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Defects in chromosomes or mitotic spindles activate the
spindle checkpoint, resulting in cell cycle arrest at
prometaphase. The prolonged activation of spindle
checkpoint generally leads to mitofic exit without
segregation after a transient mitotic arrest and the
consequent formation of tetraploid Gy cells. These
tetraploid cells are usnally blocked to enter the subsequent
S phase by the activation of pS3/pRb pathway, which is
referred to as the G, tetraploidy checkpoint. A human
homologue of the Drosophila warts tumor suppressor,
WARTS, is an evolutionarily conserved serine—threonine
kinase and implicated in development of human tumors,
We previously showed that WARTS plays a crucial role in
controlling mitotic progression by forming a regulatory
complex with zyxim, a regulator of actin filament
assembly, on mitotic apparatus. However, when WARTS
is activated during cell cycle and how the loss of WARTS
function leads to tumorigenesis have not been elucidated,
Here we show that WARTS is activated during mitosis in
mammalian cells, and that overexpression of a kinase-
inactive WARTS in Rat1 fibroblasts significantly induced
mitotic delay. This delay resulted from prolonged activa-
tion of the spindle assembly checkpoint and was frequently
followed by mitotic slippage and the development of
tetraploidy. The resulting tetraploid cells then abrogated
the G, tetraploidy checkpoint and entered S phase to
achieve a DNA content of 8N. This impairment of G,
tetraploidy checkpoint was caused as a consequence of
failure to induce p53 expression by expressing a kinase-
inactive WARTS. WARTS thus plays a critical role in
maintenance of ploidy through its actions in both mitotic
progression and the G, tetraploidy checkpoint.
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Introduction

Mitosis is precisely regulated by sequential biochemical
reactions, including protein phosphorylation and de-
gradation, in order to achieve the equal separation of
replicated sister chromatids into the two daughter cells.
Checkpoints exist at various stages of the cell cycle to
prevent improper progression of cells through the cycle
and thereby to preserve the integrity of the genome.
During mitotic phase, the spindle assembly checkpoint
plays an important role in ensuring that chromosomes
align correctly at the metaphase plate in preparation for
their segregation. Defects in chromosomes or the mitotic
spindle at this stage result in activation of the spindle
assembly checkpoint and cell cycle arrest at prometa-
phase. Prolonged activation of this checkpoint leads to
the skipping of chromosome segregation and cytokinesis
and the consequent formation of tetraploid cells. The
replication of DNA in tetraploid cells that have entered
the subsequent G, phase is usually blocked by p53- and
pRb-dependent cell cycle arrest, which is referred to as
the G, tetraploidy checkpoint (Margolis et af., 2003).
Impairment of this checkpoint allows the tetraploid cells
to maintain their proliferative potential, a process
known as tetraploidization. Mitotic dysfunction alone
is thus not sufficient to induce and maintain tetra-
ploidization, which is considered a frequent precursor of
aneuploidy during tumorigenesis (Shackney ez al., 1989).

The warts gene (also referred to as la#s) was identified
on the basis of its ability to act as a tumor suppressor in
Drosophila melanogaster (Justice er al,, 1995). The
protein encoded by this gene possesses a serine-
threonine kinase catalytic domain that is highly similar
to those of members of the human myotonic dystrophy
protein kinase family. Kinases of this family have been
shown to contribute to various mitotic events (Toyn and
Johnston, 1994; Yasui et al., 1998). A human homolog
of warts, termed WARTS (or LATSI1), has been
identified (Nishivama er al., 1999; Tao et al., 1999),
and mice deficient in the corresponding protein develop
malignant tumors similarly to the analogous Drosophila
mutant (St John et al., 1999). Furthermore, a missense
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point mutation of WARTS was recently identified in
human soft-tissue sarcoma, suggesting that alterations
in WARTS function might be of pathological impor-
tance in human tumorigenesis (Hisaoka et al., 2002).

Immunolocalization studies have shown that human
WARTS is found in cytoplasm and the centrosome in
interphase cells, that it localizes to the mitotic appara-
tus, including the spindle poles and mitotic spindle,
during metaphase—anaphase, and that it is present at the
midbody during telophase (Nishiyama er al., 1999).
Moreover, WARTS is phosphorylated during mitosis
and interacts with zyxin, a regulator of actin filament
assembly, at the mitotic apparatus, and this mitosis-
specific interaction plays an important role in the
control of mitotic progression (Hirota et af., 2000).
WARTS is thus a key player in mitotic events in
mammalian cells, and loss of its function disrupts
normal mitotic regulation, possibly leading to chrome-
somal instability and tumor development. However,
given that the kinase activity of WARTS in cells has not
been unambiguously detected to date, the mechanisms
by which WARTS contributes to cell cycle events have
remained largely unknown.

To provide insight into WARTS function, we have
now examined the kinase activity of this protein during
the cell cycle in mammalian cells. WARTS was activated
specifically during mitosis, with peak activity apparent
at the prometaphase/metaphase transition. Overexpres-
sion of a kinase-inactive WARTS mutant in Ratl
fibroblasts induced a pronounced delay in entry into
anaphase as well as subsequent mitotic slippage and the
development of tetraploidy. Furthermore, such tetra-
ploid cells did not arrest at G, phase and entered
another round of DNA synthesis, resulting in tetra-
ploidization. In contrast, Ratl cells overexpressing wild-
type WARTS underwent cell death when the spindle
assembly checkpoint was continuously activated by
nocodazole treatment. Our results suggest that the
kinase activity of WARTS is required for proper mitotic
progression, for cell death in responsc to prolonged
activation of the spindle assembly checkpoint, and for
activation of the Gy tetraploidy checkpoint. The loss of
WARTS function might thus induce mitotic aberration
followed by tetraploidization, which leads to the
consequent development of aneuploidy during tumor-
igenesis,

Results

Mitotic activation of WARTS kinase activity

To investigate possible changes in the kinase activity of
human WARTS during the cell cycle, we first performed
in vitro kinase assays with WARTS immunoprecipitated
from asynchronous or mitotic HeLa cells. Whereas,
autophosphorylation of WARTS in vitro was almost
undetectable with the protein isolated from asynchro-
nous cells, it was markedly increased with WARTS
derived from mitotic cells. (Figure 1a). To exclude the
possibility that phosphorylation of WARTS detected in
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this assay was due to the presence of another kinase in
the immunoprecipitates, we generated stable transfec-
tants of Ratl fibroblasts that constitutively express wild-
type or kinase-inactive forms of WARTS tagged at their
NH,-termini with the Myc epitope (WTWI1 and KDWI
cells, respectively) (Figure 1b). The kinase-inactive
WARTS mutant (K734A) was constructed by replacing
lysine 734 with alanine. This conserved lysine residue
has been proven to play a key role in the recognition of
the phosphate group of Mg-ATP (Hanks et af., 1983),
and changing this lysine residue reportedly resulted in a
kinase-inactive protein (Xia et al., 2002). Both exogen-
ous WARTS proteins localized to centrosomes and the
cytoplasm during interphase and to the mitotic appara-
tus during mitosis (Figure 1¢), consistent with the cell
cycle-dependent localization of the endogenous protein
as previously reported (Nishiyama ez al., 1999).

