Bid and Bim Are Dispénsable for Thrombocyte Apoptosis
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FIGURE 1. Thrombocytopenia induced by Bcl-xL deficiency is dependent
on Bcl-2 effector proteins Bak and Bax. Bc/-xL+/+ and Bc/-xL—/— stand for
bel-x"™ox without pfa-Cre and bcl-x™"% with pf4-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™~bcl-x"/* mice (more
than four mice per group; ¥, p < 0.01 versus all other groups; **, p < 0.01 versus
Bcl-xL+/+ groups). B, platelet counts of the offspring from mating of
bax*'~bd-x"*"e% pf4-Cre mice and bax™ ~bc-x"*"* 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 Bcl-xL, Bak, and Bax. D, platelet counts
of the offspring from mating of bak™'~bax™/* bcl-x"*fe* pf4-Cre mice and
bak™’~ bax™* bcl-x"f°* mice (more than eight mice per group; *, p < 0.01
versus Bak—/—Bax+/+Bcl-xL+/+ group and Bak—/-—Bax—/—Bcl-xL—/—
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""* pf4-Cre mice and bak™’~
bcl-x"x/foX 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™'* bcl-x"¥°% pf4-Cre mice and bak™'~bax™* bcl-x"*/o% mjce (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 Bel-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
Balk/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. W7, Bak—/—Bax—/—, and Bak—/— stand for wild type,
bak—/—baxfex \yith 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 incubated with 10 jum ABT-737 or vehicle for 2 h at room
temperature. A Western blot of platelet lysates for the expression of cleaved
caspase-3 is shown. C and 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
Bak/Bax-dependent mitochondrial pathway. Interestingly,
unlike what was reported previously (8), Bak 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
M ABT-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 biot for the expression of Bak, Bax, Cox/V
(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). 1B, immunoblot.
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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 Bel-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, 8 and C).
It was possible that, in Bel-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 Bel-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 Bel-xL/Bid double knock-
out mice (Fig. 4D). 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 Bel-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"*/"°* without pf4-Cre and bcl-x"°% ith 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""* pf4-Cre mice and bid ™'~ bcl-x"f°% 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"/"°* pf4-Cre mice and bim ™/~ bcl-
xx/flox mice (more than seven mice per group; *, p < 0.01 versus Bcl-xL+/+
grou{Ps). D, platelet counts of the offspring from mating of bid~"~bim*/~bcl-
x"ox/flox na_Cre mice and bid~'~bim '~ bcl-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"7"* pf4-Cre mice and bid*/~bcl-
xex/flox myice (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™/~ bcl-x"x/flex
pf4-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 Bcl-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 Bcl-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 Bcl-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. 58), 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 Bcl-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 10%) 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 (/P) 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 IV), and GAPDH after cellular 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 109 isolated from Bid/Bim double knock-out
mice were incubated with 10 zm ABT-737 or vehicle for 2 h at room temperature.
F, caspase-3/7 activity of platelet supernatant (n = 4/group). G, MTS assay (n =
5/group). IB, 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 Bim—
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 Bcl-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 Bcl-xL Tg stand
for wild-type mice and Bcl-xL transgenic mice, respectively. D, platelets
derived from C57Bl./6) mice, Bak/Bax double knock-out mice, Bel-xL trans-
genic mice, and Bid/Bim double knock-out mice were stored for the 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™/°* with pf4-Cre, and bid™/~bim™'~ mice,
respectively. Bcl-xL Tg stands for Bcl-xL transgenic mice. RLU, relative light
units.

file of Bcl-2 family proteins in human platelets during the
course of storage. In stored platelets, cleaved caspase-3 gradu-
ally increased (Fig. 6A4) and caspase-3/7 activity rose simultane-

. ously (Fig. 6B), 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, Bel-xL transgenic
mice, and Bid/Bim double knock-out mice upon storage. A
Western blot revealed that Bcl-xL protein increased in platelets
isolated from Bel-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. 60), suggesting an antiapoptotic function of
Bel-xL in 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 i vivo studies have clearly demonstrated that
either Bax or Bak was sufficient to cause platelet apoptosis in
the absence of Bel-xL, 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 Bel-2-like proteins
for cells to survive. However, in our in vitro study, we could not
detect physiological interaction between Bax and Bcl-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 Bcl-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 Bel-2-family proteins.

Because ABT-737 can bind to and neutralize Bcl-2, Bcl-w,
and Bel-xL, all of which are present in platelets (Figs. 24 and
6A), 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 Bcl-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 Bel-xL. Even if Bcl-2 and Bel-w
were involved in our i# 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 Bcl-2 family, systemic Ala knock-out
mice were not reported with any phenotype with respect to
platelet counts (44). Mcl-1 is a rapid turnover protein and could
not be detected in platelets (supplemental Fig. 1). Therefore,
Bel-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 Bel-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 other in 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
indirectly 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.
5A), 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 Bel-2 family proteins.

In stored platelets, because of the lack of de novo protein
synthesis, each protein may gradually decrease in relation to 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 Bel-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 Bcl-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 in 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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ABSTRACT

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 replication 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-

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 smali
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 twao sites in the HCV genome [5]. Each of the

# Corresponding author. Fax: +81 6 6879 3629.
E-mail address: takehara@gh.med.osaka-u.acjp (T. Takehara).

0006-291X/$ - see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2011.07.049

interferon-g-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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pathwéy suggesting that this could be responsible for augmenta-
tion of HCV replication by miR-491.

2. Materials and methods
2.1. Cells, antibodies

The hepatoma-derived cell line Huh7 was maintained in DMEM
supplemented with 10% FCS. The HCV subgenomic cell line
Huh-RepSI, harboring HCV-N (genotype 1b), was previously de-
scribed [8]. Antibodies to phospho-ERK (Thr202/Tyr204), Akt, phos-
pho-Akt (Ser473) were purchased from Cell Signaling Technology.
An antibody to B-actin (A-5441) was from Sigma-Aldrich. A mouse
monoclonal antibody to HCV core protein (C7-50) was obtained
from Affinity BioReagents. A mouse monoclonal antibody to HCV
NS5A (clone 388) was from Meridian Life Science, Inc. LY294002, a
PI3 kinase inhibitor, was obtained from Calbiochem.

