate,
was significantly higher in thrombocyte-specific Bel-xL knock-
out mice than control littermates (Fig. 1E), suggesting platelet
apoptosis in the knock-out mice. Caspase activation in the
Bel-xL knock-out mice was not alleviated in a Bak knock-out
background (Fig. 1E) but was diminished with a Bak and Bax
double knock-out background (Fig. 1£), suggesting that Bcl-xL

deficiency caused platelet apoptosis through a Bak/Bax-depen- .

dent mitochondrial pathway. These results also implied that
either Bak or Bax was sufficient to induce apoptosis in Bel-xL-
deficient platelets.

ABT-737 Treatment Provokes Bak/Bax-dependent Apoptosis
in Platelets—To investigate the molecular mechanisms of Bak/
Bax-dependent platelet apoptosis provoked by a lack of anti-
apoptotic Bcl-2 proteins, we conducted an in vitro study using
ABT-737, a Bad mimetic, which antagonizes the antiapoptotic
function of Bel-xL, Bel-2, and Bel-w by binding to the hydro-
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FIGURE 1. Thrombocytopenia induced by Bcl-xl deficiency is dependent
on Bcl-2 effector proteins Bak and Ba¢. Bc/-xL+/+ and Bcl-xL~/— stand for
bcl-x"exex without pfd-Cre and bcl-x™*10% with pfa-Cre, respectively.
Bak+/+, Bak+/—, and Bak—/— stand for bak™’*, bak*~, and bak™’",
respectively. WT stands for wild type. A, platelet counts of the offspring from
mating of bak */~bcl-x"*'"% pf4-Cre mice and bak*/~ bd-x"*/"% mice (more
than four mice pergroup; ¥, p < 0.01 versus all other groups; **, p < 0.01 versus
Bcl-xL+/+ groups). B, platelet counts of the offspring from mating of
bax™’~bcl-x"*°% pfa-Cre mice and bax ™/~ bel-x"/"9% mice (more than five
mice per group; ¥ p < 0.01 versus Bcl-xL+/+ groups). Bax+/+, Bax+/—, and
Bax—/~ stand for bax™/*, bax™*/~, and bax™’~, respectively. C, Western blot
of platelet lysates for the expression of Bel-xL, Bak; and Bax. D, platelet counts
of the offspring from mating of bak™~bax™/* bel-x""* pf4_Cre mice and
bak™'~bax™’* bcl-x"*"°* mice (more than eight mice per group; *, p < 0.01
versus Bak—/—Bax+/-+BclxL+/+ group and Bak—/—Bax—/—BclxL—/—
group. Bax+/++, Bax+/—, and Bax—/— stand for bax™*, bax"™* with pf4-

Cre, and bax™ /™ with pf4-Cre, respectively. E, serum caspase-3/7 activity’

of the offspring from mating of bak™’~bcl-x""* pfi-Cre mice and bak™’™
bei-xex/1ex mice (n = 5 or 6/group; *, p < 0.01 versus Bcl-xL+/+ group).
F, serum caspase-3/7 activity of the offspring from mating of bak™'~
bax™* pcl-x"1ox/fox 4. Cre mice and bak™ ™ bax™*/* bcl-x1x/fox mice (n =
8/group; *, p < 0.01 versus all). Bax-+/+, Bax+/—, and Bax—/~— stand for
bax*'", bax ™ * with pf4-Cre, and bax"/"°% with pf4-Cre, respectively.

phobic groove of these proteins (31). Western blot revealed that
these antiapoptotic Bcl-2 proteins existed in platelets (Fig. 24),
and ABT-737 has already been reported to cause apoptosis in
platelets in both in vivo and in vitro settings (7, 8). We first
examined whether ABT-737-induced platelet apoptosis was
executed via the Bak/Bax-dependent mitochondrial pathway.
In platelets isolated from wild-type mice, administration of