To examine whether the kinase activity of wild-type
Myc-WARTS was increased during mitosis like that of
endogenous WARTS, we synchronized WTWI1 cells at
prometaphase by treatment with nocodazole and then
released them into normal medium. Myc-WARTS was
immunoprecipitated from cell lysates at various times
thereafter with antibodies to Myc and was subjected to
the in vitro kinase assay. A protein that migrated at the
position of Myc-WARTS was phosphorylated during
mitotic progression, with the maximal activity apparent
10-15min after release from prometaphase arrest
(Figure 1d). However, no phosphorylated protein of
the same size was detected when the same experiment
was performed with KDW1 cells (Figure le¢). Further-
more, Myc-WARTS immunoprecipitated from asyn-
chronous WITW1 cells exhibited only a low level of
autophosphorylation activity (Figure le). These findings
indicated that WARTS is autophosphorylated, rather
than phosphorylated by other kinases interacting with
WARTS, during mitosis and that WARTS is thus
activated specificaily during M phase,

Chromosomal instability induced by overexpression of
kinase-inactive WARTS

We next investigated the effects of constitutive expres-
sion of the wild-type and mutant WARTS proteins on
the phenotype of Ratl cells. The rate of proliferation
was reduced in WTWI cells and, to an even greater
extent, in KDW1 cells compared with that apparent in
parental Ratl cells (Figure 2a). Flow cytometric analysis
of WTW1 cells revealed two prominent peaks of cells in
G; (2ZN) and in G;-M (4N), similar to the cell cycle
distribution of the parental cells (Figure 2b). In contrast,
the proportion of 2N cells was reduced and that of 4N
and >4N cells was increased for KDW1 cells compared
with parental cells. These observations were supported
by microscopic analysis of cells stained with propidium
iodide to reveal DNA: nuclei of KDW1 cells thus tended
to be much larger than those of WTW1 and parental
Ratl cells (Figure 2c). In addition, KDWI1 cells
frequently manifested lagging chromosomes during
mitosis as well as enlarged, multilobular, or multiple
nuclei (data not shown).
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Figure 1 Mitosis-specific activation of WARTS. (a) Autophosphorylation of WARTS kinase during mitosis: Asynchronous {Asyn) or-
mitotic. HeLa cells were lysed and subjected to immunoprecipitation with antibodics to WARTS, and the resulting precipitates were

subjected either to immunoblot analysis with the same antibodies (bottom panel) or to an in vitre kinase assay with [y-"PJATP (top
panel). (b) Immunocblot analysis of Myc-WARTS expression. Total lysates of parental Ratl, WTWt; KDWI, and KDW1-rev-cells
were subjected to SDS-PAGE on a 6% gel followed by immunoblot analysis with antibodies to Mye (9E10), to WARTS (Hirota ez al.,

2000), or to a-tubulin (B-5-1-2) as a loading contrel. (c) Subcellular localization of Myc-WARTS during the cell cycle. WTW1 and-

KDWI1 cells were fixed and processed for indirect immunofluorescence staining. Cells at interphase were immunostained with

antibodies to Myc (FITC, green) and to y-tubulin (Alexa 568, red); cells at metaphase, anaphase, or telophase were immunostained -

with antibodies to Myc (FITC, green) and to a-tubulin {(Alexa 568, red). (d) Activation of wild-type Myc-WARTS during mitosis,

WTW!1 cells were treated with nocodazole for 10 h and then released into normal medium for the indicated times. Cell lysates were then

subjected to immunoprecipitation with antibodies to Myc, and the resulting precipitates were subjected to the in vitro kinase assay with
{y-*PJATP. The same amounts of immunoprecipitates were then subjected to immunoblot analysis with- antibodies to WARTS. (e)

WTW1 or KDW1 cells were treated with nocodazole for 10h and then released into normal medium for 0 (Noc) or 10 (R10') min.

before analysis as in (d). Asynchronous cells were similarly analysed

To confirm the increased ploidy of KDW1 cells, we
counted the chromosomes of the three cell types. The
distribution of chromosome number for KDW1 cells
differed markedly from that for WI'WI1 or parental

Ratl cell populations (Figure 2d). Of 50 metaphase
KDW1 cells scored, 15 cells (30%) appeared almost
tetraploid, whereas all parental Ratl cells or WTWI1
cells scored were diploid, The fact that intermediate
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Figure 2 Polyploidy in Ratl cells induced by overexpression of kinase-inactive WARTS. (a) Cell proliferation was analysed by
seeding 1 x 10* cells (parental Ratl, WTW1, KDWI, or KDW1-rev) in complete medium into 10-cm dishes and determining the cell
number every 43h. Data are means+s.e.m. of values from three independent experiments. (b) Flow cytometric analysis of
asynchronous cell cultures. Cells were harvested with trypsin-EDTA, fixed with 70% ethanol, treated with RNase A (100 U/ml), and
stained with propidium jodide (50pg/m!). Percentages represent the number of cells with a DNA content of >4N. (¢) Nuclear
morphology of parental Ratl, WTW1, KDW1, and KDWl-rev cells. Cells were fixed and processed for indirect immunofluorescence
staining with antibodies to Myc (FITC, green) and for staining of DNA with propidium iodide (red). (d) Distribution of chromosome

number was determined for 50 metaphase cells of the four cell lines

Jevels of ploidy were not observed in KDWI cells
suggested that the tetraploidy of these cells might result
from either failure of chromosome segregation or
impairment of cytokinesis.

At later passages (>23 doublings), KDWI cells are
somewhat unstable, generally containing some cells
(~10% of the total population) that have lost the
expression of the kinase-inactive form of WARTS
protein (Figures 1b and 2c). We cloned these revertant
KDWT1 cells (termed KDW1-rev cells) and showed that
they were phenotypically similar to WTW1 or parental
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Ratl cells (Figure 2). The expression of the kinase-
inactive WARTS protein thus appeared to be directly
associated with the polyploid phenotype of KDW1 cells,
suggesting that the kinase activity of WARTS is
required for maintenance of ploidy.

Prolonged activation of the spindle assembly checkpoint
induced by overexpression of kinase-inactive WARTS

To define more precisely the effect of the kinase-inactive
WARTS on mitotic progression, we determined the



duration of mitosis in parental Ratl, WTW1, KDWI,
and KDWl-rev cells with the use of time-lapse
differential interference contrast microscopy. More than
90% of parental Ratl or WTW1 cells executed mitosis

within 30 min, whereas only 4% of KDW1 cells exited-

mitosis within this time (Figure 3a). In KDWl-rev cells,
lost of the kinase-inactive WARTS expression signifi-
cantly increased the number of cells (54%) exiting.
mitosis within 30min. Most KDW1 cells with a
prolonged duration of mitosis (> 100min) exited mitosis
without. undergoing cytokinesis. Expression of the
kinase-inactive WARTS mutant thus- interfered with
normal mitotic progression and frequently induced
skipping mitosis followed by polyploidization.- These
phenotypes might contribute to the reduced growth rate
of KDW1 cells in comparison to WTW1 or KDW1-rev
cells (Figure 2a).