2.2. Immunoblot analysis

Total cellular protein was extracted with lysis buffer containing
1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM
sodium vanadate, 50 mM NaF, and protease inhibitor cocktail
(Nacalai Tesque, Japan) in phaosphate-buffered saline. Protein sam-
ples were separated by SDS-polyacrylamide gel electrophoresis
and transferred to a polyvinylidene difluoride membrane (Bio-Rad).
After blocking, the membrane was probed with specific primary
antibodies, followed by further incubation with a secondary anti-
body conjugated with horseradish peroxidase (GE Healthcare). Pro-
teins were visualized using ECL Western blot -detection reagents
(GE Healthcare) and exposure to film.

2.3. miRNA transfection

Synthesized miRNAs, miR-192, miR-194, miR-215, miR-320,
miR-491, and negative control miRNA were purchased from
Thermo Fisher Scientific. Cells (2 x 10° per well) were seeded into
6-well plates, transfected with miRNA at a concentration of 10 nM
using Lipofectamine RNAIMAX (Invitrogen) according to manufac-
turer’s instruction. After incubation for 2 days, the cells were har-
vested and assayed by immunoblot or real-time RT-PCR analysis.

2.4. Dual luciferase assay

We used a dicistronic plasmid, pRLHL, to investigate the effects
of miRNAs on HCV IRES (Fig. 2A) [9]. Huh7 cells (1 x 10° cells in a
10-cm dish) were transfected with 10 pg of pRLHL using FuGene6
(Roche). After 24 h, the cells were seeded into 24-well plates
(5 x 10* cells per well) and transfected with miRNA or negative
control at a concentration of 10 nM as described above. After incu-
bation for 2days, cells were lysed, and assayed for HCV
IRES-dependent firefly luciferase activity and cap-dependent renil-
la luciferase activity using the Dual Luciferase Reporter Assay Sys-
tem (Promega).

2.5. Cell culture-infectious HCV

HJ3-5(YH/QL) is a chimeric cell culture-infectious virus with a
genome consisting of the core to NS2 sequence of genotype 1a
(H77) virus placed within the background of the genotype 2a
JFH1 virus, and containing compensatory mutations in E1
(Y361H) and NS3 (Q1251L) [10]. Virus stock (107 focus-forming
units (FFU)/ml) was prepared as described previously [11].

For HCV infection, Huh7 cells (2 x 10° per well) were seeded
into 6-well plates. After overnight incubation, the medium was

replaced with 1 ml medium containing 4 x 10° FFU virus (the
infection was carried out at an m.o.i. of ~2). After 12 h incubation,
the cells were washed with PBS and re-fed with normal culture
medium. At 5days after inoculation with the virus, total RNA
was obtained from the cells using Trizol (Invitrogen).

2.6. Real-time reverse transcription-polymerase chain reaction
(RT-PCR)

Total RNA was extracted from the cells with RNAeasy (QIAGEN).
The RNA, 1 pg, was reverse transcribed with High Capacity RNA-
to-cDNA Master Mix (Applied Biosystems) in a 20 pl reaction, then
1 pl of the reaction was subjected to real-time PCR assay using
TagMan Gene Expression Assays (Applied Biosystems).

2.7. Cell proliferation assay

Cell proliferation was assessed by WST-1 (2-[2-methoxy-
4-nitrophenyl]-3-[4-nitrophenyl]-5-[2,4-disulpho-phenyl]-2H-tet-
razolium, monosodium salt) assay according to the manufacturer’s
suggested protocol (Nacalai Tesque). Briefly, Huh7 cells (1 x 10%
per well) were seeded into 96-well flat-bottom plates, transfected
with synthesized miRNA or negative control as above, and cultured
in DMEM containing 10% FBS. WST-1 reagent, 10 pl, was added to
each well, the cells were incubated at 37 °C for 1 h, and absorbance
at 450 nm was measured using a spectrophotometer.

2.8. miRNA array analysis

To screen for miRNA affected by HCV infection, we performed
microarray analysis using mirVana miRNA Bioarray V3.2 (Ambion),
which carries genes for a total 633 kinds of miRNAs containing 471
human genes, 380 mouse genes and 238 rat genes. Using the flash
PAGE system (Ambion), miRNA was purified from 22 pg total RNA
extracted from HCVcc-infected cells or mock-infected cells. The
purified miRNA samples from HCVcc-infected cells and mock-
infected cells were labeled with Cy3 and Cy5, respectively, using
mirVana miRNA Labeling kit (Ambion) and CyeDye Mono-Reactive
Dye Pack (GE Healthcare Biosciences). The labeled miRNA was
hybridized to the array for ~16 h at 42 °C. After hybridization,
the array was washed with Low Stringency Wash (Ambion) once
and High Stringency Wash (Ambion) twice. Next, the array was
dried with centrifugation at 600g for 3 min and scanned with
GenePix 4000B scanner (Axon Instruments, CA, USA). The signal
data were calculated with an Array-Pro Analyzer ver. 4.5 (Media
Cybernetics, Inc.). The array data were normalized by global nor-
malization using the Microarray Data Analysis Tool (Filgen, Inc.).

3. Results
3.1. Identification of miRNAs regulated by HCV infection

Huh7 cells were infected with HCVcc at ~2 m.o.i. After incuba-
tion for 5 days, total RNA was extracted from the cells followed by
purification with small RNA and miRNA array analysis. A portion of
the cells was subjected to immunofluorescence analysis for stain-
ing of HCV core protein to verify that more than 90% of the cells

. were infected with HCV. The ratio of Cy3 intensity to Cy5 intensity

was calculated and alteration of the miRNA expression profile was
analyzed. A ratio of more than 1.5-fold increase/decrease was con-
sidered to be altered. To exclude miRNAs with low expression lev-
els, those with a net intensity of Cy3 and Cy5 of more than 1000
were picked out. As a result, the miRNAs of miR-192, miR-194,
miR-320, and miR-491 were identified as altered miRNAs (Table
1). miR-192 and miR-194 were up-regulated by HCV infection,
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Table 1

miRNAs altered by HCV infection.
miRNA Intensity Sequence

Cy3 (HCV) Cy5 (mock) Net Cy3/Cy5

miR-192 987.90 607.05 1594.95 1.63 CUGACCUAUGAAUUGACAGCC
miR-194 793.48 498.00 1291.48 1.59 UGUAACAGCAACUCCAUGUGGA
miR-215 156.21 69.39 225.60 2.25 AUGACCUAUGAAUUGACAGAC
miR-320 897.44 1401.93 229937 0.64 AAAAGCUGGGUUGAGAGGGCGAA
miR-491 925.38 2495.47 3420.85 037 AGUGGGGAACCCUUCCAUGAGGA

and miR-320 and miR-491 were down-regulated. In addition, miR-
215, whose net expression while relatively low, was also studied in
the subsequent investigation as an upregulated miRNA because it
is considered to be a cousin of miR-192 (see their homologous se-
quences in Table 1). miR-215 showed a high induction level, and
miR-192 and miR-215 were reported to have commoen induction
mechanisms and target genes [12,13].

