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Downregulation of human CD46 by adenovirus

serotype 35 vectors

F Sakurai', K Akitomo?', K Kawabata’, T Hayakawa® and H Mizuguchi'?
"Laboratory of Gene Transfer and Regulation, National Institute of Biomedical Innovation, Osaka, Japan; ?Pharmaceuticals and Medical
Devices Agency, Tokyo, Japan and *Graduate School of Pharmaceutical Sciences, Osaka University, Osaka, Japan

Human CD46 (membrane cofactor protein), which serves as
a receptor for a variety of pathogens, including strains of
measles virus, human herpesvirus type 6 and Neisseria, is
rapidly downregulated from the cell surface following infec-
tion by these pathogens. Here, we report that replication-
incompetent adenovirus (Ad) serotype 35 (Ad35) vectors,
which belong to subgroup B and recognize human CD46 as a
receptor, downregulate CD46 following infection. A decline in
the surface expression of CD46 in human peripheral blood
mononuclear cells was detectable 6 h after infection, and
reached maximum (72%) 12 h after infection. Ad35 vector-
induced downregulation of surface CD46 levels gradually
recovered after the removal of Ad35 vectors, however,

complete recovery of CD46 expression was not observed
even at 96 h after removal. The surface expression of CD46
was also reduced after incubation with fiber-substituted Ad
serotype 5 (Ad5) vectors bearing Ad35 fiber proteins,
ultraviolet-irradiated Ad35, vectors and recombinant Ad35
fiber knob proteins; in contrast, conventional Ad5 vectors did
not induce surface CD46 downregulation, suggesting that the
fiber knob protein of Ad35 plays a crucial role in the
downregulation of surface CD46 density. These results have
important implications for gene therapy using CD46-utilizing Ad
vectors and for the pathogenesis of Ads that interact with CD46.
Gene Therapy (2007) 14, 912-819. doi:10.1038/sj.gt.3302946;
published online 22 March 2007

Keywords: adenovirus serotype 35 vector; CD46; downregulation; fiber knob; peripheral blood mononuclear cells

Introduction

Human CD46 is a transmembrane glycoprotein, which is
ubiquitously expressed in most or all human nucleated
cells. CD46 functions as a regulator of complement
activation, whose normal function is to protect the host
from autologous complement attack, by binding comple-
ment components C3b and C4b and facilitating their
cleavage by factor 1.'? In addition to these functions,
CD46 serves as a receptor for several pathogens, inclu-
ding strains of measles virus (MV),®> human herpesvirus
type 6 (HHV6),* group A streptococci® and Neisseria.
Among these pathogens, infection by certain strains of
MV,"# HHV6* and Neisseria gonorrhoeae® has been shown
to cause CD46 downregulation from the cell surface. The
detailed mechanisms of surface CD46 downregulation
upon infection by these pathogens remain to be
elucidated, however, the decrease in the surface density
of CD46 renders the cells more susceptible to lysis
by complements, as demonstrated in vitro,’” and may
contribute to the attenuation of these pathogens by rapid
clearing of infected cells.

Recently, it has been demonstrated that CD46 also acts
as a receptor for the majority of subgroup B adenoviruses
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(Ads), including Ad serotypes 11 (Adl1l) and 35
(Ad35).12?2 The fiber knob domain of Adll or Ad35
binds to short consensus repeats (SCRs) 1 and/or 2 in
CD46 for infection.*® Furthermore, Ad35 competes for
binding to CD46 with the MV hemagglutinin (MVH)
protein,'* which is responsible for both the attachment of
MV to CD46' and downregulation of surface CD46
expression levels.'” These findings led us to hypothesize
that CD46 is downregulated following infection by
subgroup B Ads, as occurs in the case of MV. On the
other hand, subgroup B Adl1 and Ad35 are considered
to be an attractive framework for gene transfer vectors for
the following reasons. First, Ad11 and Ad35 are known to
be rarely neutralized by human sera.’® Second, Ad11 and
Ad35 exhibit a broad tropism including cells expressing
no or low levels of coxsackievirus and adenovirus
receptor (CAR), which is a receptor for Ads belonging
to subgroups A, C, D, E and E'® Several groups (including
the authors) have developed replication-incompetent
Ad vectors composed of subgroup B Ads**** or fiber-
substituted Ad serotype 5 (Ad5) vectors containing '
subgroup B Ad fibers, > and have demonstrated that
these types of Ad vectors efficiently transduce a variety of
human cells, including cells refractory to conventional
Ad5 vectors. If surface CD46 downregulation occurs
following transduction with CD46-utilizing Ad vectors,
unexpected side effects might occur such as complement-
mediated cell lysis of successfully transduced cells, which
leads to clearance of the transduced cells.

In the present study, we examined replication-incom-
petent Ad35 vector-induced downregulation of surface



CD46 expression. We found that transduction with Ad35
vectors significantly downregulated CD46 expression
from the cell surface in a dose-dependent and cell type-
specific manner. Ad35 vector-mediated downregulation
of surface CD46 was found to occur in leukemia cells,
whereas nonleukemia cells did not exhibit any decline in
surface CD46 expression following Ad35 vector infec-
tion. To the best of our knowledge, this is the first report
characterizing subgroup B Ad-mediated downregulation
of surface CD46.

Results

Infection with Ad35 vectors causes downregulation

of surface CD46 expression

To determine whether infection with Ad35 vectors
results in modulation of surface CD46 expression,
human peripheral blood mononuclear cells (PBMCs)
were incubated with the Ad35 vector expressing green
fluorescence protein (GFP) (Ad35GFP) at 10 000 vector
particle (VP)/cell and subjected to flow cytometric
analysis at various time points. This analysis demon-
strated that the surface expression levels of CD46 in
PBMCs gradually decreased during exposure to
Ad35GFP (Figure 1a). The significant decrease in CD46
was detectable 6 h after infection and reached maximum
12 h after infection (72% downregulation). Furthermore,
the downregulation of surface CD46 by Ad35 vectors
was found to be dose dependent (Figure 1b). PBMCs
infected at 1250 VP/cell showed significantly reduced
levels of CD46 expression (44% downregulation), and
71% downregulation of surface CD46 expression was
induced at 20000 VP/cell. These results indicate that
infection with Ad35 vectors downregulates surface CD46
expression, as happens in the cases of MV?# and HHV6.*
The viability of PBMCs was not significantly affected by
Ad35 vector infection (data not shown).