To examine the nature of the mitotic delay in cells
expressing the WARTS mutant, we synchronized
WTW]1 and KDWI cells at prometaphase by nocoda-
zole treatment, released them into normal medium, and
then determined their mitotic distribution at various
times thereafter by immunostaining with- antibodies to
a-tubulin and staining of DNA with propidium iodide.
Whereas WTW]1 cells began- to. enter anaphase after
15min and had reached telophase by 25min after
release, mostt KDW1 cells remained  in metaphase
25min after release (Figure 3b). Quantitative analysis
confirmed that KDW1 cells manifested a marked delay
in anaphase entry compared with WTWI cells
(Figure 3c).

Delay in anaphase entry is usually caused either by

activation of the spindle assembly checkpoint or. by -

disruption of proteolysis by the anaphase-promoting
complex or cyclosome (APC/C) (King et al., 1995;
Tugendreich er al., 1995; Amon, 1999). To investigate
the former possibility, we examined recruitment of
MAD?2 protein to kinetochores, which is thought to-

Figure 3 Mitotic delay due to activation of the spindle assembly
checkpoint in cells overexpressing kinase-inactive WARTS. (a)
Quantitation of the time rtequired for individual parental Ratl,
WTWI, KDWI, and KDWl-rev cells to - complete - mitosis.: The
duration of mitosis was. determined: morphologically by time-apse
videonticroscopy; its onsct. was defined as the time when the-cell first
became rounded and refractile and its end was defined as the time
when the cell flattened back omto the dish. A total of 50 cells were

analysed for cach cetl line. Percentages represent-the number of cclls-

that required >30min. to execute-mitosis. (b) Characterization of
mitotic progression in WTW1 and KDW1 cells: Cells were treated with
nocodazole for 10h and then released into normal medium for the
indicated times. They were then fixed and processed for indirect
immunoflucrescence staining. with . antibodies to a-tubulin (FITC,
green) and for staining of DNA with propidium iodide (red). (c)
Quantitation of mitotic progression. WIW1 and KDW1 cells were
treated and analysed as in {(b), and the percentage of cells in
prometaphase, metaphase, anaphase, ot telophase at the indicated-
times after release from nocodazole treatment was determined from
examination of 200-300 cells of each line. (@) Immunostaining with
antibodics to MAD2. WTWI| and KDWI cells were treated with
nocodazole, released into normal medium for 20min; and then
subjected to indirect immunostaining. with antibodies to MAD2
(FITC, green) and to staining of DNA with propidium. iodide (red).
Representative cells are shown. Arrows indicate kinetochores positive
for MAD2

-
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Cleveland, 2000). At 20 min after release from nocoda-
zole treatment, most WTWI cells had already entered
anaphase; all chromosomes were aligned at the meta-
phase plate and exhibited only faint staining for MAD2
(Figure 3d). In contrast, in most KDW1 cells at this
time, some of the chromosomes had still not aligned at
the metaphase plate and MAD?2 staining was pro-
nounced at the kinetochores of such misaligned chro-
mosomes. Given that a single MAD2-positive unaligned
chromosome is sufficient to activate the spindle assem-
bly checkpoint (Nicklas, 1997), our observations suggest
that prolonged activation of this checkpoint contributes
to the mitotic delay observed in KDW1 cells. The
kinase-inactive WARTS mutant may thus interfere with
kinetochore function or assembly of the mitotic spindle,
resulting in prolonged activation of the spindle assembly
checkpoint and prometaphase delay. WARTS localizes
to the mitotic spindle during mitotic phase (Nishiyama
et al., 1999), and the peak of WARTS kinase activity
coincided with the timing of prometaphase-to-meta-
phase progression (Figure 1d). These data suggest that
activation of WARTS might play an important role in
the regulation of events related to the spindle attach-
ment to kinetochore and chromosome alignment.

DNA synthesis without cell division after prolonged
activation of the spindle assembly checkpoint in KDW1
cells

Progression of tumors to a highly aneuploid state is
thought to occur in at least two discrete steps. First,
failure of the primary contro! of chromosome segrega-
tion or cytokinesis results in the generation of a
tetraploid cell. Second, failure of a p53- and pRb-
dependent surveillance mechanism that normally arrests
such tetraploid cells in G, leads to aberrant DNA
synthesis (Margolis er al., 2003). We have shown that
prolonged activation of the spindle assembly checkpoint
appears to be responsible for the pronounced mitotic
delay in KDW1 cells and for allowing such cells to exit
mitosis without undergoing cytokinesis, resulting in the
formation of G, cells with a DNA content of 4N. We,
therefore next determined whether the G, tetraploidy

«checkpoint prevents these cells from undergoing another

round of DNA synthesis. To this end, we investigated
the fate of cells treated with nocodazole to induce
prolonged activation of the spindle assembly check-
point. Asynchronous cells were treated with nocodazole
for 12h, and mitotic cells were then collected by the
‘shake off" procedure and transferred to new dishes for
further treatment with nocodazole. The cells that
flattened back onto the culture dishes in the presence
of nocodazole were analysed. The percentage of these
cells with a DNA content of 8N was markedly greater
for the KDW1 line than for the WTW1 line (Figure 4a),
indicating that a substantial proportion of KDW1 cells
with a DNA content of 4N underwent an additional
round of DNA synthesis to yield a DNA content of 8N.
Most KDWl-rev cells appeared to arrest with a DNA
content of 4N. On the other hand, nocodazole-treated
WTW]1 cells showed a marked reduction in the
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proportion of cells with 2 DNA content of 4N that
was concomitant with an increase in the size of the sub-
G, population, indicating that a large number of WTWI
cells with a 4N DNA content underwent cell death as a
result of the prolonged treatment with nocodazole.
These results suggest that, in cells that have become
tetraploid as a result of mitotic errors, overexpression of
kinase-inactive WARTS induces abrogation of the G,
tetraploidy checkpoint and that overexpression of wild-
type WARTS induces cell death rather than G, arrest.

Role of WARTS in p53 induction at the G; tetraploidy
checkpoint

To investigate why KDW1 cells with a DNA content of
4N fail to undergo G, arrest, we examined the
expression of p53, a key player in activation of the G,
tetraploidy checkpoint (Minn er al, 1996; Lanni and
Jacks, 1998; Andreassen et al., 2001). Although p53 was
accumulated in KDW l-rev cells treated with nocodazole
for 26 h as described above, its abundance was markedly
reduced in similarly treated KDW1 cells (Figure 4b). It
was not possible to examine WTWI1 cells in this
experiment because most of these cells underwent
apoptosis in response to prolonged nocodazole treat-
ment as shown above (Figure 4a). These results suggest
that abrogation of the G; tetraploidy checkpoint in
KDWT1 cells is due to a defect in the induction of p53.
Overexpression of kinase-inactive WARTS thus induces
not only activation of the spindle assembly checkpoint
but also abrogation of the G, tetraploidy checkpoint,
resulting in the development of polyploidy. It therefore
appears that the kinase activity of WARTS plays
important roles in both mitotic progression and the G,
tetraploidy checkpoint.