3.2. Regulation of HCV replication by miRNAs

Next, we checked whether the miRNAs were capable of regulat-
ing HCV replication. To assess this, we transfected Huh-RepS], a
HCV subgenomic replicon cell line, with synthesized miRNAs,
and then monitored HCV RNA abundance and NS5A protein abun-
dance using real-time RT-PCR and immunoblot analysis, respec-
tively. Among the five miRNAs tested, miR-192/miR-215 and
miR-491 significantly increased replicon abundance (Fig. 1A and
B), while miR-194 and miR-320 did not show any significant
change. HCV subgenomic replicon RNA contains the NS3 through
NS5B region, which is required for genome RNA replication, but
not for virus particle production. To confirm that the effect of the
miRNAs was reproducible in a system equipped with the entire
HCV life cycle, we used Huh7 cells infected with HCVcc. As
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expected, HCV abundance was upregulated by the three miRNAs
in the HCVcc-infected cells similarly to HCV replicon cells
(Fig. 1C and D). In addition, the HCV strain used in the experiment
was a chimera of genotype 1a (H77, core to NS2) and genotype 2
(JFH-1, NS3 to NS5B) [10]. In particular, the genotype of the repli-
cation machinery of the virus (namely, NS3 to NS5B) was JFH-1.
This differed from that of Huh-RepSI (HCV-N, genotype 1b) [8],
which suggests that the enhancing effect of miR-192/miR-215
and miR-491 on HCV genome replication was not genotype-
specific. )

3.3. Effect of miRNAs on HCV IRES, cell proliferation

Since miR-192/miR-215 and miR-491 were shown to be capa-
ble of enhancing HCV replication, we next tried to elucidate how
they regulate it. First, we examined whether the miRNAs can reg-
ulate HCV IRES activity. In this experiment, we transfected repli-
con cells with a dicistronic vector, pRLHL [9], which contained
the firefly luciferase gene driven by HCV IRES and the renilla lucif-
erase gene translated in a cap-dependent manner which was used
as a control of general translational activity (Fig. 2A). After 24 h,
the miRNAs were transfected, then luciferase activities induced
by HCV IRES and cap translation were measured at 2 days after

C
miRNA A‘Bq’ AQb’ 3,'\6 :5'19 )9\
cFHFHFHFHE
D 2.5 -
2 -
£
|
Y 1.5
<
-4
['4 1 4
>
2
0.5
0
miRNA 33’“' ;9\’ ;i‘q: ,“9 p?'\

Fig. 1. Regulation of HCV replicon or HCVcc abundance by miRNAs. Cells of Huh-RepSl, a HCV subgenomic replicon, were transfected with synthesized miRNAs and assayed
for NS5A protein expressjon (A) or HCV RNA abundance (B). HCVcc-infected Huh7 cells were transfected with synthesized miRNAs and assayed for core protein expression (C)

or HCV RNA abundance (D). NC: negative control miRNA.
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Fig. 2. Regulation of HCV IRES and cap-dependent translation by miRNAs.
Huh-RepSlI cells were transfected with a dicistronic vector, pRLHL (A), incubated
for 24 h. The cells were seeded to 24-well plates and transfected with the miRNAs.
After further incubation for 2 days, the cells were harvested and assayed for dual
luciferase activity (B).

transfection (Fig. 2B). In this assay, activation of IRES was deter-
mined by the ratio of IRES-dependent luciferase activity to cap-
dependent luciferase activity. Interestingly, none of the miRNAs
could increase the HCV IRES activity. miR-491 suppressed cap-
dependent translation and showed more suppression of HCV IRES -
activity. Thus, these results indicated that there was some mecha-
nism upregulating HCV replication other than regulation of IRES
activity.

Previous work demonstrated that HCV replication was affected
by cell proliferation [14]. This led us to access the effects of the
miRNAs on cell proliferation. Compared to negative control
miRNA-transfected cells, however, none of the transfectants of
the miRNAs, including those which increased HCV replication, re-
vealed upregulation of cell proliferation, and miR-491 even sup-
pressed it (Fig. 3). Therefore, regulation of cell proliferation was
not the reason for the increase of HCV replication. The effect of
miR-491 of suppressing cell growth was likely to be caused by
inhibition of general translation as shown in Fig. 2B.

0.6 - —=NC
= «= miR-192
£ .
é oad gL miR-194
< e ViR
8 miR-215
e miR-320
.2
- = miR-491
0 T T . )

0 1 2 3
Days after Transfection

Fig. 3. Regulation of cell proliferation by miRNAs. Huh7 cells were seeded into 96-
well plates, transfected with the miRNAs. At day 0, 1, 2, and 3 after transfection, the
cells were subjected to WST-1 assay as described in Section 2.

3.4. Effect of miRNAs on intracellular signaling

To clarify the mechanism of the regulation of HCV replication,
we next focused our investigation on intracellular signaling path-
ways. Previous studies have reported that HCV replication is regu-
lated by intracellular signaling pathways, such as ERK [15], p38 [8],
PI3 kinasefAkt [11], and smad {16}, in addition to JAK/STAT. Since
transfection of the miRNAs had no effect on the JAK/STAT signaling
pathway (data not shown), we examined the phosphorylation of
ERK and Akt. Because both showed a suppressing effect on HCV
replication, suppression of the pathway was anticipated in cells
in which HCV replication was enhanced. As shown in Fig. 4A,
phosphorylation of Akt at Ser-473 was markedly suppressed in
the cells transfected with miR-491, while no significant inhibition
of ERK activity was observed. To further investigate the relevance
of the PI3 kinase/Akt pathway to miR-491-induced upregulation
of HCV replication, we used LY294002, a P13 kinase inhibitor. When
the PI3 kinase pathway was blocked by this reagent, the HCV RNA
level was enhanced up to 2-fold. miR-491 transfection also re-
sulted in an increase of HCV abundance, though the effect was less