Downregulation of human CD46 by Ad35
F Sakurai ef af

Next, in order to examine whether B cells (CD19* cells)
and T cells (CD3* cells) in PBMCs show a reduction in
surface CD46 levels after infection with Ad35 vectors,
PBMCs were simultaneously stained with anti-human
CD46 and anti-human CD19 or anti-human CD3
antibodies, and were subsequently subjected to flow
cytometric analysis. Surface CD46 downregulation was
found in both B cells and T cells after Ad35 vector
infection, but the levels of the downregulation in these
cells were lower than those of whole PBMCs (Figure 1c).
Surface CD46 expression in T cells was more largely
reduced than that in B cells. We also investigated
seven additional human cells (Molt-4, KG-la, K562,
U937, A549, HeLa and human bone marrow-derived
CD34* cells) for Ad35 vector-induced downregulation of
surface CD46 levels; the downregulation levels of surface
CD46 were different among the cell types (Table 1). K562,
U937, KG-1a and Molt-4 cells exhibited a decrease
in CD46 expression following Ad35 vector infection (by
36% in K562 cells, 24% in U937 cells, 18% in KG-1a cells

Table 1 Downregulation of CD46 induced by Ad35 vectors in
various types of cells

Cell type % CD46 downregulation
Molt-4 55+5.7
KG-1a . 18+2.6
K562 36+1.9
U937 24486
A549 -1048.0
Hela 79+18
Human bone marrow-derived CD34* cells -1145.2

The cells were infected with Ad35L at 10000 VP/cell. After
incubation for 24 h, CD46 expression on the cell surface was
determined by flow cytometry as described in Materials and
methods. Values represent mean+s.d. of quadruplicate results
from two similar experiments.
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cell surface were determined by flow cytometry. (b) Dose-dependent downregulation of surface CD46 after infection with Ad35 vectors.
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Figure 2 Total cellular protein levels and mRNA levels of CD46 following infection by Ad35 vectors. (a) Western blotting analysis for the
total cellular protein levels of CD46 in PBMCs infected with Ad35GFP. PBMCs were incubated with Ad35GFP at 10 000 VP /cell forup to 48 h.
Cells collected at the indicated time points were lysed and quantified by immunoblotting for their total cellular amounts of CD46. GAPDH
bands served as an internal control for equal total protein loading. This result was representative of three independent experiments.
(b) Semiquantitative RT-PCR analysis of CD46 in PBMCs infected with Ad35GFF. PBMCs were infected with Ad35GFP as described for
Western blotting analysis in Materials and methods. Total RNA was prepared from PBMCs following incubation with Ad35GFP, and RT-PCR
was then performed as described in Materials and methods. Lane M: 100-bp ladder. These results were representative of at least two

independent experiments.

and 55% in Molt-4 cells), whereas CD46 expression was
reduced not at all or only slightly in nonleukemia cells
{A549, HeLa and bone marrow CD34" cells). Indeed,
a slight increase in CD46 expression on the cell surface
was found in A549 and CD34* cells following Ad35
vector infection.

Total protein levels and mRNA levels of CD46 are not
reduced following Ad35 vector infection

To examine the mechanism of Ad35 vector-induced
downregulation of surface CD46, Western blotting and
semiquantitative reverse transcriptase-polymerase chain
reaction (RT-PCR) analysis for CD46 expression were
performed. Western blotting analysis using total cellular
lysates demonstrated that the total cellular levels of
CD46 were not reduced, but rather seemed to slightly
increase, during 48 h of exposure to Ad35GFP (Figure
2a), suggesting that CD46 may be internalized after
infection by Ad35 vectors without intracellular degrada-
ton, as in the case of MV In addition, infection by
Ad35GFP did not decrease the mRNA levels of CD46
(Figure 2b). These results indicate that infection by Ad35
vectors does not downregulate the transcription of the
CD46 gene.

Fiber knob proteins of subgroup B Ads play a crucial
role in the decrease in surface CD46 expression

To investigate which parts of Ad35 are involved in the
downregulation of surface CD46 levels, PBMCs were
incubated with conventional Ad5 vectors, fiber-substi-
tuted Ad5 vectors displaying the Ad35 fiber shaft and
knob, and ultraviolet (UV)- or heat-inactivated Ad35
vectors at 10 000 VP/cell for 24 h. The conventional Ad5
vectors expressing GFP, AdSGFP, which utilizes CAR for
infection, did not downregulate CD46, whereas infection
by the AdSF35 vector expressing GFP, Ad5F35GFT,
which recognizes CD46 for infection, significantly re-
duced surface CD46 expression by 72% (Figure 3a). UV-
inactivated Ad35GFP also induced the downregulation
of surface CD46 by 62% following infection, which was a
level similar to that of surface CD46 downregulation
induced by Ad35GFF. However, heat-inactivated
Ad35GFP produced a lower level of surface CD46 down-
regulation than UV-inactivated Ad35GFP. This low level
of CD46 downregulation by heat-inactivated Ad35GFP
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quadruplicate results from one of three similar experiments.
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Figure 4 Recovery of surface CD46 expression after Ad35 vector-
mediated downregulation. PEMCs were infected with Ad35GFP at
10 000 VP /cell for 24 h. After a 24-h infection, PBMCs were washed
twice to remove the Ad35GFF, and resuspended and incubated in
fresh medium. After incubation, cells were harvested at the
indicated time points and CD46 expression was measured by flow
cytometry. Values represent meants.d. of quadruplicate results
from one of two similar experiments.

would be due to the thermal denaturation of fiber
proteins in Ad35GFP.

Next, PBMCs were incubated with recombinant Ad5
or Ad35 fiber knob proteins to further examine the role of
Ad35 fiber protein in the downregulation of surface
CD46 expression. Ad35 fiber knob proteins were found
to downregulate the surface expression levels of CD46 in
a dose-dependent manner, and maximal downregulation
of surface CD46 was induced by 55% at 4 ug/ml (Figure
3b). In contrast, no significant reduction in surface CD46
levels was found after incubation with Ad5 fiber knob
proteins. These results indicate that fiber knob proteins
of Ad35 play a crucial role in the downregulation of
surface levels of CD46.

Downregulated CD46 Expression is not rapidly
restored after the removal of Ad35 vectors

Next, we examined how long it takes to restore surface
CD46 expression after Ad35 vector-induced downregu-
lation. Downregulation of surface CD46 induced by
Ad35GFF gradually recovered after resuspension, how-
ever, the recovery kinetics of CD46 expression after
the removal of Ad35 vectors was much lower than the
kinetics of Ad35 vector-induced decrease in the surface
CD46 (Figure 4). CD46 expression was downregulated
by 65% before resuspension, and surface CD46 expres-
sion remained reduced by 53 and 49% at 24 and 48 h
after resuspension, respectively. Complete restoration of
surface CD46 expression was not observed even at 96 h
after resuspension, at which point 17% downregulation
remained, thus, more than 96 h are required to restore
completely surface CD46 expression after Ad35 vector-
induced downregulation.