Discussion

This study is the first demonstration that WARTS
kinase is activated at the prometaphase/metaphase
transition. Qur data suggest that WARTS activation
plays an important role in the regulation of spindle
attachment to kinetochore and chromosome alignment.
Thus, impairment of WARTS function leads to the
activation of spindle assemnbly checkpoint. Although the
function of the spindle assembly checkpoint is thought
to be to ensure the correct assembly of a functioning
mitotic spindle before exit from mitosis, the ability of
cells to arrest in mitosis varies (Kung ef al., 1990); many
cell types thus undergo only a transient mitotic arrest
and then exit mitosis without chromosome segregation.
Consistent with these observations, we have shown here
that cells expressing a kinase-inactive WARTS, KDW1
cells, frequently experience prolonged activation of the
spindle assembly checkpoint and subsequently exit
mitosis without cell division and therefore became
tetraploid. Cells that have evaded mitotic arrest after
activation of the spindle assembly checkpoint by
treatment with an inhibitor of microtubule assembly
have previously been shown to undergo p53-dependent
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Figure 4 Role of WARTS in the G, tetraploidy checkpoint. (a) Asynchronous WTW1, KDWY, or KDWl-rev cells (upper panels):
were treated with nocodazole for 12 h {middle panels), and mitotic cells were then collected by. the shake-off procedure and transferred
to new dishes for incubation for an additional 18 h with nocodazole (lower panels). The DNA coentent of attached cells was determined-
by flow cytometry. Percentages refer to the-number of cells with a DNA content of <4Nor >4N. (b)) KDW1 and KDW1-rev cells
were treated (or not) with nocodazole for 26h as described in (a), and attached G, cells were then collected and lysed. Lysates wers
subjected to SDS-PAGE on a 10% gel followed by immunoblot analysis with antibodies to p53 (R-19, Santa Cruz) or to ¢-tubulin.

G, arrest (Minn et al., 1996; Lanni and-Jacks, 1998).

Moreover; cells treated with- an inhibitor of actin:
assembly to induce- failure' of -cytokinesis -underwent:

p53-dependent. G; arrest even: when formation of the
mitotic spindle and.cliromosome segregation proceeded
normally, suggesting that tetraploidy per se leads to G
arrest (Andreassen. et al,, 2001). Our detection of 2
substantial population of KDW1 cells with a DNA
content of 8N after prolonged activation of the spindle
assembly checkpoint suggests-that overexpression of the
kinase-inactive WARTS mutant impaired. G, tetraploi-
dy checkpoint function. In fact, we further demon-
strated that the induction -of p53 was defective in
nocodazole-treated KDW]1 cells, indicating. that the
kinase activity of WARTS is required for p53 induction.
This defect of p53 induction appears to be responsible

for failure to activate the G, tetraploidy checkpoint and

entry into subsequent. S phase in KDWY cells.. We are
currently investigating: how the activated- WARTS
induces p53 accumulation when-mitosis is failed:

Since the only one clone of kinase-inactive mutant.
was available in this.study, it raises the possibility that:

overexpression of kinase-inactive WARTS might cause
some additional effects in this clone other than simply

interfering the function of the endogenous WARTS:

expressed in Rat 1 cells. However; the distribution of
mutant WARTS is essentially the same as that of wild-
type WARTS: (Figure lc), suggesting that mutants
WARTS does not associate with- some: unexpected
targets. Furthermore, KDW1-rev cells, which lost: the
mutant WARTS expression, showed the similar pheno-
types to the parental Rat 1 cells. It is thus likely that the
kinase-inactive WARTS inhibits endogenous WARTS
in a dominant-negative manner.
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It was previously reported that ectopic expression of
WARTS in human cancer cells induces upregulation of
BAX proteins and leads to apoptosis (Yang et af., 2001;
Xia et al, 2002). In contrast, our study shows that
overexpression of wild-type WARTS in Ratl fibroblasts
resulted in neither apoptosis nor cell cycle arrest. These
discrepancies might be attributed to differences between
cancer cells and normal cells. It should be noted that
overexpression of wild-type WARTS in Ratl fibroblasts
{(WDW1 cells) preferentially induced apoptosis when
spindle damage was induced by nocodazole treatment,
whereas KDWl-rev cells did not (Figure 4a). These
differences in sensitivity of the two cell lines to
nocodazole may be due to the differences in the
expression levels of wild-type WARTS protein. These
findings suggest that overactivation of WARTS kinase
induces apoptosis in the presence of tumorigenic signals
and cytotoxic stress such as spindle damage or DNA
damage. Therefore, activation and/or overexpression of
WARTS may provide a potential specific therapeutic
approach for treating malignant turnors.

Overexpression of other mitotic kinases (Polo-like
kinase 1, Aurora-A, Aurora-B) also induces mitotic
failure concomitant with multinucleation and an in-
crease in centrosome number, and the absence of p53-
dependent checkpoint function exacerbates this pheno-
type (Meraldi ez al., 2002). In this regard, it thus appears
that WARTS is unique in that it regulates not only
mitotic progression but also p33-mediated checkpoint
function. Inactivation of WARTS kinase alone thus
possibly leads to genomic instability and development of
tumors through mitotic failure, G; checkpoint abroga-
tion, and the survival of abnormal cells.

Materials and methods

Cell culture and synchronization

Parental Ratl cells and stable transfectants were cultured in
DME-F12 medium supplementad with 10% fetal bovine serum
without antibiotics. For cell synchronization in prometaphase,
cells were incubated for 10h with nocodazole (50 ng/ml) and
then released into normal medium.