A
miRNA

phospho-Akt

total Akt

phospho-ERK

B -actin
B
miRNA
NS5A
B-actin
C

HCV RNA/B-actin

Fig. 4. Involvement of Akt suppression in miR-491-mediated upregulation of HCV
replication. (A) Immunoblot analysis of miRNA-transfected HCV replicon cells using
antibodies to Akt, phospho-Akt, phospho-ERK and p-actin. (B and C) HCV replicon
cells were transfected with miR-491 or treated with Akt inhibitor, and assayed for
NS5A protein abundance (B) or HCV RNA abundance (C). LY: LY294002.
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than that of LY294002, presumably because of incomplete inhibi-
tion of Akt. When miR-491 transfected cells were cultured in the
presence of LY294002, the HCV replication level was enhanced to
the same extent as that in the LY294002-treated cells with nega-
tive control miRNA. Since no additive effect of miR-491 was ob-
served under strong blockade of the PI3 kinase/Akt pathway,
inhibition of this pathway was likely to be responsible for the
miR-491-induced upregulation of HCV replication.

4, Discussion

In the present study, we tried to identify the miRNA(s) affected
by HCV infection and establish how they influence HCV replication.
Five miRNAs, miR-192, miR-194, miR-215, miR-320, and miR-491,
were identified as HCV-regulated miRNAs by miRNA array analy-
sis. Three upregulated miRNAs, miR-192, miR-194, and miR-215,
were previously identified as p53-inducible miRNAs [12,13]. Two
miRNA clusters which encode identical miR-194 sequences (i.e.,
the miR-194-2/miR-192 cluster on chromosome 11 and the miR-
194-1/miR-215 cluster on chromosome 1) contain two closely
related miRNAs, miR-192 and miR-215, suggesting that their
expressions are regulated similarly which led to their:simulta-
neous identification. miR-192/miR-194/miR-215 are known to
act as tumor-suppressing miRNAs by inducing cell cycle arrest
[12]. In Huh7 cells, however, the p53 function is believed to be
abolished by a point mutation at codon 220. Therefore, the upreg-
ulation of miR-192/miR-194/miR-215 was likely to be exerted in a
p53-independent manner. Since miR-192 and miR-194 are consid-
ered-to be substantially expressed in human liver tissue [17] and
there are several reports about the suppression of p53 function
by HCV (reviewéd in Ref. [18]), the result may not necessarily be
the same if the investigation is conducted in human hepatocytes
or in cells with intact p53 activity.

The downregulated miRNAs, miR-320 and miR-491, are consid-
ered to be relevant to carcinogenesis. miR-320 induces G1 arrest
and suppresses cell proliferation by targeting CDK6 [19], CD71
[20], IGF1 [21] and induces apoptosis- by suppressing Bcl-2 and
Mcl-1 [22]. miR-491 is also capable of inducing apoptosis by tar-
geting Bcl-xL [23], which is often upregulated in HCC tissues
[24]. In this study, we showed that miR-491 inhibited the PI3
kinase/Akt pathway, which is one of the important pathways lead-
ing to cancerous properties. Importantly, miR-320 was identified
as one of the significantly repressed miRNAs in CH-B, CH-C, and
HCC compared with normal liver tissue [25]. Although the details
of the relevance of miR320 and miR-491 to hepatocarcinogenesis
have not yet been clarified, as these two miRNAs have a tendency
to suppress genes related to carcinogenesis, their downregulation
in HCV-infected cells may play some role in hepatocarcinogenesis.

Thus far, several miRNAs have been reported to regulate HCV
replication. miR-122 was shown to be a direct activating factor
for HCV replication [5], but alteration of this miRNA was not ob-
served in response to HCV infection in this study. IFN-B-induced
miRNAs, miR-196, miR-296, miR-351, miR-431 and miR-448, have
been identified as anti-HCV miRNAs [6]. These miRNAs are able to
regulate HCV replication by direct interaction with HCV genome
RNA. In the case of miR-192/miR-215, there are several sites in
the HCV genome sequence which show weak homology to the
miRNAs (data not shown). Although the possibility of miR-192/
miR-215 binding to the HCV genome and regulating replication
cannot completely be excluded, this seems unlikely because the
homologous sequence to miR-192/miR-215 cannot be found in
the UTR region like miR-122 and direct binding to RNA usually
suppresses the RNA function for protein synthesis. There is, how-
ever, a very rare case of miR-122-mediated facilitation of HCV rep-~
lication by binding to two sites within the HCV genome.

Although the mechanism of miR-491-mediated suppression of
the PI3 kinase pathway is not clear, it was speculated that some
gene involved in Akt activation was the target of miR-491. How-
ever, the candidate of the target gene was not clearly found in
the list of putative target genes of miR-491 revealed by in silico
analysis. We tried to evaluate the mRNA levels of upstream genes
of Akt, such as the genes which belong to the family of PI3 kinase,
PTEN, growth factor receptors, using the RT-PCR method, but none
of them was affected by miR-491 (data not shown). Nevertheless,
investigation of target genes of miR-491 should be of interest for
the field of oncology because here we have shown that miR-491
suppresses Akt, which is a factor closely related to various types
of cancer via cell survival. Also, it has been demonstrated that
miR-491 can induce apoptosis by ablating Bcl-xL [23]. Indeed,
our observation that cell viability was significantly suppressed by
forced expression of miR-491 presumably via decrease of Akt sig-
naling suggests the anti-oncogenic feature of miR-491. Further
study of the mechanism of miR-491, its target genes, and expres-
sion pattern in cancer tissue remain to be performed.