Discussion

Understanding the interaction between cellular receptors
and viruses and subsequent events following the attach-
ment of viruses to receptors is important to elucidate the
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tropism, infectivity and pathogenicity of viruses. Many
previous studies have assessed the interaction between
CD46 and CD46-utilizing pathogens, especially MV, and
have demonstrated that infection by CD46-utilizing
pathogens causes unique cellular events. For example,
downregulation of CD46 from the cell surface occurs
following infection by MV,”'” HHV6* or Neisseria.® Addi-
tionally, MV and HHV6 suppress interleukin (IL)-12
production in infected human monocytes.?*** However,
subsequent cellular events following the interaction
between human CD46 and subgroup B Ads have not
yet been fully evaluated. In the present study, we have
demonstrated the downregulation of human CD46 from
the cell surface following infection by Ad35 vectors
belonging to subgroup B.

MV-induced downregulation of surface CD46 has
been the most thoroughly studied aspect of the effects
of pathogens recognizing CD46. Nevertheless, the pre-
cise mechanisms of MV-induced downregulation of
surface CD46 remain to be clarified; surface CD46
downregulation by MV exhibits similar properties to
that induced by Ad35 vectors. First, surface expression
levels of CD46 are reduced, whereas the total cellular
protein levels of CD46 are not significantly decreased
after infection,” as demonstrated by Western blotting
analysis (Figure 2a). These results suggest that CD46 may
be internalized without degradation following infection
by MV or Ad35. Second, the protein components, which
bind to CD46 in the virion, MVH proteins and fiber knob
proteins of Ad35, are involved with surface CD46
downregulation. Previous studies indicate that direct
protein-protein contact between CD46 and MVH pro-
teins is necessary for the MV-induced downregulation of
surface CD46 levels**? The present data in Figure 3
indicate that fiber knob proteins of Ad35 play a crucial
role in the reduction in surface CD46 expression. These
common properties suggest that Ad35 might down-
regulate the surface expression levels of CD46 through
a mechanism similar to the one that acts in the case of
MV. This hypothesis is further supported by previous
findings that both the MVH and fiber knob proteins
of Ad35 recognize the domains within SCR1 and 2 of
CD46.121533.3¢ '

However, the Ad35 vector-mediated modulation of
CD46 expression in nonleukemia cells differed from that
induced by MVH protein: Ad35 vectors did not produce
any decline in CD46 expression in the nonleukemia cells
used in the present study (HeLa, A549 and human bone
marrow-derived CD34* cells). We have also demon-
strated that surface CD46 expression was not decreased
following Ad35 vector infection in Chinese hamster
ovary (CHO) transformants expressing CD46'® (data not
shown), however, the MVH protein downregulated
CD46 expression in Hela cells®’ and in CHO transfor-
mants stably expressing CD46.” These findings suggest
that cellular events following the binding of Ad35
vectors to CD46 would be somewhat different from
those induced by MV in nonleukemia cells.

Downregulation of surface CD46 levels by Ad35
vectors seems inefficient compared with that induced
by MV. An approximately 24% reduction in CD46
expression was achieved in U937 cells 24 h following
infection of Ad35L at 10000 VP/cell, which is an
approximate multiplicity of infection (MOI) of 50. In
contrast, infection by MV strain Edmonston in U937 cells
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induced a decline of about 70% in CD46 expression 12 h
after infection even at an MOI of 5.*' The lower levels of
surface CD46 downregulation caused by replication-
incompetent Ad35 vectors might be partly due to a lack
of virus replication; a previous study suggests that newly
synthesized MVH proteins in the infected cells further
downregulate surface CD46 expression.”

Piliated N. gonorrhoeae, which also utilizes CD46 as a
receptor, exhibits surface CD46 downregulation by the
shedding of CD46.° The total levels of CD46 in the
whole-cell lysates are reduced, and soluble CD46 is
found in cell culture supernatants after exposure to
piliated N. gonorrhoeae. It now remains unclear how
piliated N. gonorrhoeae induces shedding of CD46.
However, it is unlikely that Ad35 vector-induced shed-
ding of CD46 occurs because total cellular levels of CD46
were not reduced following infection with Ad35 vectors
(Figure 2a).

It is surprising that the downregulation of surface
CD46 expression was not readily restored after the
removal of Ad35 vectors because pulse-chase analysis
of CD46 showed that matured forms of CD46 are
synthesized within 1h3 This raises the question of
why newly synthesized CD46 is not transported to the
surface membrane in Ad35 vector-infected cells and
where newly synthesized CD46 stays in the cells. Further
studies are necessary to address these questions.

Previous studies have demonstrated the increased
susceptibility of cells to complement-mediated lysis as a
result of surface CD46 downregulation,’®”" however, we
found no apparent lysis of PBMCs in vitro by comple-
ments following Ad35 vector infection (data not shown).
It is now unclear why the complement-mediated cell
lysis did not occur in cells showing CD46 downregula-
tion by Ad35 vectors. One possible explanation is that
the decreased levels of surface CD46 by Ad35 vectors
might be enough to block the complement-mediated cell
lysis. Other complement regulatory proteins might com-
pensate the reduction in surface CD46 levels. Although
PBMCs showing the reduction in surface CD46 density
did not exhibit an apparent increase in susceptibility to
complement-mediated cell lysis in witro, this study
suggests that we should exercise caution in the use of
CD46-utilizing Ad vectors. The reduction in CD46
expression in cells transduced with CD4é-utilizing
Ad vectors might cause unexpected side effects after
in vivo application. Recently, CD46 has been demon-
strated to be involved in not only complement regulation
but also various cellular functions, such as immune
responses.®”** It is essential to further examine the
influence of surface CD46 downregulation, including
the fate of the transduced cells, before initiating clinical
applications of CD46-utilizing Ad vectors. Additionally,
the influence of surface CD46 downregulation in vivo
should be evaluated in nonhuman primates; the use of
human CD46-transgenic mice is not recommended
because rodent CD46 expression is limited in testis,
and other complement regulators, such as decay-accel-
erating factor, protect cells from complement attack in
rodents.*

In summary, we have shown that infection by Ad35
vectors induces downregulation of human CD46 from
the cell surface in a dose-dependent and cell type-
specific manner. In addition to Ad35 vectors, fiber-
substituted Ad5 vectors containing fiber proteins derived
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from Ad35 also downregulate the surface expression of
CD46. Once the surface expression levels of CD46 have
declined, CD46 expression is not readily restored after
the removal of Ad35 vectors. The present study provides
important clues for clarifying the pathogenicity of
subgroup B Ad, and suggests caution in the use of Ad
vectors recognizing CD46 for gene therapy.

