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Apoptosis is induced upon infection of SF-21 cells by mutants of the baculovirus Autographa californica
nuclear polyhedrosis virus (AcMNPV) lacking a functional p35 gene which encodes a stoichiometric inhibitor
of members of the interleukin-1b converting enzyme family of cysteine proteases (N. J. Bump et al., Science
269:1885–1888, 1995; R. J. Clem, M. Fechheimer, and L. K. Miller, Science 254:1388–1390, 1991). We found
that transfection of SF-21 cells with the AcMNPV ie-1 gene was sufficient to induce apoptosis, which was
characterized by fragmentation of cellular DNA into oligonucleosomal fragments and apoptotic body forma-
tion. No signs of apoptosis were observed in Trichoplusia ni TN-368 cells transfected with ie-1, a result which
is consistent with the observation that p35 mutants of AcMNPV do not induce apoptosis in this cell line.
Cotransfection of SF-21 cells with p35 blocked ie-1-induced apoptosis, indicating that expression of ie-1
activates apoptosis through a p35-inhibitable cysteine protease pathway. Cotransfection with Cp-iap, an active
member of another family of antiapoptotic inhibitors of apoptosis (iaps), also inhibited IE1-induced apoptosis.
Thus, ie-1 may participate in inducing apoptosis in AcMNPV-infected cells, although the dependence of
induction on DNA replication suggests that ie-1 is not the direct apoptotic signal during infection. The ie-1 gene
product, IE1, is known to be a potent transactivator of baculovirus gene expression that interacts with specific
palindromic sequences which can act as transcriptional enhancers and as origins of DNA replication in
transient assays.

Mutants of Autographa californica nuclear polyhedrosis virus
(AcMNPV) defective in the p35 gene induce apoptosis during
infection of SF-21 cells (10). The characteristic phenotype be-
gins during the late phase of infection and includes extensive
blebbing of the cell surface, nuclear condensation and frag-
mentation, degradation of cellular DNA into oligonucleoso-
mal-size fragments, apoptotic body formation, and premature
cell death, which limits virus replication and precludes occlu-
sion body formation (10, 12, 24). The product of the p35 gene,
P35, is a stoichiometric inhibitor of the interleukin-1b convert-
ing enzyme (ICE) family of cysteine proteases which have a
central role in triggering apoptosis in vertebrates as well as
invertebrates (4, 46). P35 can function in a phylogenetically
broad range of organisms to block apoptosis induced by a
variety of signals (2, 23, 30, 37, 43). Some members of a second
family of anti-apoptotic genes, the iap (inhibitor of apoptosis)
family, can fully substitute for p35 during AcMNPV infection
(3, 15). Although the molecular mechanism by which iaps block
apoptosis is not known, the recent discovery of cellular ho-
mologs of iaps with anti-apoptotic activity suggests that the
gene products, IAPs, are normal components of the cellular
apoptotic pathway that have been acquired by baculoviruses to
block cellular apoptosis during infection (11, 17, 22, 28, 42).
Induction of apoptosis by p35 mutants exhibits cell line,

tissue, and species specificity (12). Infection of TN-368 cells
with p35 mutants appears to be normal. Similarly, p35 mutant
infection of larvae of Trichoplusia ni, the species from which
TN-368 cells were originally derived, is normal with regard to
infectivity (intragastric [i.g.] 50% lethal dose, LD50) and viru-
lence (i.g. 50% lethal time, LT50). In contrast, p35 mutants
have markedly reduced infectivity in larvae of Spodoptera fru-
giperda, from which SF-21 cells were derived. Some tissue

specificity appears to be overlaid upon this species-specific
response; T. ni larvae infected with p35 mutant virus produce
fewer occluded viruses, and larvae of both species present an
abnormal pathology at death. It is not known why p35 mutants
exhibit these cell-, tissue- and species-specific effects nor is it
known what feature(s) of virus infection triggers apoptosis.
Several lines of evidence suggest that the virus signal which