In conclusion, we showed altered expression profiles of miRNAs
by HCV infection, and some of them were capable of regulating
HCV replication, which may represent a complicated mechanism
of HCV replication. A number of studies have demonstrated regula-
tion of many cellular factors by miRNAs, which results in modula-
tion of cellular functions including cell growth, apoptosis, cellular
stresses, metabolism, and carcinogenesis. The miRNAs identified
in this study may also be involved in changes in the phenotype
of HCV-infected cells.
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eventually progresses toward biliary fibrosis and cirrhosis because
of bile acid-induced cholangiocyte and hepatocyte damage, leading
to failure of cellular repopulation and excessive deposition of
extracellular matrix (ECM) proteins. Hepatic stellate cells (HSCs)
are the main ECM-producing cells in the injured liver [1]. Following
chronic injury, HSCs activate or transdifferentiate into myofibro-
blast-like cells, acquiring contractile, proinflammatory and fibro-
genic properties. Activated HSCs produce and deposit ECM

1. Introduction
Cholestatic liver injury is characterized by bile flow impairment

of different parts of the biliary tree, which can be caused by gall-
stones, autoimmunity or unknown etiology. Persistent cholestasis

Abbreviations: ECM, extracellular matrix; HSCs, hepatic stellate cells; STAT,

signal transducer and activator of transcription; IL, interleukin; gp, glycoprotein;
APPs, acute phase proteins; L-STAT3 KO, hepatocyte-specific STAT3 knockout; WT,
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mediated deoxyuridine triphosphate nick-end labeling; BrdU, 5-bromo-2-deoxy-
uridine; rtPCR, reverse-transcription polymerase chain reaction; SAA, serum
amyloid A; oSMA, alpha-smooth muscle actin; TGFp, transforming growth factor
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proteins in the pericentral and periportal regions.

The signal transducer and activator of transcription 3 (STAT3) is
known to be ubiquitously expressed in a wide range of tissues
where it is activated by tyrosine phosphorylation in response to
a variety of cytokines and growth factors (e.g. interleukin (IL)-6
family, IL-10, leptin, IL-17, IL-23, interferons and EGF). STAT3, for-
merly known as acute phase response factor, regulates the expres-
sion of genes involved in the acute phase response, a series of
inflammatory reactions induced in response to infection and tissue
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injury [2]. The IL-6 family is one of the major cytokines involved in
triggering the acute phase response and all members of the IL-6
family use glycoprotein 130 (gp130) as a receptor to induce nucle-
“ar translocation of STAT3 [3] as well as to activate the Ras/mito-
gen-activated protein (MAP) pathway. Since systemic deletion of
STAT3 leads to embryonic lethality in mice, the significance of
STAT3 in adult organs has been investigated using conditional
knockout animals generated by the Cre/loxP recombination system
[4]. Previous reports suggested that STAT3 signaling in hepatocytes
controls a variety of physiological and pathological processes,
including hepatocyte proliferation after partial hepatectomy [5],
apoptosis resistance of hepatocytes during Fas-mediated liver in-
jury [6] and regulation of hepatic gluconeogenic genes [7]. Further
study showed that the soluble factors dependent on gp130/STAT3
signaling such as acute phase proteins (APPs) suppress innate im-
mune cell overactivation and hypercytokinemia, leading to host-
defense during systemic inflammation [8,9]. Very recently, re-
search has shown that gp130/STAT3 signaling is protective against
liver fibrogenesis by regulating inflammation and injury in the li-
ver during chronic cholestasis [10,11]. However, it is not clear
whether STAT3-dependent soluble factors from hepatocyte, such
as APPs, affect the activation of HSCs and their collagen synthesis.
In the present study, we used conditional knockout mice, carry-
ing hepatocyte-specific deletion of STAT3, and determined the ef-
fects dependent on the hepatocyte-specific STAT3 signaling
pathway during cholestasis. We found that its signaling pathway
offered protection from liver injury and fibrogenesis in a murine
model of cholestatic liver injury. Moreover, STAT3-dependent sol-
uble factors released from hepatocytes directly suppressed the
activated HSCs and their collagen synthesis in vitro. Hepatocyte
STATS3 signaling plays an important role in attenuation of liver dis-
ease by modulating liver damage and fibrogenesis through their
collective effect on HSCs.

2. Materials and methods
2.1. Animals

Mice carrying a STAT3 gene with 2 loxP sequences flanking
exon 22 have been described previously [12]. Hepatocyte-specific
STAT3 knockout (L-STAT3 KO) mice were generated by crossing
STAT3Y® mice with albumin-promoter Cre (Alb-Cre) transgenic
mice [13]. Sex-matched STAT3%" mice obtained from the same lit-
ter were used as wild-type (WT) controls. All mice were used at the
age of 7-10 weeks. All animals were housed with 12-h light/dark
cycles with free access to food and water under specific patho-
gen-free conditions and were treated with humane care under ap-
proval from the Animal Care and Use Committee of Osaka
University Medical School.

2.2. Bile duct ligation

Bile duct ligation (BDL) is a well-established murine model of
cholestasis. L-STAT3 KO mice and WT littermates were subjected
to BDL as previously reported [14]. Briefly, the common bile duct
was ligated 3 times with 5-0 silk sutures and then cut between
the ligatures. After 10 days, the animals were sacrificed for the fol-
lowing analyses.

2.3. Histologic analyses

The liver sections were stained with H&E or picrosirius red. The
percentage of oncotic necrosis or fibrotic area was calculated using
image analysis software (win-ROOF visual system; Mitani Co., To-
kyo, Japan). To assess intrahepatic macrophage accumulation, liver

sections were stained with F4/80 using an anti-F4/80 rat monoclo-
nal antibody (Abcam, Cambridge, MA). To detect apoptotic cells,
the liver sections were also subjected to terminal deoxynucleotidyl
transferase-mediated deoxyuridine triphosphate nick-end labeling
(TUNEL) staining as previously reported [15]. To assess regenera-
tive status, nuclear 5-bromo-2-deoxyuridine (BrdU) incorporation
was evaluated as previously described [16].

2.4. Isolation and culture of murine hepatic stellate cells

HSCs were isolated from C57BL/6] mice by 2-step collagenase-
pronase perfusion of mouse liver as previously described [16]. Acti-
vated HSCs after a few passages were cultured with the superna-
tant from primary hapatocyte or recombinant Apo-SAA
(PEPROTECH, Rocky Hill, NJ).

2.5. Primary culture of hepatocytes

Hepatocytes were isolated from the liver of L-STAT3 KO mice
and WT mice by 2-step collagenase-pronase perfusion of mouse li-
ver as previously described [8]. Isolated hepatocytes were stimu-
lated with 20 ng/ml recombinant mouse IL-6 (R&D Systems,
Minneapolis, MN). The cells or the supernatant were harvested
after 24 h.

2.6. Western blot analysis

Western blotting was performed as previously described
[16].For immunodetection, the following antibodies were used:
phospho-STAT3 (Tyr705) antibody, anti-STAT3 antibody (Cell Sig-
naling Technology, Danvers, MA) and anti-p-actin antibody (Sig-
ma-Aldrich, St. Louis, MO).