ABT-737 caused cleavage of caspase-3 (Fig. 2B). Supernatants:

of ABT-737-treated platelets showed marked elevation of
caspase-3/7 activity (Fig. 2C). In addition, platelet cellular via-
bility, which can be assessed by MTS assay (3, 4), decreased
upon ABT-737 treatment (Fig. 20). On the other hand,
although expression of targeted antiapoptotic Bcl-2 proteins

was not different between platelets from wild-type mice and

Bak/Bax double knock-out mice (Fig. 24), ABT-737 treatment
neither caused caspase activation nor impaired cellular integ-
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FIGURE 2. ABT-737 treatment provokes Bak/Bax-dependent apoptosis
in platelets. WT, Bak—/—Bax—/—, and Bak—/— stand for wild type,
bak—/—bax™¥/fex with pfd-Cre, and bak—/—, respectively. A, Western blot of
platelet lysates for the expression of Bak, Bax, Bcl-xL, Bcl-2, and Bcl-w. B, plate-
lets (3.0 X 107) were incubatad with 10 um ABT-737 or vehicle for 2 hat room
temperature. A Western blot of platelet lysates for the expression of cleaved
caspase-3 is shown. Cand D, platelets (2.0 X 10°) were incubated with 10 um
ABT-737 or vehicle for 2 h at room temperature. C, caspase-3/7 activity of
platelet supernatant (n = 4/group). D, MTS assay (n = 5/group). RLU, relative
light units. .

rity in Bak/Bax-deficient platelets (Fig. 2, B~D). These findings
demonstrated that ABT-737 caused platelet apoptosis via the
Bal/Bax-dependent mitochondrial pathway. Interestingly,
unlike what was reported previously (8), Balk deficiency could
alleviate neither caspase activation nor loss of cellular viability
in ABT-737-treated platelets (Fig. 2, B~D), offering evidence of
the redundancy of Bak and Bax proteins in executing apoptosis
in platelets under inhibition of these antiapoptotic Bcl-2
proteins.

ABT-737 Treatment Causes Bax Activation in Platelets—Af-
ter ABT-737 treatment of the platelets, we next examined the
activation status of the Bax protein in these platelets. In general,
Bax activation is divided into sequential steps. When subjected
to a variety of apoptotic stimuli, the Bax protein first undergoes
a conformational change such as exposure of the amino termi-
nus. This active form is translocated from the cytosol to the
mitochondria. Finally, mitochondrial Bax undergoes self-olig-
omerization, leading to permeabilization of the outer mito-
chondrial membrane (32). We found that upon addition of
ABT-737 to platelets the Bax protein underwent a conforma-
tional change as demonstrated by Western blotting upon
immunoprecipitation with an antibody that specifically recog-
nizes the amino terminus of the Bax protein (33) (Fig. 34). In
addition, upon ABT-737 treatment, the Bax protein was trans-
located from the cytosol to the mitochondria (Fig. 38) and then
underwent homo-oligomerization (Fig. 3C). These findings
indicated that inhibition of antiapoptotic Bcl-2 proteins in
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FIGURE 3. ABT-737 treatment causes Bax activation in platelets.
A-C, platelets (1.0 X 10%) isolated from C57BL/6J mice were incubated with 10
uMABT-737 or vehicle for 2 h atroom temperature. A, Western blot of platelet
lysates for the expression of Bax after immunoprecipitation (/P) using mouse
antibody that specifically recognizes activated Bax (6A7) or mouse control
1gG (active Bax exposes an amino-terminal epitope (amino acids 12-24) that
is recognized by 6A7). B, Western blot for the expression of Bak, Bax, CoxiV
(cytochrome c oxidase IV), and GAPDH after cellular fractionation of the plate-
let lysates. C, Western blot for the expression of Bax after incubation of the
platelet lysates with or without protein cross-linkers (5 mm bismaleimido-
hexane and 5 mm bis(sulfosuccinimidyl) suberate). /B, immunoblot.

platelets caused Bax activation, promoting Bak/Bax-dependent
mitochondrial apoptosis followed by caspase activation.
Thrombocytopenia Induced by Bcl-xL Deficiency Does Not
Require BH3-only Activator Proteins Bid and Bim—We
explored whether Bak/Bax-dependent platelet apoptosis
induced by Bcl-xL deficiency requires the direct activator pro-
teins Bid and Bim. Western blot revealed that Bid and Bim were
both present in platelets (Fig. 44). We generated Bcl-xL/Bid
double knock-out mice and Bel-xL/Bim double knock-out mice
by mating thrombocyte-specific Bel-xL knock-out mice with