Materials and methods

Cells

Human PBMCs (Cambrex Bio Science, Walkersville, MD,
USA) were cultured in culture medium (Roswell Park
Memorial Institute (RPMI)1640 supplemented with
10 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic
acid, 1 mM sodium pyruvate, 0.1 mM nonessential amino
acids, 4 mM L-glutamine, 10% fetal bovine serum (FBS)).
HeLa cells (human cervix epitheloid carcinoma) were
cultured with Dulbecco’s modified Eagle’s medium
supplemented with 10% FBS. A549 cells (a human lung
epithelial cell line) were cultured with F-12K medium
supplemented with 10% FBS. K562 cells (human
chronic myelogenous leukemia in blast crisis), U937 cells
(a human lymphoma cell line), Molt-4 (a human T-cell
leukemia cell line) and KG-la cells (human bone
marrow acute myelogenous leukemia) were cultured
with RPMI1640 medium supplemented with 10% FBS.
Human bone marrow-derived CD34* cells (Cambrex Bio
Science) were cultured with StemSpan 2000 containing
cytokine cocktail StemSpan CC100 (human Flt-3 ligand
(100 ng/ml), human stem cell factor (100 ng/ml), human
IL-3 (20 ng/ml) and human IL-6 (20 ng/ml)) (StemCell
Technologies Inc., Vancouver, BC, Canada).

Ad vectors

Ad35 vectors containing a cytomegalovirus promoter-
driven enhanced GFP expression cassette or a cytome-
galovirus promoter-driven firefly luciferase expression
cassette, Ad35GFP and Ad35L, respectively, were con-
structed by the improved in vitro ligation method
described previously*® GFP-expressing conventional
Ad5-based vectors, AdSGFP and fiber-substituted
Ad5-based vectors displaying the fiber knob and shaft
of Ad35, AA5SF35GFTP, were also constructed as described
previously.?**! Determination of the virus particle titers
of Ad vectors was accomplished following the method
described by Maizel et al.**> Ad35GFP was UV- and heat-
inactivated by exposure to 254-nm radiation for 1 h, and
by incubation at 48°C for 1 h, respectively. The efficiency
of the inactivation was confirmed by comparing the
transduction efficiencies of control and inactivated
Ad35GFP.

Downregulation of surface CD46 by infection with
Ad35 vectors

For the present time course study of the downregulation
of surface CD46, PBMCs were seeded in a 96-well plate
at 5.0 x 10* cells/well and incubated with Ad35GFP at
10 000 VP/cell. PBMCs were harvested at various time
points and subjected to flow cytometric analyses as
described below. For the study of the dose-dependent
downregulation of surface CD46, PBMCs were infected
with Ad35GFP at the indicated vector doses. After incu-
bation for 24 h, the surface expression levels of CD46



were measured by flow cytometry. Analysis of the
downregulation of surface CD46 levels in response to
various types of Ad vectors was similarly performed.
Ad35 vector-mediated decrease in the surface CD46
levels was also assessed in various types of human cells
(Molt-4, KG-1a, K562, U937, A549, HeLa and human
bone marrow-derived CD34* cells). Cells were seeded in
a 24- or 96-well plate and infected with Ad35L at
10000 VP /cell. After incubation for 24 h, CD46 expres-
sion levels were assessed by flow cytometry.

Ad35 fiber knob-mediated downregulation of surface
CD46

Recombinant Ad35 fiber knob protein was constructed
similarly to Ad5 fiber knob,** using Ad35 vector plasmid
pAdMS4* and the following primers: forward, 5'-tcg aat
tca cct tat gga ctg gaa taa acc c-3' (EcoRI site is
underlined); reverse, 5'-atg cgg ccg ctt agt tgt cgt ctt ctg
taa tgt aag a-3' (Not] site is underlined). Ad5 fiber knob
protein was prepared previously.** PBMCs, which were
seeded in a 96-well plate at 5.0 x 10* cells/well, were
incubated with the Ad5 or Ad35 fiber knob at the
indicated concentrations. Surface CD46 expression levels
were examined 24 h after incubation by flow cytometry
as described below.

Western blotting analysis for CD46 expression
PBMCs (5.0 x 10° cells) were seeded in a 24-well plate
and infected with Ad35GFP at 10 000 VP/cell. They were
then collected at the indicated time points, washed and
treated with lysis buffer (25 mM Tris, 1% Triton X-100,
0.5% sodium deoxycholate, 5 mM ethylenediaminetetra-
acetic acid, 150 mM NaCl) containing a cocktail of
protease inhibitors (Sigma, St Louis, MO, USA). The
protein content in the cell lysates was measured with an
assay kit from Bio-Rad (Hercules, CA, USA), using
bovine serum albumin (BSA) as a standard. Protein
samples (10 pg) were subjected to nonreducing sodium
dodecyl sulfate-12.5% polyacrylamide gel electrophor-
esis, and the separated proteins were transferred to a
nitrocellulose membrane. After blocking nonspecific
binding, CD46 was detected with anti-CD46 rabbit
serum (1:5000; kindly provided by Dr Tsukasa Seya,
Hokkaido University, Japan), followed by incubation in
the presence of horseradish peroxidase-labeled goat anti-
rabbit second antibody (1:6000, Cell Signaling, Danvers,
MA, USA). Signals on the membrane were visualized
and analyzed as described previously.*® To verify equal
loading, the blots were stripped and probed with a
rabbit anti-glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (1:3000, Trevigen, Gaithersburg, MD, USA)
followed by treatment with an horseradish peroxidase-
conjugated goat anti-rabbit second antibody (1:5000, Cell
Signaling).

RT-PCR analysis for CD46 expression

PBMCs were infected with Ad35GFP as performed in
Western blotting analysis. After infection, the cells were
collected at the indicated time points and total RNA was
isolated from the cells using Isogen reagent (Nippon
Gene, Tokyo, Japan). First-strand cDNA templates were
synthesized as previously described,** and the templates
were subjected to PCR amplification using sets of
primers for human CD46* and GAPDH.** The cycling
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parameters were 30s at 94°C, 30 s at 55°C and 30s at
72°C for both CD46 and GAPDH. PCR products were
separated by electrophoresis on a 2.0% agarose gel and
visualized with ethidium bromide.

Recovery of CD46 expression from the Ad35 vector-

mediated downregulation of surface CD46 expression
PBMCs seeded in a six-well plate were infected with
Ad35GFP at 10 000 VP /cell. After a 24-h incubation, the
cells were collected and washed twice to remove the
Ad35GFP. The PBMCs were then resuspended in fresh
culture medium, and subsequently cultured at 37°C
PBMCs were harvested at the indicated time points and
subjected to flow cytometric analysis to measure CD46
expression.