2.7. Real-time reverse-transcription polymerase chain reaction

Total RNA extracted from the liver tissue and HSCs were reverse
transcribed and subjected to real-time reverse-transcription poly-
merase chain reaction (rtPCR) as previously described [15]. mRNA
expression of the specific genes was quantified using TagMan Gene
Expression Assays (Applied Biosystems Inc., Foster City, CA). Assay
IDs of the specific genes are provided in Supplementary Table 1.
Transcript levels are presented as fold induction.

2.8. Enzyme-linked immunosorbent assay

The levels of serum amyloid A (SAA) and haptoglobin in serum
and cultured supernatant were measured using SAA ELISA kit
(Invitrogen, Camarillo, CA) and Mouse Haptoglobin ELISA kit
(Immunology Consultants Laboratory, Newberg, OR), according to
the manufacturer’s protocol.

2.9 Statistical analysis

Data are presented as median and interquartile range or
mean t standard deviation, compared -using the Mann-Whitney
U test and unpaired t-test, respectively. Statistical significance
was set at p <0.05.

3. Results
3.1. Lack of acute phase response in L-STAT3 KO mice after BDL
L-STAT3 KO mice were produced by crossing floxed STAT3 mice

and Alb-Cre transgenic mice which express Cre recombinase gene
under regulation of the albumin gene promoter. To determine the
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role of hepatocyte STAT3 during obstructive cholestasis, L-STAT3
KO mice and WT mice were subjected to BDL and examined 10 days
later, After BDL treatment, western blot analysis revealed that
STAT3 expression in the livers of L-STAT3 KO mice was greatly re-
duced compared with that of WT mice (Fig. 1A). In contrast to L-
STAT3 KO mice, phosphorylation of STAT3 was clearly seen in WT
mice with BDL compared with that in sham-operated mice
(Fig. 1A). Given that STAT3 is a well-known mediator of APPs in
the IL-6/gp130/STAT3 signaling pathway, we analyzed the mRNA
expression of APPs such as SAA and haptoglobin by real-time rtPCR.
The hepatic expression of SAA and haptoglobin genes was clearly
induced after BDL in WT mice (Fig. 1B). In contrast, the hepatic
expression of these genes did not increase in L-STAT3 KO mice.
We also measured the serum levels of APPs. Similarly, the levels
of SAA and haptoglobin clearly increased in WT littermates after
BDL and were completely diminished in L-STAT3 KO mice (Fig. 1C).

3.2. L-STAT3 KO mice show progression of liver fibrosis

To examine the effect of hepatocyte-specific STAT3 deficiency
on liver fibrosis after BDL, we evaluated hepatic collagen deposi-
tion by picrosirius red staining of liver sections (Fig. 2A). Morpho-
metric analysis revealed that collagen deposition increased in both
groups after BDL and was more significantly higher in L-STAT3 KO
mice than in the WT littermates (Fig. 2B). As type I collagen is
known to be a major form of collagen in cirrhosis, we analyzed he-
patic expression of type I collagen o1 gene, collal. The levels more
significantly increased in L-STAT3 KO mice than WT mice (Fig. 2C).
HSCs are main collagen-producing cells in the injured liver and al-
pha-smooth muscle actin («SMA) is the marker of activation of
HSCs. The expression levels of aSMA gene, acta2, were significantly
higher in L-STAT3 KO mice than WT controls after BDL (Fig. 2C).
The mRNA expression of both transforming growth factor beta
(TGFB), as an important profibrogenic cytokine, and platelet de-
rived growth factor (PDGF), which is the most potent mitogen for
HSCs, were not significantly different between the two groups after
BDL (Fig. 2D).

A Sham

3.3. L-STAT3 KO mice display exacerbated liver injury

We examined liver injury and cholestasis upon BDL. There was
no significant difference in cholestasis between the two groups
after BDL as evidenced by serum levels of total bilirubin and alka-
line phosphatase, but L-STAT3 KO mice showed increased levels of
serum alanine aminotransferase (ALT) compared with WT controls
(Fig. 3A). Oncotic necrosis, known as bile infarcts, is a characteristic
feature of liver injury in the BDL model. The area of oncotic necro-
sis in the liver was not significantly different between the two
groups after BDL (Fig. 3B). TUNEL staining of the liver sections re-
vealed that the numbers of apoptotic cells in the liver more signif-
icantly increased in L-STAT3 KO mice than in WT littermates after
BDL (Fig. 3C). We examined liver regeneration by BrdU incorpora-
tion in liver sections (Supplementary Fig. 1A). There was no signif-
icant difference between the two groups as determined by the
count of BrdU-positive cells after BDL (Fig. 3D). Kupffer cells are
resident macrophages that play a major role in liver inflammation
by releasing cytokines. The F4/80 antigen is expressed on a wide
range of mature tissue macrophages including Kupffer cells, and
we thus examined F4/80 staining of liver sections (Supplementary
Fig. 1B). There was no significant difference in the count of F4/80-
positive cells between the two groups after BDL (Fig. 3E). The hepa-
tic mRNA expression of CD68, expressed on monocytes/macro-
phages, CD4 and CD8, both of which are surface markers of T
cells, was not significantly different between the two groups after
BDL (Fig. 3F, Supplementary Fig. 2). )

3.4. Soluble factors released from IL-6-treated hepatocytes are
involved in suppression of activated HSCs and inhibition of their
collagen production

In our in vivo study, we revealed the exacerbation of cholesta-
sis-induced liver fibrosis and the increases in hepatic expression
of aSMA and type I collagen o1 genes in L-STAT3 KO mice. Further-
more, the acute phase response induced after BDL was invisible in
L-STAT3 KO mice. We hypothesized that STAT3-mediated soluble
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operation (sham) and examined 10 days later. (A) Expressions of STAT3 and phosphorylated STAT3 (pSTAT3) in the liver wefe assessed by western blot analysis. B-actin is
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factors released from hepatocytes repressed activated HSCs and
their collagen synthesis. We isolated primary hepatocytes from
L-STAT3 KO mice and WT controls, and stimulated them with or
without IL-6. The cultured medium of stimulated hepatocytes
was collected after 24 h. Whereas faint signals of STAT3
phosphorylation were observed under resting conditions in WT
hepatocytes, administration of IL-6 clearly activated STAT3 phos-
phorylation in WT hepatocytes in contrast to STAT3 KO hepato-
cytes (Fig. 4A). Accordingly, IL-6 administration activated SAA
and haptoglobin gene expression in WT hepatocytes, leading to
production of higher levels of SAA and haptoglobin in culture
supernatant compared with STAT3 KO hepatocytes (Fig. 4B,
Supplementary Fig. 3).