systemic Bid knock-out mice or Bim knock-out mice, respec-

tively. These double knock-out mice showed massive thrombo-
cytopenia that was not alleviated at all compared with that of
thrombocyte-specific Bel-xL knock-out mice (Fig. 4, B and C).
It was possible that, in Bcl-xL-deficient platelets, the existence
of either Bid or Bim was sufficient to activate Bak/Bax directly,
leading to platelet apoptosis in these double knock-out mice.
We then generated Bcl-xL, Bid, and Bim triple knock-out mice
by mating Bcl-xL/Bid double knock-out mice with Bel-xL/Bim
double knock-out mice. These triple knock-out mice still
showed massive thrombocytopenia without any difference of
platelet count compared with that of Bcl-xL/Bid double knock-
out mice (Fig. 40). These findings clearly demonstrated that
BH3-only activator proteins Bid and Bim were dispensable for
the severe thrombocytopenia induced by thrombocyte-specific
Bel-xL deletion in vive. In addition, caspase activation in
thrombocyte-specific Bcl-xL knock-out mice was not alleviated
even inthe Bid and Bim double knock-out background (Fig. 4, E
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FIGURE 4. Thrombocytopenia induced by Bcl-xL deficiency does not
require BH3-only activator proteins Bid and Bim. Bc/-xL+/+ and
Bcl-xL—/— stand for bcl-x"*fx without pfd-Cre and bcl-x"% with pf4-Cre,
respectively. Bid+/+, Bid+/—, and Bid—/— stand for bid*’*, bid*’~, and
bid™'~, respectivel)/. Bim+/+, Bim+/—, and Bim—/— stand for bim™*'*,
bim™’~, and bim™’", respectively. WT and Bid—/—Bim~/— stand for wild
type and bid ™/~ bim™/~, respectively. A, Western blot of platelet lysates for
the expression of Bid and Bimg,. B, platelet counts of the offspring from mat-
ing of bid™~ bcl-x¥/f°% pf4-Cre mice and bid*/~ bcl-x""o% mice (more than
five mice per group; ¥, p < 0.01 versus Bcl-xL+/+ groups). C, platelet counts of
the offspring from mating of bim ™/~ bcl-x"*x pf4-Cre mice and bim*/~ bcl-
x"¥fex mice (more than seven mice per group; *, p < 0.01 versus Bel-xL+/+
grourPs). D, platelet counts of the offspring from mating of bid~/~bim*/~ bdl-
x10x91% pd-Cre mice and bid~/~bim*'~ bdl-x"¥/* mice (more than five mice
per group; ¥, p < 0.01 versus Bcl-xL+/+ groups). E, serum caspase-3/7 activity
of the offspring from mating of bid*/~bcl-x"0*/"* pf4-Cre mice and bid*/~bcl-
xex/fex mice (n = 4-6/group; *, p < 0.01 versus Bcl-xL+/+ groups). F, serum
caspase-3/7 activity of the offspring from mating of bid ™ ~bim™/~ bcj-x/"ox/flex
pfd-Cre mice and bid ™/~ bim™*/~ bcl-x"*f°* mice (n = 4-6/group; *, p < 0.01
versus Bcl-xL+/+ groups).

and £), suggesting that the lack of Bel-xL required neither Bid
nor Bim to trigger Bak/Bax-dependent platelet apoptosis.

Bax Activation and Subsequent Apoptotic Cell Death Pro-
voked by ABT-737 Can Proceed in Absence of Bid and Bim—To
investigate whether Bax can be activated by inhibition of anti-
apoptotic Bel-2 proteins even in the absence of Bid and Bim, we
isolated platelets from Bid and Bim double knock-out mice. A
Western blot study confirmed that neither Bid nor Bim existed
in platelets of the double knock-out mice (Fig. 44) and showed
that Puma protein, another putative direct activator (13), was
not detected in platelets of either wild-type mice or Bid/Bim
double knock-out mice (Fig. 54). The expression of antiapop-
totic Bcl-2 proteins including Bel-xL, Bcl-2, and Bel-w was
unchanged between these mice (Fig. 54). Upon ABT-737 treat-
ment, the Bax protein in Bid/Bim-deficient platelets could
undergo conformational change (Fig. 5B), translocation from
the cytosol to the mitochondria (Fig. 5C), and homo-oligomer-
ization (Fig. 5D). These results clearly demonstrated that ABT-
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FIGURE 5. Bax activation and subsequent apoptotic cell death provoked
by Bel-xl. deficiency can proceed in absence of Bid and Bim. A, Western
blot of platelet lysates for the expression of Puma, Bcl-2, Bcl-w, and Bel-xL. WT
and Bid~/—Bim—/~ stand for wild type and bid™/~bim™'~, respectively.
B-E, platelets (1.0 X 108) isolated from Bid/Bim double knock-out mice were
incubated with 10 um ABT-737 or vehicle for 2 h at room temperature.
B, Western blot for the expression of Bax after immunoprecipitation (IP) using
mouse antibody that specifically recognizes activated Bax (6A7) or mouse
control igG. C, Western blot for the expression of Bak, Bax, Cox!V (cytochrome
c oxidase 1V), and GAPDH after celiular fractionation of the platelet lysates.
D, Western blot for the expression of Bax after incubation of the platelet lysates
with protein cross-linkers (5 mm bismaleimidohexane and 5 mm bis(sulfosuccin-
imidyl) suberate). £, Western blot of platelet lysates for the expression of cleaved
caspase-3. F and G, platelets (2.0 X 10% isolated from Bid/Bim double knock-out
-mice were incubated with 10 jum ABT-737 or vehicle for 2 h atroom temperature.
F, caspase-3/7 activity of platelet supernatant (n = 4/group). G, MTS assay (n =
5/group). 1B, immunoblot; RLU, relative light units.