Flow cytometry

Cells were harvested, washed with FACS buffer (phos-
phate-buffered saline (PBS) containing 1% BSA and 0.01%
sodium azide) and then fixed for 10 min with 3.2%
paraformaldehyde-containing PBS. Cells were washed
twice and incubated with anti-human CD46 antibody
(J4.48, Immunotech, Marseilles, France; or E4.3, Pharmi-
gen, San Diego, CA, USA) for 45 min on ice. Subsequently,
the cells were washed and incubated with phycoerythrin
(PE)-conjugated goat anti-mouse IgG second antibody
(Pharmingen). After being washed thoroughly, stained
cells were analyzed by FACSCalibur (Becton Dickinson,
Tokyo, Japan) and CellQuest software (Becton Dickinson)
to obtain the percentage of surface CD46 downregulation
as follows: CD46 downregulation=100—(100 x MFI of
CD46 in infected cells)/(MFI of CD46 in uninfected cells),
where MFI = mean fluorescence intensity.

For the simultaneous analysis of expression levels of
CD46 and CD19 (B-cell marker) or CD3 (T cell marker),
PBMCs were incubated with both fluorescein isothio-
cyanate (FITC)-labeled anti-human CD46 antibody (E4.3,
Pharmingen) and PE-conjugated anti-human CD19 anti-
body (HIB19, Pharmingen) or allophycocyanin (APC)-
labeled anti-human CD3 antibody (UCHT1, eBioscience,
San Diego, CA, USA). After incubation for 45 min on ice,
stained cells were subjected to flow cytometry analysis as
described above.

Abbreviations

Ad, adenovirus; APC, allophycocyanin; BSA, bovine
serum albumin; CAR, coxsackievirus and adenovirus
receptor; FBS, fetal bovine serum; FITC, fluorescein
isothiocyanate; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; GFP, green fluorescence protein;
HHV6, herpesvirus type 6; MV, measles virus; MVH,
measles virus hemagglutinin; MFI, mean fluorescence
intensity; MOI, multiplicity of infection; PBMCs, periph-
eral blood mononuclear cells; PBS, phosphate-buffered
saline; RT-PCR, reverse transcriptase-polymerase chain
reaction; SCRs, short consensus repeats; VP, vector
particle; PE, phycoerythrin.
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Abstract. The caspase activation cascade and mitochondrial changes are major biochemical
reactions in the apoptotic cell death machinery. We attempted to clarify the temporal relationship
between caspase activation, cytochrome c release, mitochondrial depolarization, and morpho-
logical changes that take place during tumor necrosis factor (TNF)-a-induced cell death in HeLa
cells. These reactions were analyzed at the single-cell level with 0.5 — 1 min resolution by using
green fluorescent protein (GFP)-variant-derived probes and chemical probes. Cytochrome c
release, caspase activation, and cellular shrinkage were always observed in this order within
10 min in all dying cells. This sequence of events was thus considered a critical pathway of cell
death. Mitochondrial depolarization was also observed in all dying cells observed, but frequently
occurred after caspase activation and cellular shrinkage. Mitochondrial depolarization is therefore
likely to be a reaction that does not induce caspase activation and subsequent cellular shrinkage.
Mitochondrial changes are important for apoptotic cell death; moreover, cytochrome ¢ release,
and not depolarization, is a key reaction related to cell death. In addition, we also found that the
apoptotic pathway proceeds only when cells are exposed to TNF-a. These findings suggest that

the entire cell death process proceeds rapidly during TNF-a exposure.

Keywords: tumor necrosis factor (TNF)-a, cytochrome ¢, mitochondrial depolarization, caspase,

real-time imaging

Introduction

Apoptosis is a mechanism of cell death that is
mediated by various intracellular reactions. A family of
cysteine proteases, the caspases, forms the activation
cascade, and these proteases play a central role in the
apoptotic cell death machinery (1, 2). The caspases
usually exist as pro-proteins in living cells and are
activated by cleavage at the time when cell death is
induced. In an early phase of the cell death process,
initiator caspases are activated, which in tum activate
effector caspases (3 —7). Activated effector caspases
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cleave a number of different target proteins, and this
cleavage leads ultimately to apoptotic cell death (8, 9).
Mitochondria also play an important role in the cell
death process (10—13). Cellular stresses induce
mitochondrial changes, including an increase in outer
mitochondrial membrane permeability; various mito-
chondrial proteins such as cytochromec (cyt.c) and
second mitochondrial activator of caspases (Smac) are
released into the cytosol. Released proteins directly or
indirectly regulate caspase activation and/or other
reactions, which eventually induce cell death.

Various factors in the cell death process have been
identified, but correlation among these factors remains
unclear. Cell death events such as caspase activation and
mitochondrial changes are rapid processes, and the onset
of these events varies between individual cells (14 — 17).
So, it is difficult to determine how and when such
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reactions occur in cells as based on analyses of cell
populations, which can only be used to detect an average
value for a large number of individual cells. In order to
gain a better understanding of the cell death mechanism,
simultaneous multi-events analyses should be conducted
at the single-cell level and with high spatial and temporal
resolution. Real-time imaging with confocal microscopy
is a powerful method of detecting the manner in which
such rapid intracellular reactions take place (18, 19).
Fluorescence resonance energy transfer (FRET) is
useful for imaging analyses. Variants of green fluores-
cent protein (GFP) are currently widely employed;
several families of fluorescent proteins have recently
been reported to be useful for FRET analysis (19 - 22).
Previously, we developed genetically-encoded sensors
for caspase activation that consist of two fluorescent
proteins linked by a small peptide (23, 24). Cyan-,
green-, yellow-, and red-fluorescent proteins (CFP,
GFP, YFP, DsRed) were used in combination as the

fluorescent proteins. The small peptide was derived from *

a substrate of caspase, poly(ADP-ribose)polymerase;
this fusion protein was primarily cleaved by caspase 3
(23). The sensor protein exhibits FRET in its intact form.
However, in the presence of active caspase, the peptide
is cleaved, and the two fluorescent proteins are rendered
far apart; in this case, the sensor protein no longer
exhibits any FRET. Caspase activation is detected as a
reduction in FRET. We have previously reported that the
use of various color combinations facilitates real-time
imaging analysis. In particular, GFP-DsRed and YFP-
DsRed have been shown to be as sensitive as CFP-YFP,
which is commonly used as the FRET pair. FRET probes
that consist of such color variations may be useful for
simultaneous multi-event imaging (24).