Activated HSCs isolated from C57BL/6] were cultured with
supernatant taken from IL-6-treated WT hepatocytes (sup-WT) or
that from IL-6-treated STAT3 KO hepatocytes (sup-KO). Activated
HSCs were also incubated with medium containing the same
amount of IL-6 (sup-control) as a control. The mRNA expression
of aSMA and type I collagen o1 in HSCs cultured with sup-WT sig-
nificantly decreased compared with sup-control (Fig. 4C). On the
other hand, the expression of these genes in HSCs cultured with
sup-KO was similar to the levels of sup-control (Fig. 4C). In addi-
tion, activated HSCs were cultured with recombinant SAA. The
expression of «aSMA gene in HSCs decreased in dose-dependent
manner, although the expression of type I collagen o1 gene did
not change (Fig. 4D).

4. Discussion

Liver fibrosis is a consequence of chronic liver injury and
inflammation. Accumulating evidence suggests that liver fibrosis
is to some extent reversible by appropriate therapeutic interven-
tion for chronic liver diseases [1). Clarifying the cellular and molec-
ular mechanisms involved in fibrogenesis and its progression has
become very important for efficacious treatment. In the present
study, we used L-STAT3 KO mice to examine the significance of this
signaling pathway in liver fibrogenesis, because hepatocyte STAT3
is a crucial signaling transducer and transcription factor that regu-
lates most, if not all, APPs which have been shown to possess a
variety of biological properties during inflammation. We have
demonstrated here that lack of STAT3 accelerates liver fibrosis dur-
ing cholestasis and suggested that STAT3-dependent soluble fac-
tors collectively serve as a negative regulator for activation of
HSCs.

Very recent research has shown that lack of gp130 or STAT3 in
hepatocytes exacerbates liver fibrosis in murine sclerosis cholangi-
tis models induced by 3,5-diethoxycarbonyl-1,4-dihydrocollidine
(DDC) diet or genetic deletion of multidrug resistance gene 2
(mdr2), respectively. In those studies, deletion of gp130 or STAT3
induced severer cholestasis compared with control mice, leading
to enhanced inflammatory cell infiltration and injury in the liver
[10,11]. Therefore, exacerbation of liver fibrosis observed in those
models might be ascribed to exacerbated cholestasis and liver
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inflammation. In the present study, we subjected our L-STAT3 KO
mice to BDL, a well-established murine model of cholestasis, and
examined them 10 days later. We found that hepatocyte-specific
deletion of STAT3 promotes liver injury and fibrosis although the
mice developed similar levels of cholestasis and inflammatory cell
infiltration in the liver, compared with their control littermates.
These results clearly indicated that hepatocyte STAT3 signaling
negatively regulates liver fibrosis independently of cholestasis
and inflammatory cell infiltration in our BDL model. An earlier
study showed that deletion of the gp130 gene induced by Cre-
mediated recombination under control of the Mx1 gene promoter
exacerbated bacterial infection and increased mortality by 10 days
after BDL, compared with control mice [17]. In our mice in which
STAT3 had been deleted under control of the albumin gene pro-
moter, no rise in mortality occurred after BDL. Since Mx1-Cre-med-
iated genetic recombination should occur not only in hepatocytes
but also in other cell types including a variety of hematopoietic
cells, the gp130/STAT3 signaling pathway of other cell types be-
sides hepatocytes might have an impact on the infection control
and survival after BDL.

L-STAT3 KO mice showed severer liver injury with increases in
the levels of serum ALT and TUNEL-positive cells in the liver sec-
tions. This is consistent with the general concept that STAT3 pro-
motes apoptosis resistance by regulating the expression of a
variety of anti-apoptotic genes. Indeed previous research showed
that the absence of hepatic STAT3 makes hepatocytes more vulner-
able to Fas-mediated apoptosis [6]. In contrast to a previous finding
that liver regeneration is suppressed in STAT3 KO mice after partial
hepatectomy [5], compensatory regeneration after BDL did not dif-
fer between L-STAT3 KO mice and the control littermates. Accumu-
lating evidence suggests that hepatocyte apoptosis promotes a

liver fibrotic response via HSC activation. Kupffer cells and HSCs
were reported to be able to engulf apoptotic bodies and to produce -
TNFo and TGFB, respectively [18,19]. These cellular events may
lead to the induction of profibrotic responses. Indeed, we previ-
ously reported that spontaneous apoptosis did induce mild fibrotic
response with increased production of TGFp in vivo [13]. In the
present study, STAT3 KO mice displayed increased hepatic expres-
sion of ®SMA and type | collagen a1 genes suggesting activation of
HSCs after BDL, compared with WT controls. However, at the same
time, there were no significant differences in the mRNA expression
of proinflammatory cytokines such as TNFo (data not shown) and
profibrogenic cytokines such as TGFB and PDGF in the liver be-
tween the two groups. This suggested that other factors or cellular
events except cytokines or apoptosis were involved in the differ-
ence of HSC activation between the two groups in our model.
APPs, defined as proteins whose serum levels change by >25%
during inflammation, are mainly produced in the liver and regu-
lated via gp130/STAT3 signaling [20]. Consistent with this, L-STAT3
KO mice showed impaired production of APPs in BDL. Recent re-
search showed that APPs are regarded as important biological com-
ponents of the immune response to infection and tissue injury
[9,21]. The 1L-6 family/gp130/STAT3 signaling pathway in hepato-
cytes regulates the acute phase response and the importance of
this pathway during host defense has become evident recently.
The present study demonstrated that the absence of STAT3 in
hepatocytes during cholestasis led to progression of liver fibrosis
as shown by collagen deposition and activation of HSCs. We inves-
tigated the direct influence of the soluble factors released from
hepatocytes via STAT3 signaling on HSCs activation and collagen
production in vitro. Interestingly, the mRNA expression of aSMA
and type I collagen a1 significantly decreased in activated HSCs