induces apoptosis in SF-21 cells is related to viral DNA repli-
cation. Plasmid DNA transient-replication assays in SF-21 cells
have identified nine viral genes that are necessary and suffi-
cient for the replication and/or stability of plasmids carrying
putative origins of virus DNA replication known as homolo-
gous region (hr) sequences (26, 29). One of these nine genes is
p35. The fact that antiapoptotic iap genes such as Op-iap or
Cp-iap are able to substitute functionally for p35 in these
transient assays strongly suggests that apoptosis is induced by
one or a combination of the eight other replicative genes in
these assays. An independent line of evidence suggests that
viral DNA replication per se is required for the induction of
apoptosis; the presence of aphidicolin, a known inhibitor of
cellular and viral DNA polymerases, blocks apoptosis during
p35 mutant infections (13). Thus, DNA replication itself or
some subsequent event such as late gene expression, which is
dependent on viral DNA replication, is required to trigger
apoptosis during p35 mutant infections.
The product of ie-1, IE1, is a multifunctional protein which

acts as a strong transcriptional activator in transient-expression
assays (20, 32, 34) and is one of the nine genes required in the
hr-dependent plasmid replication assays (26, 29). IE1 binds
directly to hr sequences (7, 41) which serve both as enhancers
(5, 19, 21, 32) and as putative replication origins in these assays
(35, 36). Although the role of IE1 as a transactivator of early
viral gene expression is well established, its roles in viral DNA
replication and late gene expression, if any, require further
definition. In this study, we report that transient IE1 expres-
sion alone induced apoptosis in SF-21 but not TN-368 cells and
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that coexpression of p35 or Cp-iap genes blocked IE1-induced
apoptosis.

MATERIALS AND METHODS

Cells. S. frugiperda IPLB-SF-21 (SF-21) cells (45) and T. ni TN-368 cells (25)
were maintained at 278C in TC-100 growth medium (GIBCO BRL, Gaithers-
burg, Md.) supplemented with 10% fetal bovine serum and 0.26% tryptose broth
as described previously (33).
Reporter plasmid and other plasmid constructs. The plasmid pETCAThr5

was used as a reporter plasmid in transient-expression assays. This plasmid (34)
contains the gene encoding chloramphenicol acetyltransferase (CAT) under the
transcriptional control of the etl promoter (14) and a portion of hr 5 (38) of
AcMNPV.
The plasmids pH3G and pH3F contain the AcMNPV genomic fragments

HindIII-G and HindIII-F, respectively, and the plasmid pIE1/HC contains the
AcMNPV ie-1 gene in a ClaI-HindIII fragment (94.7 to 96.9 map units [m.u.]); all
are cloned in pBluescript II KS1 as described earlier (34). Plasmid pHEV was
constructed by inserting the 5,511-bp AcMNPV HindIII-EcoRV fragment (91.0
to 95.1 m.u.) from pH3G into the EcoRV site of pBluescript II KS1. PIE1/HCfs
has a frameshift mutation in the ie-1 gene of pIE1/HC. To construct pIE1/HCfs,
pIE1/HC was digested with NdeI, blunt-ended with T4 DNA polymerase, and
then religated. The frameshift was confirmed by DNA sequencing.
Plasmid pHSP70PLVI1CAT has been described previously and contains the

CAT gene under the control of theDrosophila melanogaster hsp70 promoter (13).
To construct pHSP70PLVI1IE1, the CAT gene from pHSP70PLVI1CAT was
replaced with the PCR-amplified open reading frame (ORF) of the AcMNPV
ie-1 gene (20). Primers used to amplify the 1,746-bp ie-1 gene were a 59 primer
based on the 59 end of the ie-1 coding sequence in the sense orientation (59-
GCGAGATCTAATATGACGCAAATTAATA-39) and a 39 primer based on
the 39 end of ie-1 in the antisense orientation (59-TCCCCCGGGTTAAAGTT
CGAATTTTTT-39).
Transfections, transient-expression assays, and CAT assays. SF-21 or TN-368