In this study, we used the YFP-DsRed version of the
effector-caspase sensor (YRec), CFP-tagged cyt.c
(cyt.c-CFP), and tetramethylrhodamine methyl ester
(TMRM) in order to detect caspase activation, cyt.c
release from the mitochondria, and mitochondrial
depolarization, respectively. By applying two of these
probes simultaneously, two events could be monitored
in the same cell, and the temporal relationships between
caspase activation and mitochondrial changes could be
examined at the single-cell level. In addition, we also
analyzed the interval from tumor necrosis factor (TNF)-
o exposure to cellular shrinkage by analyzing the cell
population in order to investigate time course of the
whole cell death process.

Materials and Methods

Plasmid construction
A plasmid encoding YRec, YFP-peptide-DsRed, was

generated as previously reported (24). The sequence
encoding the 11 amino acids at the C-terminus of YFP
was eliminated in this construct. The C-terminal-
truncated forms of the YFP gene were generated by
PCR with primers containing the Nhel site or the
BspEI site and pEYFP-CI (Clontech, Palo Alto, CA,
USA) as a template, and the restricted fragment was
inserted into the Nhel/BspEl sites of pEYFP-C] in order
to generate a plasmid carrying truncated YFP. The
oligonucleotides encoding the caspase’s substrate
sequence was inserted into the BspEI — Agel site of the
p(truncated YFP)-C1 vector to generate pYFP-PARP.
The substrate sequence was derived from PARP
(KRKGDEVDGVDE, 5-CCGGAAAGAGAAAAGG
CGATGAGGTGGATGGAGTGGATGAA-3"' and 5'-
CCGGTTCATCCACTCCATCCACCTCATCGCCTTT
TCTCTTT-3"). DsRed was generated from pDsRed2-
Cl1(Clontech) by PCR, at the Agel/Notl sites, and the
restricted fragment was inserted into the Agel — Notl
sites of pYFP-PARP to generate a plasmid carrying
YFP-PARP-DsRed2 (YRec). YRec was cleaved by
caspase-3 (23, 24). :

Cyt.c was cloned from HelLa cells by RT-PCR with a
primer pair (5-TCGCTAGCGCTCCGGAGAATTAAA
TATGGGTATG-3' and 5'-CGAGGATCCCTCATTAG
TAGCTTTTTTGAG-3'), and the restricted fragment
was inserted into the Nhel—BamHI sites of the
pECFP-N1 vector to generate a plasmid carrying cyt.c-
CFP. All cloned sequences were verified by sequencing.

Cell culture and transfection

HeLa cells were cultured in DMEM (Sigma-Aldrich,
St. Louis, MO, USA) supplemented with- 100 units/ml
of penicillin G, 100 ug/ml of streptomycin, and 10%
fetal calf serum (GIBCO). The plasmid encoding the
fluorescent probes was transfected into Hela cells
using Effectene Transfection Reagent (QIAGEN,
Hilden, Germany) according to the manufacturer’s
instructions. After being incubated for 12 -24 h with
the transfection reagent, the cells were washed with
PBS and cultivated on dishes suitable for an assay in
medium containing 500 ug/ml of G418 for an additional
1 -3 days until the assay was performed. We found that
the cultivation period had no effect on cell death events
after TNF-a treatment.

Bioimaging with fluorescence microscopy

Transfected cells were cultured on a cover glass (25-
mm diameter, 0.15—-0.18-mm thickness) for 1-3
days. Cells were treated with TNF-a (100 ng/ml,
dissolved in PBS) and cycloheximide (10 ug/ml,
dissolved in DMSO) and then were incubated under the
usual culture conditions for 1 -2 h prior to the analysis.
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Table 1. Measurement conditions for real-time analysis by LSM510

Probe Excitation (nm) Beam splitter (nm) Emission (om)

Cyt.c-CFP 458 515 467.5-497.5

YRec 488 545 505 — 530 (donor)*
560 - 615 (acceptor)*

TMRM 543 545 560-"

*Emitted fluorescence was separated by a 545 dichroic mirror, and the fluorescence of the donor
(YFP) and that of the acceptor (DsRed) was obtained via a band-pass emission filter. °A long-

pass filter (LP560) was used.

Tetramethylrhodamine methyl ester (TMRM; 50 oM,
dissolved in DMSO) was added to each sample 2030
min prior to the analysis, when the mitochondrial
membrane potential was to be measured (23, 25).
Analyses were carried out by confocal laser scanning
fluorescent microscopy using a Carl Zeiss LSM510
system (Carl Zeiss, Jena, Germany). During the observa-
tions, the media were buffered with 10 mM HEPES
buffer (pH 7.4), and the cells were maintained at 35°C —
37°C. DIC images and grayscale images for fluores-
cence channels were obtained in 0.5- or 1-min intervals.
Excitation lights for the cyt.c-CFP (458 nm) and YRec
(488 nm) were provided by an Ar laser with a 458 or a
488 dichroic mirror, respectively. Excitation lights for
the TMRM (543 nm) were provided by a HeNe laser
with a 543 dichroic mirror. Images of the probes were
obtained separately using a dichroic mirror and band-
pass or long-pass emission filters, as indicated in
Table 1. Contamination of the fluorescence between
channels was negligible under these conditions (data
not shown). For analyses involving YRec or TMRM,
images were processed and quantified using MetaFluor
software as follows: The average pixel intensity of the
fluorescence of the entire cell region was determined for
each channel. In the case of YRec, the ratio value was
calculated as the average pixel value of the fluorescence
ratio, (fluorescent intensity for the acceptor channel)
/(fluorescent intensity for the donor channel), in the
entire cell region. As the cells changed morphologically
during the observation, the entire cell region was
assessed separately for each image.

Simultaneous measurement of two probes was per-
formed according to the multi-track scanning mode, in
which two sets of excitation-detection conditions were
used in alternation. For cyt.c-CFP and YRec, CFP
fluorescence induced by excitation at 458 nm was
measured in the first track, and YFP and DsRed
fluorescence induced by excitation at 488 nm was
measured in the second track. For cyt.c-CFP and
TMRM, CFP fluorescence induced by excitation at
458 nm was measured in the first track, and TMRM

fluorescence induced by excitation at 543 nm was
measured in the second track. The scanning time
difference between tracks was ca. 3 — 8 s, which was not
significant in the temporal analysis.

Analysis of cell survival rate

HeLa cells were cultured in 96-well plastic plates to
80% — 90% confluency and were then treated with TNF-
a. After the indicated culture durations, the cells were
treated with Alamar Blue (Dainippon Pharmaceutical,
Osaka) according to the manufacturer’s instructions.
Cell survival was measured as fluorescence at 590 nm
induced by excitation at 540 nm. Fluorescence was
measured using FlexStation (Molecular Devices,
Sunnyvale, CA, USA).