Generation of Ratl cells stably expressing WARTS

Ratl cells in six-well plates were transfected, with the use of
FuGENE 6 (Roche), with the expression vector pUHGI10-3
containing the ¢cDNA for either wild-type or kinase-inactive
forms of human WARTS. The kinase-inactive WARTS
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Critical Roles for the Fas/Fas Ligand System in
Postinfarction Ventricular Remodeling and Heart Failure

Yiwen Li, Genzou Takemura, Ken-ichiro Kosai, Tomoyuki Takahashi, Hideshi Okada, Shusaku Miyata,
Kentaro Yuge, Satoshi Nagano, Masayasu Esaki, Ngin Cin Khai, Kazuko Goto, Atsushi Mikami,
Rumi Maruyama, Shinya Minatoguchi, Takako Fujiwara, Hisayoshi Fujiwara

Abstract—1In myocardial infarction (MI), granulation tissue cells disappear via apoptosis to complete a final scarring with
scanty cells. Blockade of this apoptosis was reported to improve post-MI ventricular remodeling and heart failure.
However, the molecular biological mechanisms for the apoptosis are unknown. Fas and Fas ligand were overexpressed
in the granulation tissue at the subacute stage of MI (1 week after MI) in mice, where apoptosis frequently occurred.
In mice lacking functioning Fas (Ipr strain) and in those lacking Fas ligand (g/d strain), apoptotic rate of granulation
tissue cells was significantly fewer compared with that of genetically controlfled mice, and post-MI ventricular
remodeling and dysfunction were greatly attenuated. Mice were transfected with adenovirus encoding soluble Fas
(sFas), a competitive inhibitor of Fas ligand, on the third day of MI. The treatment resulted in suppression of granulation
tissue cell apoptosis and produced a thick, cell-rich infarct scar containing rich vessels and bundles of smooth muscle
cells with a contractile phenotype at the chronic stage (4 weeks after MI). This accompanied not only alleviation of heart
failure but also survival improvement. However, the sFas gene delivery during scar tissue phase was ineffective,
suggesting that beneficial effects of the sFas gene therapy owes to inhibition.of granulation tissue cell apoptosis. The
Fas/Fas ligand interaction plays a critical role for granulation-tissue cell apoptosis after MI1. Blockade of this apoptosis
by interfering with the Fas/Fas ligand interaction may become one of the therapeutic strategies against chronic heart
failure after large MI. (Circ Res. 2004;95:627-636.)

Key Words: apoptosis m gene therapy m heart failure m myocardial infarction m remodeling

arge myocardial infarction (MT) causes severe chronic heart

failure with unfavorable remodeling of the left ventricle (LV),
which is characterized by a ventricular dilatation and diminished
cardiac performance.! The magnitude of acute M1, which is deter-
mined within several hours after an attack of MI.2 is the most critical
determinant of subsequent heart failure. However, many other
factors, such as late death or hypertrophy of cardiomyocytes,
fibrosis, and the expression of various cytokines, are associated with
the discase progression?-% Cardiomyocyte death resulting from
apoptosis during chronic heart failure may play an important role in
the disease progression,™ although its role is still unclear because
of alow incidence.!”*2 In contrast, nonmyocytes in the infarct area,
such as infiltrating inflammatory cells during the acute stage and
granulation tissue cells during the subacute stage of M, do die via
apoptosis as we reported previously.™ Granulation tissue in partic-
ular contains an abundance of neovasculature, myofibroblasts, and
macrophages. We reported recently that inhibition of granulation
tissue cell apoptosis by use of Boc-Asp-ink, a pancaspase inhibitor,
significantly improved LV remodeling and heart failure at the
chronic stage of ML!* However, the molecular mechanisms of this

apoptosis have not been determined, although a dependency on
caspases is recognized.

Fas/Fas ligand interaction is an important- trigger for
apoptosis in many cell types, particularly cells related to the
immune system.!s Because M! ensues inflammation and
post-M1 granulation tissue contains chronic -inflammatory
cells, we hypothesize that the Fas/Fas ligand system is
involved in the apoptosis of granulation tissue cells, In the
present study, we first report that the Fas/Fas ligand system is
activated in post-MI granulation tissue cells and significantly
influences the postinfarct process. Next, we show that inhi-
bition of the Fas/Fas ligand system by delivery of the gene for
soluble Fas, a competitive inhibitor of Fas/Fas ligand inter-
action,” during the subacute stage of MI could potentially
preveat post-MI heart failure at the chronic stage.

Methods
Experimental MI in Mice

The study was approved by our institutional animal research com-
mittee. MI was created in male C57BL/6J wild-type mice and
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Figure 1. Augmented expression of Fas ‘
ang Fas ligand in the infarct area 10 days

. O after Ml. A, Westemn blots for Fas and Fas

¢ L A, ligand in normal liver, normal thymus,

’ ’ sham-operated heart, and heart with
10-day-old MI. Expression of both Fas
and Fas ligand was significantly aug-
mented in the heart with Ml compared
with the sham-operated heart. a-tubulin
was a loading control. B, Double immu-
nofluorescence for Fas or Fas ligand {red)
combined with Flk-1, «-SMA, F4/80,
CD34, or cardiac myosin heavy chain
(MHC; green}, under a confocal micro-
scope. Fasg positivity was seen in endo-
thelial cells, vascular smooth muscle
cells, extravascular myofibroblasts (aster-
isk), macrophages, and leukocytes but
not in cardiomyocytes, whereas Fas
ligand positivity was limited to leukocytes.
Arrows and an asterisk indicate double-
positive cells, Bars=20 um.

syngenetic fpr mice and gld mice (Clea Japan; Shizuoka, Japan) at 12 Recombinant Adenoviral Vectors
weeks of age by ligating the left coronary artery as described.!® In Replication-incompetent adenoviral vector that ubiquitously and
sham-operated mice, the suture was passed but not tied. Animals strongly expresses a chimeric fusion protein of exracellular region of

were killed 2 days, 10 days, 4 weeks, or 10 weeks after surgery. mouse Fas and the Fc region of human IgG, {(mFas-Fc), that is,
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Figure 2. Modified post-M| ventricular remodeling and dysfunc-
tion in Jpr and gid mice. A, Apoptotic index on the basis of a
TUNEL assay in granulation tissue 10 days after Ml in wild-type,
fpr, and gld mice. *P<0.05 compared with wild-type. B, Ana-
tomical and hemodynamic data for the hearts with a 4-week-old
M1 obtained from echocardiography and cardiac catheterization.
*P<0.05 compared with wild-typa mice. LVEDD indicates LV
end-diastolic dimension; LVESD, LV end-systolic dimension. C,
Magnitude of acute myocardial infarct (2-day-old M) evaluated
as the parcentage of infarct area to totat LV area in wild-type,
Ipr, and g/d mice.

soluble Fas (sFas). was generated as follows. Adenoviral vector
plasmid pAd-sFas, which comprises the cytomegalovirus immediate
early enhancer, a modified chicken B-actin promoter and the exira-
cellular region of mouse Fas {sFas) ¢DNA (Ad.CAG-sFas) was
constructed by the in vitro ligation method (gift from Dr Mark A.
Kay, Stanford University School of Medicine, California) as de-
scribed previously.’ Plasmid pFAS-Fell was generously provided
by Dr S. Nagata (Qsaka University Graduate School of Medicine,
Japan).?® Control Ad-LacZ was prepared as reported previously.*
On day 3 of MI, the sFas gene or LacZ gene was systemically
delivered to mice by injection of Ad.CAG-sFas or Ad-LacZ (1x10°
plague-forming units{pfuj/mouse) into the hindlimb muscles.

The Fas System in Postinfarction Heart Failure 629

Measurement of the sFas Level in Plasma
The plasma concentration of sFas was measured by detecting human
IgG-Fe using an ELISA kit (Institute of Immunology).