cells (2.0 3 106 cells per 60-mm-diameter dish) were transfected by using Lipo-
fectin reagent (GIBCO BRL). Cells were transfected with 2.0 mg of the reporter
plasmid, pETCAThr5, and 1.0 mg of each of the other plasmids unless otherwise
noted. Transfected cells were incubated at 278C for 24 h before harvesting. CAT
assays (18, 38) were performed by using 1/10 of the cell lysates or dilutions
thereof for quantitation purposes.
Apoptosis assays and internucleosomal DNA fragmentation. SF-21 or TN-368

cells (0.5 3 106 cells per 35-mm-diameter dish) were transfected with 0.5 mg of
the indicated plasmid by using Lipofectin. At various times after transfection,
cells were examined by light microscopy. At 24 h posttransfection, the medium
was removed and the cells were harvested and resuspended in 1 ml of TC-100
medium (without supplements) containing 0.04% trypan blue. Cells that ex-
cluded the dye were considered viable. Viable cells were counted in 5 grids of a
hemocytometer. Relative cell viability was determined by dividing the number of
viable test cells by the number of viable cells transfected with a control plasmid.
The mean and standard error were calculated from three replicate samples.
Cells were heat shocked in a 428C water bath for 30 min beginning at 18 h

posttransfection. The cells were then returned to 278C and analyzed 6 to 12 h
after heat shock.
For the analysis of internucleosomal DNA fragmentation, SF-21 cells were

harvested 24 h posttransfection and incubated in lysis buffer (20 mM Tris-HCl
[pH 7.6], 10 mM EDTA, 0.2% [vol/vol] Triton X-100, and 200-mg/ml protease K)
at room temperature overnight. Lysates were extracted with 1:1 (vol/vol) phenol-
chloroform. DNA was precipitated with ethanol, dissolved in 10 mM
Tris-HCl–1 mM EDTA, and treated with 0.3 mg of RNase A per ml prior to
electrophoresis with 1.5% agarose gels in a Tris-acetate-EDTA buffer. DNA was
visualized by ethidium bromide staining.

RESULTS

The IE15 clone, containing the 89.2 to 5.7 m.u. region of the
AcMNPV genome, can induce apoptosis in SF-21 cells. In
order to identify the viral gene(s) which might be involved in
the induction of apoptosis in AcMNPV-infected cells, we an-
alyzed the ability of different clones from the AcMNPV
genomic library to induce apoptosis. The AcMNPV genomic
library is a set of overlapping 10- to 15-kbp cloned fragments
which collectively represent the entire AcMNPV genome (34).
One clone of this genomic library, the HK5 clone, contains the
anti-apoptotic p35 gene (10). We investigated how the removal
of this clone from the genomic library would affect SF-21 cells
following transfection.
SF-21 cells transfected with either the entire AcMNPV

genomic library or this library lacking the HK5 clone were

examined by light microscopy (Fig. 1A and B). Cells trans-
fected with the AcMNPV genomic library showed no signs of
apoptosis at 48 h (Fig. 1A) and at more than 72 h after trans-
fection (data not shown), but omission of the HK5 clone in-
duced apoptotic activity (Fig. 1B). Cells exhibited signs of
apoptosis as early as 18 to 24 h following transfection with the
library lacking HK5; intensive membrane blebbing was accom-
panied by apoptotic body formation by 48 h posttransfection
(Fig. 1B). To quantify the level of apoptotic activity, SF-21 cells
transfected with either the entire AcMNPV genomic library or
this library lacking the HK5 clone were stained with 0.04%
trypan blue. The percentages of viable cells in cultures trans-
fected with the entire genomic library or with the library lack-
ing the HK5 clone were 90 and 65%, respectively (Fig. 1C).
Thus, in the absence of HK5, the AcMNPV genomic library
induced apoptosis in a substantial proportion of cells (ca. 25%)
upon transfection of SF-21 cells.
To determine whether any one of the library clones could