Results

Simultaneous imaging of cyt.c-CFP and caspase sensor

HeLa cells expressing both cyt.c-CFP and YRec were
treated with TNF-a, and changes in fluorescence were
observed. Figure 1A shows DIC images, fluorescent
images of CFP, and fluorescence ratio (DsRed/YFP)
images of YRec during cell death. Images were obtained
every 30 s; therefore, we were able to identify the time
points of these events at a resolution period of 30 s. The
CFP fluorescence indicated cyt.c-CFP localization, and
the fluorescence ratio (DsRed/YFP) indicated caspase
activation. CFP fluorescence was localized in the
mitochondria at 280.5 min, and it was delocalized at
281.0 min, indicating that cyt.c-CFP was released during
this period. The images shown in Fig. 1A indicate that
this cell started to shrink at 286.5 — 287.0 min.

When the caspase was activated in a cell, the YRec
was cleaved, which led to a reduction in the FRET from
YFP to DsRed. Thus, a reduction in the fluorescence
ratio (DsRed/YFP) reflected caspase activation. As
shown in Fig. 1B, the fluorescence ratio decreased
dramatically at 283.5 min in the cell shown here, thus
indicating the initiation of caspase activation at this
point in time. The increase in DsRed fluorescence
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observed after this time point was unexpected, but is
thought to have been the result of cellular shrinkage.
Because the cell volume was reduced, the DsRed
became concentrated, and the fluorescence increased.
The reduction in the fluorescence ratio clearly indicated
a reduction in FRET, which indicated both the cleavage .
of YRec as well as caspase activation. The asterisks
indicate the time point of cyt.c-CFP release and cellular
shrinkage, as determined based on the results shown in
Fig. 1A. In this cell, cyt.c-CFP was released 280.5 min
after the addition of TNF-a, and caspase activation was
initiated 3 min after cyt.c-CFP release; the cell then
started to shrink 3 min-after caspase activation. Cyt.c-
CFP release, caspase activation, and cellular shrinkage
were observed in this order in all of the dying cells
examined.

Simultaneous imaging of cyt.c-CFP and TMRM

HeLa cells expressing cyt.c-CFP were treated with
TMRM and TNF-a. Delocalization of cyt.c-CFP and
‘mitochondrial depolarization were observed with a
resolution period of 1 min. All dying cells exhibited
cyt.c-CFP release, mitochondrial depolarization, and
shrinkage of the cell body. Figure 2A shows a typical
fluorescent image of a dying cell. In this cell, cyt.c-CFP
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was released at 161 min, and cell shrinkage began at
167 min after the addition of TNF-a. Changes in TMRM
fluorescence are plotted in Fig. 2B. TMRM fluorescence
started to decrease at 164 min, thus indicating that the
mitochondria started to depolarize at this point in time.
In a comparison of the starting points of these three
events, it was found that the release of cyt.c-CFP always
preceded mitochondrial depolarization and cellular
shrinkage. Mitochondrial depolarization was observed
earlier than cellular shrinkage in this particular cell, but
was observed later in other cells. The temporal order of
the timing of the initiation of mitochondrial depolariza-
tion and cellular shrinkage was not consistent. Mito-
chondrial depolarization preceded cellular shrinkage in 4
of the 10 cells, and cellular shrinkage preceded mito-
chondrial depolarization in 6 of the cells observed here.

Temporal relationships between mitochondrial changes,
caspase activation, and cellular shrinkage

We observed 10 —22 cells in each of these experi-
ments, the results of which are shown in Figs. 1 and 2.
We then determined the timing of cyt.c release, cellular
shrinkage, and mitochondrial depolarization, or caspase
activation in each cell. To clarify the temporal relation-
ships between these cellular events, relative timing was

(A)
o P TNF-a addition -253.4 = 92.5
im cyt.c release 0
. caspase activation 1.9 £ 04
o cellular shrinkage 50115
F;.ﬁ }mit. depolarization (24.2 = 34.2)
EilEB
-400 -300 -200 -100 {0 i 100 200
time after cyt.c release (min)
(B)
[ ]
-
s
-10 0 10 20 30

time after cyt.c release (min)

Fig. 3.

Temporal relationship between mitochondrial changes and caspase activation. A: Relative timing of TNF-a addition

(open square), cyt.c release (closed square), caspase activation (closed circle), cellular shrinkage (closed triangle), and mitochon-
drial depolarization (closed and open diamond) is shown with respect to time after cyt.c release. B: Shows a magnification of

panel A.
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determined as follows: the time point of cyt.c release
was considered as time 0 in each of the individual cells.
We calculated the relative timing of each of the observed
events for each cell, and the results are plotted in Fig. 3.
TNF-a treatment, cyt.c release, caspase activation, and
cellular shrinkage are indicated as the mean £ S.D. Since
mitochondrial depolarization did not give a normal
distribution, all data for mitochondrial depolarization
were plotted. Each plot represents the results from a
single cell. Figure 3B shows magnification at around
time 0.

The relative timing of TNF-a treatment and mito-
chondrial depolarization was found to deviate sub-
stantially, whereas the relative timing of caspase acti-
vation and cellular shrinkage gave only a small devia-
tion. A substantial amount of time was required for the
initiation of cyt.c release, and the duration varied
between cells; however, after cyt.c release, the sub-
sequent reactions occurred rapidly. After cyt.c release,
cells are unable to stop or delay the cell death process.

Mitochondrial depolarization occurred before both
caspase activation and cellular shrinkage in some of the
cells (n=4), but mitochondrial depolarization occurred
after caspase activation and cellular shrinkage in other
cells (n=6). This finding suggests that mitochondrial
depolarization is not necessary for either caspase acti-
vation or cellular shrinkage. Mitochondrial depolariza-
tion has been consistently reported as being associated
with cell death, but it is not thought to be a critical step
in the induction of apoptotic cell death.

Effects of the duration of TNF-a treatment

At the first step of TNF-a-induced cell death, TNF-a
binds with its receptor on the cell surface, and an extra-
cellular signal is transferred into the cell. After this step,
Bid transfers the signal to the mitochondria, and then
cyt.c is released from the mitochondria to the cytosol.
Our results shown in Fig. 3 indicate that these processes
took about 4 h. In order to analyze the timing of the onset
of the earliest steps, we attempted to determine the point
in time at which the first step started. To this end, we
changed the duration of TNF-a exposure and measured
the resulting cell survival rate. Cells were divided to two
groups, as shown in Fig. 4A, and the cells were exposed
to TNF-a for 0— 12 h. In group A, the survival rate was
measured immediately after TNF-a exposure. In
group B, TNF-a was washed off after the indicated
exposure time, and the cells were cultured in fresh
medium without TNF-a for an additional 6 - 11 h, and
the survival rate was then measured. If the cell death
process proceeded after the removal of TNF-a, the
survival rate would be expected to be reduced due to the
additional culture period after the removal of TNF-a. In

other words, more cells would be expected to have died
in group B than in group A with the same amount of
TNF-a exposure time.