Physiological Studies

Echocardiograms were recorded with an echocardiographic system
(Alcka) equipped with a 7.5-MHz imaging transducer at 4 or 10
weeks after MI. After cardiac echocardiography, the right carotid
artery was cannulated with 2 micromanometer-tipped catheter (SPR
407; Millar Instruments) and advanced into the aorta and then into
the LV for recording pressure and *dP/dt.

Histological Analysis

After measurements, hearts were removed and cut into 2 transverse
slices, and the basal specimens were fixed with 10% buffered
formalin and embedded in paraffin. Sections 4-pm thick were
stained with hematoxylin-eosin or Masson’s trichrome. Quantitative
assessments including: cell size, cell population, and fibrotic area
were performed using multipurpose color image processor LUZEX'F

(Nireco).
Western Blotting

An immunoprecipitation assay of the lysate of heart tissues was
performed with Ultra-Link Biosupport medium (Pierce) using anti-
Fas antibody and anti-Fas ligand antibody (both from BD Transduc-
tion Laboratories). Subsequently, the isolated protein was analyzed
by Western blotting using the same antibodies. Sham-operated hearts
10 days after surgery;, hearts with 10-day-old MI; normal thymus,
and normal livers {(n=5 each} were subjected to the assay.

Active forms of caspase-8 and caspase-3 were detected, respec-
tively, using the primary antibody against caspase-§ (H-134; Santa
Cruz Biotechnology) and caspase-3 (H-277; Santa Cruz Biotechnol-
ogy) in sham-operated mice and LacZ gene-treated and sFas gene-
treated mouse hearts with 10-day-old Ml (n=5 each).

Hindlimb muscles of mice injected with Ad-LacZ or Ad.CAG-
sFas 7 days earlier {n=3 each) were subjecied to Western blot for
exogenous sFas by anti-human IgG antibody (DAKQ).

Immunchistochemical Analysis

The sections, 4-um-thick deparaffinized sections or 8-pum-thick
cryosections from the apical half of the ventricle, were incubated
with anti-Fas antibody, anti-Fas ligand antibody, anti-Flk-1 antibody
(Santa Cruz Biotechnology), anti-a-smooth muscle actin (SMA)
antibody (Sigma), anti-CD45 antibody (Pharmingen), antimacro-
phage antibody (F4/80: Biomedicals AG), or anticardiac myosin
heavy chain antibody (Santa Cruz Biotechnology). The ABC kit
(DAKO) was used for the immunostaining of the deparaffinized
sections with diaminobenzidine as the chromogen. For immunofluo-
rescence of cryosections, Alexa Fluor 568 and 488 (Molecular
Probes) were the secondary antibodies. Nuclei were counterstained
with hematoxylin or Hoechst 33342, Sections were observed under a
light, or confocal, microscope (LSM310; Zeiss).

In Situ Nick End-Labeling (TUNEL) and DNA
Gel Electrophoresis
The TUNEL assay was performed in sections using an ApopTag kit
{Intergene) principally according to the instructions of the supplier.
Mammary tissue of mice was used as the positive control.

DNA extraction from cardiac tissue and subsequent electrophore-
sis were performed as reported previously.'s

Electron Microscopy

Two to 3 animals in each group were used exclusively for transmis-
sion electron microscopic examinations after the hemodynamic
examination. After perfusion fixation with phosphate-buffered 2.5%
glutaraldehyde, pH 7.4, for 30 minutes, they were immersion-fixed
in the same fixative overnight, postfixed with 1% osmium tetroxide
for 1 hour, dehydrated through a graded scries of ethanol, and
embedded in Epon medium. Ultrathin sections were stained with
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scope (H700; Hitachi).

Statistical Analysis

Values are shown as mean*SEM. Analyses of survival after the
third or tenth day after MI were performed using the Kaplan—Meier
method with the log-rank Cox-Mantel method. The significance of
differences was evalvated with Student ¢ test, and a difference at
P<0.05 was considered significant.

Expression of Fas and Fas Ligand in Granulation
Tissue Cells During M1

We first examined the expression of Fas and Fas ligand in
granulation tissue of the heart at the subacute stage of MI (10
days after MI and 10 days after sham operation; n=5 each).
Weslern blot analysis of the cardiac tissue revealed an
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Figure 4. Effects of sFas gene delivery on hearts at the chronic
stage of MI (4 weeks after MI). Graphs show anatomical and
hemodynamic data obtained from echocardiography and car-
diac catheterization. *P<0.05 compared with LacZ gene-
delivered mice. LVEDD indicates LV end-diastolic dimension;
LVESD, LV end-systolic dimension,

augmented expression of Fas and Fas ligand in the heart with
MI (Figure 1A). Under a confocal microscope, Fas was
identified on the plasma membrane of endothelial cells (Fas
positivity 81+2.9% of the endothelial cells); vascular smooth
muscle cells (69+2.0%), extravascular myofibroblasts
{d5+2.9%), macrophages (79+3.2%), and leukocytes
(73+3.6%), whereas Fas ligand was found only on the
plasma membrane of leukocytes (Fas ligand positivity
21:+2.7% of the CD45-positive cells; Figure 1B). Under the
present staining conditions, neither Fas nor Fas ligand was
detected on the surface of cardiomyocytes, even at the border
of the infarct area (Figure 1B).

Apoptosis was detectable by TUNEL assay in noncardio-
myocytes of granulation tissue but never in cardiomyocytes.
We failed to detect a ladder pattern on DNA gel ¢lectrophore-
sis in the tissuc from hearts with 10-day-old MI (data not
shown). This failure was compatible with previous re-
ports'422 and was probably attributable to the relatively low
incidence of apoptotic cells. Electron microscopy confirmed
this finding, being compatible with previous studies: 1413
apoptosis of noncardiomyocytes and no apoptosis of cardio-
myocytes {data not shown).

Attenuated Postinfarction Heart Failure in Mice
with Nonfunctioning Fas and Fas Ligand

MI was induced in animals with a nonfunctioning Fas {/pr
strain: fas~"; n=10),2 those with a nonfunctioning Fas
ligand (gld strain: fas ligand™""; n=10),2* and in the synge-
netic control mice (C57BL/GY strain; n=10). The lack of Fas
and Fas ligand was confirmed, respectively, in the hearts of
the pr strain and the g/d strain mice 10 days after Ml (data
not shown). On the basis of the TUNEL assay, granulation
tissue cell apoptosis in surviving mice with 10-day-old MI
was significantly suppressed in the nonfunctioning Fas/Fas
ligand strains (0.74+0.02% in the Ipr strain [n=9] and
0.88+0.06% in the gld strain [n=9]) compared with the
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control (2.3%0.16%; n=8; Figure 2A). Next, M1 was stmi-
latly evoked in the /pr strain, gld strain, and control {(n=10
each), and followed up for 4 weeks. At the chronic stage (4
weeks after M), echocardiographic and hemodynamic exam-
inations of the surviving mice (9 Ipr mice, 10 gid mice, and
7 control mice) revealed a significant attenuation of LV
remodeling and improvement of LV dysfunction in the lpr
and gld strains, compared with the control (Figure 2B).