-1312-



M. Shigekawa et al./Biochemical and Biophysical Research Communications 406 (2011) 614-620 619

A

Recombinant IL-6(20 ng/mi) + -

pSTAT3 —> |1

STAT3 => | === ges sen o0

B-actin => L ;

c ol

S
'% 1.24 * * w 1.2 * *
8 | E— B T
g g
o o 14
2 2
© ©
-é 0.8 ° 0.8
< :
X 0.61 X 0.6
E £
o -
*§ 0.4 % 0.4-

)é,'\c\ >§\ ;{_0 o _éc} '\\&‘ :{_0
& § R & & K
\)Q,Co xc—, %2 \)Q'(J x" x"
AN R P L P

& & F s ¥

RS

B
c * *
2 254 4549 ™
KO %
8 401
—_ % 204 éé 354
[}
o 15 £ $/301
e S a 251
o] g X
® 404 S 9 20
< D0
< £z 154
[
% 54 g—é 101
- 51
§ 0+ 0
WT KO WT KO
D
I 5 1.4
2 124 2
%] w
® ®
5 %1.2-
g 17 § o
2 5 ERRE
8 081 2
2 < 0.8
< § <
Z Z
% 0.6 - aé 0.6
N A
N
8 044 < 044
® S > e © &@ N e
& pg/mi 2 pa/mi

Fig. 4. Involvement of STAT3-dependent hepatic soluble factors in the suppression of activated HSCs. Primary hepatocytes isolated from L-STAT3 KO mice (KO) and WT mice
(WT) were stimulated with or without 20 ng/ml of IL-6 for 24 h. (A) Expressions of STAT3 and pSTAT3 in hepatocytes by western blot analysis. -actin is included as a control.
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cultured with sup-WT compared with control medium. In contrast,
the expression levels of these genes in activated HSCs remained
unchanged when cultured with sup-KO. Since Sup-WT was abun-
dant with SAA and haptoglobin, these findings imply that the hepa-
tocyte STAT3-dependent soluble factors, such as APPs, directly
repressed activated HSCs and their collagen production. Indeed,
SAA negatively regulated HSC activation, although the mRNA
expression of type I collagen ol was unchanged, providing an
example among APPs being able to downregulate activation mar-
ker of HSCs. Although further study is needed, the present study
suggested that APPs could collectively inhibit HSC activity and col-
lagen production.

In conclusion, the present study demonstrated that the absence
of STAT3 in hepatocytes exacerbated liver injury and fibrosis dur-
ing cholestasis. We speculated that both increase in hepatocyte
apoptosis and lack of an acute phase response may contribute to
accelerated liver fibrosis in this model. APPs had been individually
analyzed to have pro- and anti-inflammatory properties during
inflammation. The current study unveiled a previously unrecog-
nized role of STAT3-dependent hepatic APPs in collectively serving
as a negative regulator for HSC activation.
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LIVER BIOLOGY/PATHOBIOLOGY

Delayed-Onset Caspase-Dependent Massive Hepatocyte
Apoptosis upon Fas Activation in Bak/Bax-Deficient

Mice

Hayato Hikita,"* Tetsuo Takehara," Takahiro Kodama,' Satoshi Shimizu," Minoru Shigekawa," Atsushi Hosui,"

Takuya Miyagi," Tomohide Tatsumi," Hisashi Ishida," Wei Li," Tatsuya Kanto,' Naoki Hiramatsu,"

Shigeomi Shimizu,? Yoshihide Tsujimoto,> and Norio Hayashi*

The proapoptotic Bcl-2 family proteins Bak and Bax serve as an essential gateway to the mi-
tochondrial pathway of apoptosis. When activated by BH3-only proteins, Bak/Bax triggers
mitochondrial outer membrane permeabilization leading to release of cytochrome c followed
by activation of initiator and then effector caspases to dismantle the cells. Hepatocytes are
generally considered to-be type II cells because, upon Fas stimulation, they are reported to
require the BH3-only protein Bid to undergo apoptosis. However, the significance of Bak
and Bax in the liver is unclear. To address this issue, we generated hepatocyte-specific Bak/
Bax double knockout mice and administered Jo2 agonistic anti-Fas antibody or recombinant
Fas ligand to them. Fas-induced rapid fulminant hepatocyte apoptosis was partially amelio-
rated in Bak knockout mice but not in Bax knockout mice, and was completely abolished in
double knockout mice 3 hours after Jo2 injection. Importantly, at 6 hours, double knockout
mice displayed severe liver injury associated with repression of XIAP, activation of caspase-3/
7 and oligonucleosomal DNA breaks in the liver, without evidence of mitochondrial disrup-
tion or cytochrome c-dependent caspase-9 activation. This liver injury was not ameliorated
in a cyclophilin D knockout background nor by administration of necrostatin-1, but was
completely inhibited by administration of a caspase inhibitor after Bid cleavage. Conclusion:
Whereas either Bak or Bax is critically required for rapid execution of Fas-mediated massive
apoptosis in the liver, delayed onset of mitochondria-independent, caspase-dependent apo-
ptosis develops even in the absence of both. The present study unveils an extrinsic pathway
of apoptosis, like that in type I cells, which serves as a backup system even in type II cells.

(HepaToLOGY 2011;54:240-251)

See Editorial on Page 13

as, also called APO-1 and CD95, is one of the
death receptors that are potent inducers of apo-
ptosis and constitutively expressed by every cell
type in the liver." Dysregulation of Fas-mediated apo-

ptosis is involved in several liver diseases.” In the liver
of patients with chronic hepatitis C, Fas is overex-
pressed in correlation with the degree of hepatitis, and
Fas ligand can be detected in liver-infiltrating mononu-
clear cells.>* Fas is also strongly expressed in the livers
of patients with chronic hepatitis B, autoimmune hep-
atitis, and nonalcoholic stealtohepatitis.4’5 Moreover, in
the liver of patients with fulminant hepatitis, Fas is
up-regulated with strong detection of Fas ligand.® In
mice, injection of Jo2 agonistic anti-Fas antibody leads

Abbreviations: ALT, alanine aminotransferase; CypD, cyclophilin D;  DISC,  death-inducing  signaling complex; DKO, double knockour; DMSO,
dimethylsulfoxide;, IAR inbibition of apoptosis protein; KO, knockout; PARE poly(adenosine diphosphate ribose) polymerase; RID receptor-interacting protein;
TUNEL, terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end labeling; WT, wild-type.
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