737-induced Bax activation did not require the direct activator
proteins Bid and Bim. Upon ABT-737 treatment of Bid/Bim-
deficient platelets, cleavage of caspase-3 and elevation of
caspase-3/7 activity were both observed (Fig. 5, £ and #), and
the MTS assay demonstrated that platelet cellular viability was
also impaired (Fig. 5G). These findings indicated that Bid and
Bim were dispensable for Bak/Bax-dependent platelet apopto-
sis provoked by inhibition of antiapoptotic Bcl-2 proteins.
Spontaneous Apoptotic Cell Death in Stored Human Platelets
Occurs with Decline of Bcl-xL Despite Decrease in Bid and Birmn—
In stored human platelets, phosphatidylserine exposure
increases with caspase-3 activation (4, 5), which leads to spon-
taneous platelet apoptosis, but the exact molecular mechanism

of this process remains elusive. This led us to examine the pro- -
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FIGURE 6. Spontaneous apoptotic cell death in stored platelets occurs
with decline of Bel-xL despite decrease in Bid and Bim. A and B, platelet-
rich plasma derived from a healthy volunteer was stored for the indicated
time course. A, Western blot of stored platelet lysates for the expression of
Bcl-xL, Bak, Bax, Bid, Bimg, Bcl-w, Bcl-2, cleaved caspase-3, and GAPDH. Equal
numbers of platelets were loaded per sample. B, caspase-3/7 activity of super-
natant derived from platelet-rich plasma (n = 4/group; *, p < 0.01 versus all
other groups). C, Western blot of platelet lysates derived from Bcl-xL trans-
genic mice for the expression of Bcl-xL, Bak, and Bax. WT and Bc/-xL Tg stand
for wild-type mice and Bcl=xL transgenic mice, respectively. D, platelets
derived from C57BL/6J mice, Bak/Bax double knock-out mice, Bcl-xL trans-
genic mice, and Bid/Bim double knock-out mice were stored forthe indicated
time course. Caspase-3/7 activity of stored platelet supernatant was assessed
and is presented as the -fold induction compared with freshly isolated plate-
let supernatant (n = 4/group). WT, Bak—/—Bax—/-, and Bid—/—Bim—/—
stand for wild-type, bak™ ~bax X% with pfa-Cre, and bid™/~bim™'~
respectively. Bcl-xL Tg stands for Bcl-xL transgenic mice. RLU, relative light
units.

mice,

file of Bcl-2 family proteins in human platelets during the
course of storage. In stored platelets, cleaved caspase-3 gradu-
allyincreased (Fig. 64) and caspase-3/7 activity rose simultane-
ously (Fig. 68), indicating that the platelets steadily underwent
apoptotic cell death with storage time. Regarding the Bcl-2 fam-
ily protein profile, although expression of Bel-xL and Bax pro-
teins gradually decreased with time, the decrease in Bak expres-

sion occurred at a later time point (Fig. 64). As for BH3-only .