To check the possible difference in magnitude of acute MI
between the control and nenfunctioning Fas/Fas ligand mice,
we histologically measured the acute infarct size 2 days after
MI (n=6 each). There was no difference in the percentage of
MI in LV arca among the groups (Figure 2C). Also, there was
no difference in the degree of acute inflammatory cell
infiltration at the periphery of the 2-day-old infarct area-
(Figure 2C).

Inhibition of Granulation Tissue Cell Apoptosis by

sFas, an Inhibitor of Fas-Mediated Apoptosis

MI was induced in 12-week-old male C57BL/6] mice, and
Ad.CAG-sFas (10° pfu/mouse) was delivered systemically
through injection into the hindlimbs on the third day after MI-
(n=10) when cardiomyocyte necrosis was already completed.
The control gene was LacZ ¢cDNA (Ad.CAG-LacZ; n=10).
In the sFas gene—delivered mice, the plasma level of exogen-
ous sFas reached 51.0=11.0 pg/mL and 80.7+47 pg/mi,
respectively, 3 and 7 days after the injection (6 and 10 days
after MI), when the infarct area consisted: of granulation
tissue (Figure 3A); these levels might be sufficiendy high
when considering that in humans, the normal level of plasma
sFas is =~2 ng/mL.25> However, the exogenous sFas was
undetectable in the plasma at 4 wecks after ML We confirmed
expression of exogenous sFas by Western blotting for human
12G in the hindlimb muscles injected with Ad.CAG-sFas 7
days carlier, but it was not detected in those treated with
Ad-LacZ (Figure 3B).

The sFas gene treatment significantly reduced- the inci-
dence of TUNEL-positive cells in the infarct area consisting
of granulation tissue (Figure 3C); the apoptotic index on the
basis of TUNEL in the infarct area of the treated mice 10 days
after M1 was 0.24+0.09% compared with 2.0+0.18% for the
control mice. Active forms of caspase-8 and caspase-3 were
detected not in the sham-operated mouse hearts but in the
hearts with 10-day-old MI However, these signals were
apparently attenuated in the hearts treated with the sFas gene
{Figure 3D). The noncardiomyocyte population in the infarct
area was significantly greater in the sFas-treated mice
(569+67 cellshigh-power field |[HPF]} than in the LacZ-
treated mice (32419 cells/HPF; Figure 3C). The number of
vessels, the %area of myofibroblasts, and the number of
macrophages in the infarct-was significantly greater in the
sFas-treated group than in the LacZ-treated group: vessels
(vessel’HPF) 231+19 versus 168+16, P=0.0022; myofi-
broblasts (%) 31.5%x6.4 versus 17.8%2, P=0.0076; and
macrophages  {cells’tHPF) 7.5*0.66 versus 4.5%0.38,
P=0.0024. These findings suggest that the inhibition of
apoptosis through the blocking Fas/Fas ligand interaction
resulted in preservation of the postinfarct granulation tissue
cell population.
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Improvement of Postinfarction LV Remodeling
and Heart Failure by the sFas Gene Delivery
The influence of the sFas gene therapy was examined 4 wecks
after MI (sFas gene [n=8] and LacZ gene [n=6]). At the
chronic stage of MI, the LacZ-treated mice showed severe LV
remodeling with a marked LV dilatation accompanying a thin
infarct segment and signs of decreased cardiac function:
decreased LV%FS and *dP/dt; and an increased LV end-
diastolic pressure. Gene delivery on the third day of MI
resulted in a significant improvement of each of these
conditions (Figure 4). Systemic blood pressure and heart rate
were similar between the LacZ-reated and sFas-treated
groups. Treatment with the sFas gene in pormal mice did not
cause any hemodynamic alteration or morphological change
in the hearts compared with the LacZ treatment (n=3 each;
data not shown).

Necropsy of the hearts of mice at 4 weeks after MIrevealed
a severely dilated LV cavity with a thin infarct wal! in the
LacZ-trcated group. However, this unfavorable LV remodel-
ing appeared attenuated in the sFas-treated group (Figure
5A). The absolute infarct size and proportion of infarct area to
total LV area were similar between the LacZ-treated and

sFas-treated mice at 4 weeks after MI (Figure 5B). Interest-
ingly, the wall thickness of the infarct segment was greater,
whereas the inner circumferential length of the infarct seg-
ment was smaller in the sFas-treated mice (Figure 5B). This
indicated that the remodeling of the infarct wall expanding in
the coronal directions was significantly suppressed in the
sFas-treated mice.

The 4-week-old infarct area of the LacZ-treated mice was
replaced by fibrous scar tissue (Figure 6A). However, that of
the sFas-treated mice contained not only collagen fibers and
fibroblasts but also many small vessels and abundant ex-
travascular -SMA—positive cells (myofibroblasts). The pop-
ulation of noncardiomyocytes in the old infarct area was
significantly greater in the sFas-treated mice (3909 cells/
HPF in the sFas group versus 2599 cells/HPF in the
control) and so was that of vessels (165%7 vessels/HPF in the
sFas group versus 114x7 vessels/HPF in the control; Figure
6A). The percent area of extravascular a-SMA~—positive cells
was significantly greater in the sFas-treated group (18+1.7%)
than in the LacZ-treated group (7.6+1.6%). Some «-SMA—
positive cells accumulated and formed bundles running par-
allet to the surviving cardiomyocytes. Such bundles were not
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observed in the infarct wall of the LacZ-treated mice. How-
ever, macrophages were scarce even in the infarct area of the
sFas-treated mouse. hearts, and the incidence (1.7*0.62
cells/HPF) was similar to that in the LacZ-treated mice
(1.3%0.56 cells/HPF; P=0.6964). The size of cardiomyo-
cytes in the noninfarct area, which was measured as the
transverse diameter, was significantly greater in the LacZ-

treated mice (17.7£0.3 pm) than sFas-treated
(14.0+0.7 wm) mice, suggesting. that the compensatory
hypertrophy of cardiomyocytes was more developed in the
LacZ-treated mice. There was no special difference in thick-
ness or in the degree of fibrosis of the noninfarct LV wall
between the groups. No histological abnormality was found
in the extracardiac organs such as lungs, liver, intestines, and
kidneys of the sFas-treated mice.

Under an clectron microscope, 4-week-old infarct areas of
LacZ-treated mouse hearts contained fibroblasts/myofibro-
blasts (mostly fibroblasts), scanty small vessels, and very few
macrophages that were surrounded by massive collagen
fibrils, being consistent with a scar tissue. However, those of
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the sFas-treated hearts contained more abundant cell compo-
nents. They showed not only numerous fibroblasts/myofitro-
blasts and small vessels but also mature simooth muscle cells
with the contractile phenotype. These smooth muscle cells
made bundles in the extravascular areas. The cytoplasms: of
the smooth muscle cells were tightly filled with thin filaments
and contained many dense bodies (Figure 6B). The bundles of
such smooth muscle cells were identical to the mass of
a-SMA-positive cells that had appeared under the light
microscope.