induce apoptosis, SF-21 cells were transfected with each
genomic clone individually. With the exception of IE15, none
of the library clones individually induced signs of apoptosis
upon transfection in SF-21 cells (data not shown). However, a
high level of apoptosis (only 45% viable cells remaining) was
obtained when cells were transfected with the IE15 clone
which contains the AcMNPV region from 89.2 to 5.7 m.u. (Fig.
2) alone. At 18 h posttransfection, the initial phases of apo-
ptosis, including active blebbing at the cell surfaces, were ob-
served in IE15-transfected SF-21 cells. The blebbing intensi-
fied, and by 24 h posttransfection, apoptotic bodies were visible
(Fig. 3A, top left). Apoptosis in IE15-transfected cells was
confirmed by observation of cellular DNA degradation into
oligonucleosomal fragments (Fig. 3B, lane 2). Apoptotic mor-
phology and chromatin degradation did not occur in control
SF-21 cells transfected with the vector plasmid pBluescript
KS1 (Fig. 3A, bottom right; Fig. 3B, lane 1). No signs of
apoptosis could be detected in T. ni TN-368 cells transfected
with the IE15 clone (data not shown).
IE1 induces apoptosis in SF-21 cells. In order to further

define the gene or genes that were responsible for apoptotic
activity of the IE15 library clone, we tested subclones from this
region (Fig. 2). The addition of the pH3G and pH3F plasmids,
which together represent most of the IE15 lambda clone, in-
duced apoptosis to an extent comparable to that of the intact
IE15 clone (Fig. 3A, compare top micrographs; Fig. 3B, com-
pare lanes 2 and 3). Transfection of plasmid pH3G alone
caused apoptotic morphology and chromatin degradation in
SF-21 cells (Fig. 3B, lane 4), while pH3F had little or no
apoptotic activity at 24 h posttransfection (data not shown).
The region of pH3G responsible for this apoptotic activity

was defined by using two subclones of pH3G, pHEV and
pIE1/HC (Fig. 2). SF-21 cells transfected with pHEV, the
subfragment of pH3G from the HindIII site at 91 m.u. to the
EcoRV site at 95.1 m.u., did not undergo apoptosis (Fig. 3B,
lane 5). Plasmid pIE1/HC induced apoptotic activity resulting
in the formation of apoptotic bodies and internucleosomal
degradation of chromosomal DNA (Fig. 3A, lower left; Fig.
3B, lane 6).
The relative level of apoptotic activity in SF-21 cells trans-

fected with IE15 or with the different subclones of this region
was also quantitated by staining with trypan blue and deter-
mining the number of viable cells (Fig. 3C). Approximately
45% of pIE1/HC-transfected cells were dead by 24 h posttrans-
fection. Plasmid pIE1/HC contains only one complete ORF,
the gene ie-1 which encodes IE1. The level of apoptosis was
relatively uniform for transfections with 0.3 to 1.0 mg of
pIE1/HC (data not shown). A frameshift mutation introduced
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at the NdeI site (95.4 m.u.) within the IE1 coding sequence
eliminated the apoptotic activity of ie-1 (Fig. 3C), indicating
that IE1 caused apoptosis in SF-21 cells in the absence of other
viral gene products in transient assays.
The IE1 ORF under transcriptional control of an insect heat

shock promoter enhances transcription and induces apoptosis
in SF-21 cells. To ensure that the ie-1 coding sequence alone
had apoptotic activity and that ie-1 was optimally expressed in
both SF-21 and TN-368 cells, we constructed a plasmid,
pHSP70PLVI1IE1, in which PCR-amplified coding sequences
of IE1 were placed under the transcriptional control of the D.
melanogaster hsp70 promoter. The hsp70 promoter is known to
direct relatively high levels of expression in SF-21 cells in the
absence of heat shock (31), but the level of expression can also
be increased with heat shock (13). This promoter provides
approximately 30% more expression in TN-368 cells than in