direct activator proteins, Bid and Bim expression also de-
creased with time (Fig. 64). To examine the involvement of
Bcl-2 family proteins in spontaneous apoptosis in stored plate-
lets, caspase-3/7 activity was measured in platelets from wild-
type mice, Bak/Bax double knock-out mice, Bcl-xL transgenic
mice, and Bid/Bim double knock-out mice upon storage. A
Western blot revealed that Bel-xL protein increased in platelets
isolated from Bcl-xL transgenic mice compared with wild-type
mice, whereas expression of effector proteins Bak and Bax did
not differ between them (Fig. 6C). Although wild-type platelets
showed elevation of the caspase-3/7 activity upon storage, it

was significantly lower in Bak/Bax-deficient platelets than in
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Bid and Bim Are Dispensable for Thrombocyte Apoptosis

wild-type platelets (Fig. 6D). These findings indicated that Bak/
Bax-dependent mitochondrial apoptosis played an important
role in the execution of spontaneous apoptosis in stored plate-
lets. Furthermore, caspase activation was alleviated in Bel-xL-
overexpressing platelets compared with wild-type platelets
upon storage (Fig. 61), suggesting an antiapoptotic function of
Bcl-xLin stored platelets. On the other hand, caspase-3/7 activ-
ity increased in Bid/Bim-deficient platelets and was not differ-
ent from that in wild-type platelets (Fig. 6D), suggesting that
direct activator proteins Bid and Bim are dispensable for the
spontaneous platelet apoptosis upon storage.

DISCUSSION

In the mitochondrial pathway, apoptotic cell death is
dependent on activation of the proapoptotic effector proteins
Bak and Bax. Cells lacking both Bak and Bax are resistant to

multiple apoptotic stimuli (34). Genetic studies have revealed

that Bax or Bak single knock-out mice have less pronounced
phenotypes compared with Bak/Bax double knock-out mice,
which display various severe defects during development, indi-
cating the redundancy of their involvement in apoptosis (30,
35). With regard to the mitochondrial apoptosis machinery in
platelets, the involvement of Bax seemed to be less critical
because platelet numbers in Bax knock-out mice were normal
in contrast to the thrombocytosis displayed in Bak knock-out
mice (30, 35). However, our in vitro study revealed that ABT-
737 could provoke apoptosis even in Bak-deficient platelets.
Moreover, our in vivo studies have clearly demonstrated that
either Bax or Bak was sufficient to cause platelet apoptosis in
the absence of Bel-x1,, indicating that Bax and Bak are redun-
dant and equivalently important for the mitochondrial apopto-
sis in platelets.

In support of the displacement model, co-immunoprecipita-
tion studies revealed complexes of Bak with a variety of anti-
apoptotic proteins (36). However, the major concern with this
model is that Bax is presumed to exist mainly in a cytosolic
fraction as a monomer (37). Thus, Bax activation might not be
controlled by displacement (38). Unlike Bak activation, sequen-
tial steps are necessary for Bax activation such as a conforma-
tional change, mitochondrial translocation, and homo-oligo-
merization. Recent reports have revealed the mechanism of
how activator proteins Bid and Bim are directly involved in
these steps and initiate Bax activation (39, 40). In the present
study, we showed that all the serial steps of Bax activation can
adequately proceed without the involvement of the activator
proteins Bid and Bim in vitro. Moreover, Bak/Bax-dependent
mitochondrial apoptosis could be fully executed by inhibition
of antiapoptotic Bcl-2-like proteins even if the direct activator
proteins Bid and Bim did not exist. Similar results have been
presented by Willis et al. (15), who showed that embryonic
fibroblasts from Bid and Bim double knock-out, when
infected with retrovirus expressing BH3 sensitizer proteins,
could undergo apoptosis in vitro. Based on their results, they
claimed that the Bax protein may be constitutively active and
inhibited through binding to antiapoptotic Bcl-2-like proteins
for cells to survive. However, in our in vitro study, we could not
detect physiological interaction between Bax and Bel-xL in
platelets. Therefore, it is difficult to evaluate whether Bak

APRIL 22,2011« VOLUME 286-NUMBER 16

and/or Bax is active or inactive at the default state in platelets.
On the other hand, genetically modified mice clearly showed
that retrieval of direct activator proteins could not prevent
caspase activation and thrombocytopenia induced by the lack
of Bel-xL. These findings demonstrated, for the first time, in
vivo evidence that direct activator proteins Bid and Bim were
dispensable for apoptosis execution provoked by the loss of
antiapoptotic Bcl-2-family proteins.