Influence of the sFas Gene Delivery on
Postinfarction Survival

Using other litters of mice that were alive on the third day
of MI (n=40), the survival was followed up for a period of
10 weeks. Eighteen mice underwent the sFas gene therapy
and 22 the LacZ gene therapy. The survival rate was 55%
in the contro! and 83% in the sFas-treated group at 10
weeks after MI (P=0.0834; Figure 7). Although the
difference was not significant, it was notable that in case of
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the sFas treatment, mice were all alive when survived for
the first 10 days after MI. Thus, when the survival was
evaluated later than 10 days after MI, the survival of
sFas-treated mice was significantly better than that of the
LacZ-treated mice (P=0.0389; Figure 7).

The echocardiographic and hemodynamic evaluations of
the surviving mice revealed that the beneficial effects of sFas
gene delivery on post-MI cardiac function were preserved,
even up to 10 wecks after MI (Figure 8). The necropsy study
revealed that the greater M1 wall thickness and smaller MI
segmental length in the sFas-treated group was preserved
(Figure 8). These findings indicate that the cffect of sFas gene
therapy persisted for many weeks, even after the exogenous
sFas level had become undetectable.

Ineffectiveness of the sFas Gene Delivery During
the Chronic Stage of MI

In further experiments, we checked whether inhibition of
granulation tissue cell apoptosis is really responsible for the
beneficial effects on post-MI heart failure. For this purpose,
the sFas gene therapy was started at a more chronic stage of
MI when granulation tissue has already disappeared; the sFas
or LacZ gene (n=10 each) was delivered to mice with a
6-week-old MI that consisted not of granulation tissue but of
scar (issue, and these mice were examined an additional 4
weeks later {10 weeks after MI). This time, we found no
difference in functional and pathological parameters between
the sFas-treated and LacZ-treated groups (Figure 8). These
results clearly indicate that the preventive effect of the sFas
gene therapy on heart failure is attributable to inhibition of
granulation tissue cell apoptosis.

Discussion
In the present study, we suggested a significant role for
Fas/Fas ligand interaction in the apoptosis of granulation
tissue cells in myocardial infarct areas at the subacute stage of
MI. Granulation tissue cells disappear naturally via apoptosis
to eventually make a scar tissue.'4 The present study revealed
that suppression of granulation tissue cell apoptosis by
interfering with the Fas/Fas ligand interaction through sFas
gene delivery resulted: anatomically, in attenuation of unfa-
vorable remodeling of the LV; and functionally, in amelio-

ration of cardiac dysfunction at the chronic stage of ML
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Post-MI survival during the chronic stage (later than the
subacute stage) was also affected by the treatment. The
results of the treatment were interesting, especially in terms
of cardiac structure at the chronic stage: a thickened infarct
wall developed containing abundant cellular components
such as vessels and a-SMA-positive cells, part of which were
found to be contractile phenotype smooth muscle cells under
an electron microscope. The following are mechanistic con-
siderations of the beneficial effects of the inhibition of
granulation tissue cell apoptosis. First, the influence of infarct
tissue geometry may be most important (ie, the shortening of
the infarct segment length and increase in the infarct wall
thickness). Contraction of the infarct tisstie contributes to the
suppression of ventricular dilatation. Because wall stress is
proportional to the cavity diameter and inversely proportional
to the wall thickness (Laplace’s law},26 and because wall
stress and ventricular remodeling (dilatation) have a vicious
relationship, accelerating each other, it is conceivable that
such an alteration of infarct tissue geometry would bring a
marked benefit of improving the hemodynamic state. Also, a
smaller ancurysm has a lesser effect on cardiac function.
Second, bundles of smooth muscle cells with a contractile
phenotype in the infarct area, running in parallel- with the
surviving myocytes, might aid the global contractility of the
LV. Third, the preservation of vessels might relieve ischemia
in the surviving tissue. On the other hand, inhibition of
cardiomyocyte apoptosis was not considered important be-
cause of the Jack of TUNEL-positive cardiomyocytes during
the subacute stage of ML, even in the LacZ-treated hearts.
Compensatory hypertrophy of cardiomyocytes was indepen-
dent of the beneficial effects because the cardiomyocytes
were smaller in the sFas-treated than LacZ-treated hearts.
Although we showed the beneficial effect of the inhibition
of granulation tissue apoptosis after MI, it should be cau-
tioned that the benefit was evident in cases with large,
transmural infarcts; the outcome would be unknown if the
therapy were applied to cases with subendocardial infarction.
In the present study, we suggested that the apoptosis of
each cell type of postinfarction granulation tissue is, at least
in part, Fas dependent. However, macrophages continued to
die, whereas vascular endothelial cells and myofibroblasts,
having escaped a strong proapoptotic environment (granula-
tion tissue as an inflammatory focus) by antiapoptotic treat-
ment (sFas gene therapy), might continue to live until later.
Speculatively, macrophages may have a higher sensitivity to
apoptotic stimuli compared with the other- preserved cells
because inflammatory cells generally show very active pro-
apoptotic intcractions through death ligands and receptors.'®
Fas was not immunohistochemically detected in cardio-
myocytes under the present staining conditions, However,
immunohistochemical negativity does not always deny the
slight expression of an antigen because the sensitivity de-
pends on the staining conditions. Several previous reports
have shown immunohistochemically Fas expression in the
cardiomyocytes of rats??2®% and of humans.?® Thus, it may be
possible that otir immunostaining method for Fas was less
sensitive compared with those used in the previous studies.
Notwithstanding, we detected Fas expression in the granula-
tion tissue cells. This fact indicates that Fas expression in
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granulation tissue cells is definitely stronger than that in
cardiomyocytes and suggests that the role of the Fas/Fas
interaction in granulation tissue cells may be more significant
than that in cardiomyocytes.

Postinfarct heart failure affects nearly half of all candidates
for cardiac transplantatiom®® and is one of the most scrious
clinical problems to be overcome in cardiovascular medicine.
Recently, we reported that the inhibition of granulation tissue
cell apoptosis by a pancaspase inhibitor after MI had benefi-
cial effects on cardiac remodeling and dysfunction at the
chronic stage of MI. The present study confirmed this
therapeutic- concept. However, because most of the apoptosis
in a physiological setting is considered caspase dependent,?!
the systemic suppression of caspases may potentially have
unfavorable effects on healthy organs. Actually, caspase
3-deficient homozygous mice undergo embryonic death.’2 On
the basis of these facts, inhibition of the Fas/Fas ligand
interaction may be a more specific way to apoptosis inhibi-
tion than inhibition of caspases. Our findings may warrant a
therapeutic trial against postinfarction heart failure, which
could be performed even during the:subacute stage of Ml in
patients who have a large Ml becanse the chance:of reperfu-
sion therapy during the acute stage has been lost. Thus, we
expect the “inhibition: of granulation tissue cell apoptosis™ to
become a novel - therapeutic regimen that is prophylactic
against chronic heart failure after large MI. '
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