The results showed that the survival rate decreased
with increasing TNF-a exposure time (Fig. 4B).
However, the survival rate did not decrease after TNF-a
removal. This result suggests that the dead cells in
group B had died during the period of TNF-a exposure,
and that those cells that had survived during TNF-a
exposure did not die after the removal of TNF-a. Thus,
the cell death process is likely to proceed only when the
cells were exposed to TNF-a. The survival rate in
group B increased when cells were exposed TNF-a
for 6 h. The biological meaning of this increase was
unknown; however, this result did not disturb our
conclusion.

(A)
0 1,2,3,6,0r 12 12 (h)

group A — time
add TNF-a analysis

group B E r
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th
=

1 2 3 6 12
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Fig.4. Cell survival rate after TNF-a exposure. Panel A: Experi-
mental design of the TNF-a exposure analysis. Thick lines represent
the incubation in the presence of TNF-a, and thin line represents the
incubation in the absence of TNF-a. In group A, cells were exposed
to TNF-a for the indicated amount of time, and the cell survival rate
was measured immediately. In group B, cells were exposed in the
same manner as that used for group A. Then, the TNF-a was washed
out, and the cells were cultured in fresh media for € — 11 h. Then, the
cell survival rate was measured. The total duration of the culture
period after the onset of TNF-a exposure was 12h in groupB.
Panel B: The cells in groups A and B were exposed to TNF-a for 1, 2,
3, 6, or 12 h, and the cell survival rates were determined. Each bar
represents a mean+ S.D. (n=6). **P<0.01 vs time 0, according to
Dunnett's test. "P<0.05 between groups A and B, according to
Student's r-test.
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Discussion

This is the first report to reveal the precise temporal
relationships between four reactions (mitochondrial
depolarization, cyt.c release, caspase activation, and
cellular shrinkage) in TNF-a-induced cell death.
Because the onset of these reactions varied among
individual cells, real-time single-cell imaging is the
only currently available method to reveal temporal
relationships between these reactions. We described our
three-color real-time imaging technique in this report.
Rehmetal. has reported the simultaneous real-time
imaging of caspase activation and Smac release by using
CFP/YFP-FRET sensor and YFP-tagged protein (26).
They used the same color, YFP, for the observation
of both reactions. It is possible to identify two reactions
as they discussed, but it may be difficult to identify
small changes occurring in the cell by their method.
Previously, we revealed that DsRed was useful for
FRET analysis of caspase activation (24). In this report,
we observed caspase activation and cyt.c release with
YFP/DsRed-FRET sensor and CFP-tagged protein. By
using fluorescent probes- in different colors, each
reaction could be easily and precisely identified in a
single cell.

We observed cell death at the single-cell level with a
resolution period of 0.5 — 1 min, and we revealed that the
relative timing between cyt.c release, caspase activation,
and cellular shrinkage remained constant in all of the
dying cells observed; however, the timing of mito-

chondrial depolarization showed a large deviation .

(Fig.3). After cytc release, apoptosome formation,
caspase-9 activation, caspase-3 activation, and the
cleavage of various substrates that lead to apoptotic cell
death are initiated. Our results revealed that this series of
reactions takes place within 10 min and that the time
course of this process was identical among all of the
dying HeLa cells.

Mitochondrial depolarization was observed in all
dying cells, but we considered that mitochondrial
depolarization was not the cause of cyt.c release, caspase
activation, and cellular shrinkage. Mitochondrial depo-
larization was found to occur at any time after cyt.c
release. Mitochondrial depolarization was observed after
caspase activation and cellular shrinkage in 60% of the
observed cells. These results exclude the possibility that
mitochondrial depolarization is a cause of cyt.c release,
caspase activation, and/or cellular shrinkage. This is
consistent with previous findings that cell death
occurred without mitochondrial depolarization. Li et al.
have shown that caspases are activated independently of
mitochondrial depolarization in TNF-a-induced cell
death (27). Krohn et al. have shown that cyt.c release

and caspase activation occurred in the absence of
mitochondrial depolarization in cell death of hippo-
campal neurons (28). Several studies suggested that
mitochondrial depolarization is a critical step for cell
death (29), but our results support the idea that mito-
chondrial depolarization is not crucial to the cell death
process.

Cyt.c release may be a key step in two independent
series of events, that is, the cell death process and
mitochondrial depolarization. We speculate that cells
might try to maintain cellular homeostasis by keeping
membrane potential after cyt.c release. While maintain-
ing the membrane potential, the released cyt.c immedi-
ately initiated the cell death process in the cytosol, and
thus caspase activation and cellular shrinkage always
took place within a short period of time. The timing of
mitochondrial ‘depolarization did not appear to be
relevant to this process.

A number of imaging analyses have demonstrated that
each cell death event is a rapid process. Initiator- and
effector-caspase activation both proceed rapidly (23, 24,
30-32). Cyt.c is also released rapidly in a single step
(33 - 35). Likewise, Smac/DIABLO is released rapidly,
although the duration of Smac/DIABLO release is
greater than that of cyt.c (26). Several multi-event
imaging studies have suggested that cell death events
occur almost simultaneously. Initiator caspase activa-
tion/effector caspase activation, effector caspase activa-
tion/mitochondrial depolarization, cyt.c/smac, and
effector caspase activation/smac release had been
analyzed simultaneously at the single-cell level and were
found to occur almost simultaneously (24, 26). These
findings, taken together with our present results, suggest
that the cell death cascade proceeds rapidly after
mitochondrial changes take place.

Once cyt.c was released, the following reactions
proceed in a rapid manner. However, it did take
253.4 + 92.5 min from TNF-a treatment to cyt.c release,
and this duration varied from cell to cell (Figs. 3 and 4).
We observed some cells that had died within 1h in
imaging analysis, indicating that cells have the ability to
induce cell death within 1 h, and suggesting that certain
factors may delay signal transduction and the timing of
cell death. The results shown in Fig. 4 indicate that these
factors were active only when the cells were exposed to
TNF-a. We considered two possible explanations for
these findings. 1: Each TNF-a molecule changed the cell
slightly, and the changes induced by one molecule were
not sufficient to induce the cell death cascade on their
own. However, many TNF-a molecules attacked the
cell, and intracellular changes thus accumulated. When
the accumulated changes exceeded the threshold level,
the cell death cascade would be expected to have
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