Because ABT-737 can bind to and neutralize Bcl-2, Bel-w,
and Bcl-xL, all of which are present in platelets (Figs. 24 and
64), it is difficult to directly conclude that the in vitro results
from our ABT-737 study exactly reflect our in vivo results
obtained from Bel-xL deletion. However, in addition to reports
that neither systemic Bel-w knock-out nor Bel-2 knock-out
mice exhibit any phenotypes with respect to platelet counts
(41—43), our in vivo results of massive thrombocytopenia seen
in thrombocyte-specific Bel-xL knock-out mice indicated that
the antiapoptotic role of Bcl-2 and Bel-w in platelets was appar-
ently less important than that of Bcl-xL. Even if Bcl-2 and Bel-w
were involved in our in vitro results, our present results clearly
demonstrated that neither Bid nor Bim is required for Bax acti-
vation and following mitochondrial apoptosis by inhibition of
antiapoptotic Bcl-2 family proteins. Regarding the other anti-
apoptotic members of the Bel-2 family, systemic A 1a knock-out
mice were not reported with any phenotype with respect to
platelet counts (44). Mcl-1is a rapid turnover protein and could
not be detected in platelets (supplemental Fig. 1). Therefore,
Bcl-xL may be the main antiapoptotic Bcl-2 family protein with
functional significance in platelets. This simplicity may explain
why Bid and Bim deficiency failed to ameliorate the phenotype
of Bel-xL knock-out in platelets in contrast to other scenarios in
which Bid or Bim is apparently indispensable (19-21). Fatal
polycystic kidney disease and lymphopenia observed in Bcl-2
knock-out mice are ameliorated in a Bim knock-out back-
ground (19). In this case, lymphocytes and other cell lineages
may possess Bcl-2 and other antiapoptotic Bcl-2 proteins such
as Mcl-1 (45). Hepatocyte apoptosis observed in hepatocyte-
specific knock-out of Mcl-1 or Bel-xL is ameliorated in a Bid
knock-out background (20, 21). In this case, hepatocytes clearly
have two critical antiapoptotic Bcl-2 family proteins, Bel-xL
and Mcl-1, and Bid may switch binding partners from one to
the otherin the case of deficiency of either protein. Bid and Bim
could regulate the rheostat balance between antiapoptotic and
proapoptotic Bel-2 family proteins, which may become irrele-
vant if none of the antiapoptotic Bcl-2 family proteins are
present.

Although among the BH3-only proteins Bid and Bim are rec-
ognized as the putative direct activators, Puma, one of the other
BH3-only proteins, has been reported to have the ability to
interact directly with effector proteins (13). However, a recent
report has pointed out that Puma is a sensitizer protein, which
indivectly activates Bak or Bax (46). Hence, its actual mecha-
nism of action in apoptosis remains obscure and disputed.
Importantly,in contrast to thymocyte tissue, a Western blot did
not show a detectable amount of Puma protein in platelets (Fig,
54), indicating that it might not be involved in the platelet apo-
ptosis machinery. However, we could not exclude the possibil-

ity that other proteins may function as alternative direct acti-
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vators in the absence of Bid and Bim, leading to Bax activation
and mitochondrial apoptosis in platelets upon inactivation of -
antiapoptotic Bcl-2 family proteins.

In stored platelets, because of the lack of de novo protein
synthesis, each protein may gradually decrease inrelation te its
half-life. Our current results showed that the decline of Bel-xL
and Bax protein was much faster than that of Bak protein, and
the disruption of the balance between anti- and proapoptotic
multidomain Bcl-2 proteins seemed to be associated with apo-
ptosis in stored human platelets. In fact, upon storage, caspase
activation was weakened in Bak/Bax-deficient or Bel-xL-over-
expressing platelets compared with wild-type platelets. Taken
together with these findings, the balance between anti- and pro-
apoptotic multidomain Bel-2 family proteins seems to dictate
the cellular fate of the life and death of stored platelets. Similar
degradation'of the Bel-2 family proteins should occur in circu-
lation, which may explain why Bak knock-out mice displayed
mild thrombocytosis in vivo (Fig. 14). On the other hand, spon-
taneous apoptosis occurred in stored platelets despite the
absence of activator proteins Bid and Bim. Although in most
physiological contexts cellular death is an active decision made
by regulating BH3-only proteins, our present findings suggest
that activator proteins Bid and Bim were dispensable for Bak/
Bax-dependent spontaneous apoptosis in stored platelets.

How anti- and proapoptotic Bel-2 family proteins interact to .

maintain cellular integrity and to command cellular survival
and death is one of the most important issues that remain to be
clearly determined. Although their networks seem to vary
depending on the cellular context, our present findings provide
an iz vivo example indicating that the absence of antiapoptotic
Bcl-2-like proteins can induce activation of the effector protein
Bax, leading to apoptosis without the involvement of the acti-
vator proteins Bid and Bim. '
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The aim of this study was to investigate the role of microRNA (miRNA) on hepatitis C virus (HCV) repli-
cation in hepatoma cells. Using miRNA array analysis, miR-192/miR-215, miR-194, miR-320, and
miR-491 were identified as miRNAs whose expression levels were altered by HCV infection. Among them,
miR-192/miR-215 and miR-491 were capable of enhancing replication of the HCV replicon as well as HCV
itself. HCV IRES activity or cell proliferation was not increased by forced expression of miR-192/miR-215
or miR-491. Investigation of signaling pathways revealed that miR-491 specifically suppressed the phos-
phoinositol-3 (PI3) kinase/Akt pathway. Under inhibition of PI3 kinase by LY294002, the suppressive
effect of miR-491 on HCV replication was abolished, indicating that suppression of HCV replicafion by
miR-491 was dependent on the PI3 kinase/Akt pathway. miRNAs altered by HCV infection would then
affect HCV replication, which implies a complicated mechanism for regulating HCV replication. HCV-

Keywords:

MicroRNA

Hepatitis C virus

P13 kinase/Akt pathway

induced miRNA may be involved in changes in cellular properties including hepatocarcinogenesis.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Hepatitis C virus (HCV) is a major causative agent of liver dis-
eases worldwide. Elimination of HCV fails in about 80% of infected
patients, which leads to chronic hepatitis, liver cirrhosis, and sub-
sequent development of hepatocellular carcinoma [1]. Combina-
tion therapy of pegylated-interferon-o¢ and ribavirin results in
sustained clearance of serum HCV-RNA in only ~50% of patients
[2,3]. To improve therapeutic efficacy of the virologic response
rate, drugs inhibiting the functions of HCV proteins such as NS3,
NS5A, and NS5B, are currently under development. Although a
number of studies have clarified the mechanisms of the effect of
HCV on infected cells or the role of host factors on regulation of
HCV replication, there remains much to be investigated.

MicroRNAs (miRNAs) were identified as a population of small
RNAs, modulating translation by binding to sites of antisense com-
plementarity in 3’ untranslated regions of target mRNA [4]. With
respect to regulation of HCV replication, the relevance of several
miRNAs has been recently reported. miR-122, a hepatocyte-specific
miRNA, was identified as a positive regulatory factor for HCV repli-
cation by binding to two sites in the HCV genome [5]. Each of the
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interferon-p-induced miRNAs, miR-196, miR-296, miR-351,
miR-431, and miR-448, has a partially complementary sequence
to HCV, resulting in suppression of HCV replication [6]. Thus, a
miRNA with homology to the HCV sequence is likely to have the
ability to regulate HCV. Another possible mechanism of miRNA reg-
ulation of HCV replication is the targeting of some cellular gene in-
volved in HCV replication. miR-141 was shown to suppress DLC-1
leading to efficient HCV replication [7]. Although some miRNAs
were shown to be capable of regulating HCV replication, details of
the relationship between miRNAs and HCV replication are still lar-
gely unknown. '

In the present study, we performed miRNA array analysis to
identify miRNA(s) altered by HCV infection in Huh7, a hepatoma
cell line. We further investigated whether HCV-regulated miRNA
could, in turn, affect HCV replication. As a result, we were able to
identify five miRNAs: miR-192 and its homolog miR-215 and
miR-194 as upregulated miRNAs and miR-320 and miR-491 as
downregulated miRNAs. Among them, miR192/miR-215 and
miR-491 enhanced HCV replication in HCV replicon cells as well
as in cell culture-infectious HCV (HCVcc)-infected cells. miR-192/
miR215 and miR-491 did not increase cell proliferation or HCV
internal ribosome entry site (IRES) activity, suggesting that these
were not the reasons for increased HCV replication. Further investi-
gation revealed that miR-491 suppressed the PI3 kinase/Akt
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