SF-21 cells as determined by using the reporter plasmid
pHSP70PLVI1CAT (data not shown). The hsp70 promoter
was supplied within the context of pHSP70PLVI1, which also
provides a poly(A) signal and 3 kb of AcMNPV viral sequence
flanking the polyhedrin locus (13).
To determine if the PCR-amplified ie-1 gene under the con-

trol of the hsp70 promoter was functional, we tested the ability
of pHSP70PLVI1IE1 to transactivate an early viral promoter
in transient-expression assays. Previous studies have shown
that ie-1 is necessary and sufficient for the transactivation of
the AcMNPV etl promoter (34). Therefore, we analyzed the
ability of pHSP70PLVI1IE1 to transactivate the CAT gene
driven by the etl promoter in the reporter plasmid pETCA-
Thr5. Negligible CAT activity was observed upon transfection
of pETCAThr5 alone in SF-21 cells (Fig. 4A, left bar graph).
When SF-21 cells were cotransfected with pHSP70PLVI1IE1
and the reporter plasmid pETCAThr5, a significant increase of
CAT gene expression was observed even without heat shock.
Slightly higher levels of CAT activity (approximately 1.5-fold
higher) were obtained if the transfected cells were heat
shocked at 18 h posttransfection (Fig. 4, left bar graph, com-
pare lanes 3 and 4). The plasmid pIE1/HC stimulated slightly
higher levels of CAT activity from the etl promoter than that
determined for the plasmid pHSP70PLVI1IE1 with heat
shock.

FIG. 1. Apoptosis in SF-21 cells transfected with an AcMNPV genomic li-
brary with or without the HK5 lambda clone which contains p35. Monolayers of
SF-21 cells (0.5 3 106 cells per 35-mm-diameter dish) were transfected with the
entire AcMNPV genomic library (0.5 mg of each genomic clone) (A) or with this
library lacking the HK5 clone (B). After transfection, cells were maintained at
278C in complete TC-100 medium. Cells were examined by light microscopy and
photographed at 24 h posttransfection. The arrow in panel B indicates a cluster
of apoptotic bodies. The percentage of viable cells in SF-21 cultures transfected
with the entire AcMNPV clone library or with this library lacking the HK5
lambda clone was compared with mock-transfected cells (C). Cells were stained
with trypan blue 24 h posttransfection, and viable cells, indicated by exclusion of
the dye, were counted as described in Materials and Methods.
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The ability of ie-1 under the transcriptional control of the
hsp70 promoter to induce apoptosis in SF-21 cells was also
tested (Fig. 4B, left bar graph). Approximately 25% of SF-21
cells transfected with pHSP70PLVI1IE1 underwent apoptosis.
If pHSP70PLVI1IE1-transfected cells were heat shocked, the
level of apoptotic activity increased and was comparable to
that observed with pIE1/HC. This apoptotic response was due
to IE1, since control transfection with pHSP70PLVI1CAT,
which expresses the CAT gene under hsp70 promoter control,
did not induce apoptosis.
IE1 does not induce apoptosis in TN-368 cells. We then

tested whether IE1 can also induce apoptosis in TN-368 cells,
which do not undergo apoptosis upon infection with p35 mu-
tant virus and which are generally more resistant to apoptosis
(10, 13). Expression of the ie-1 ORF transactivated CAT gene
expression from the reporter plasmid pETCAThr5 whether
ie-1 was under hsp70 promoter control or the control of its own
promoter (Fig. 4A, right bar graph). However, no apoptotic
activity was observed in TN-368 cells transfected with either
pIE1/HC or pHSP70PLVI1IE1 even after heat shock (Fig. 4B,
right bar graph). Thus, ie-1 expression initiated a host cell-
specific apoptotic response in SF-21 but not in TN-368 cells.
P35 and Cp-IAP inhibit IE1-induced apoptosis. Baculovi-

ruses have at least two types of genes which are able to prevent
cellular apoptosis in SF-21 cells: p35 and iap (10, 11, 13, 15).
Previously it was shown that p35 can block apoptosis induced
by the gene encoding ICE when both genes are placed under
hsp70 promoter control and are cotransfected into SF-21 cells
(4).
To determine whether genes with antiapoptotic activity can

block IE1-induced apoptosis, the p35, Cp-iap, and Ac-iap

genes were transiently expressed in SF-21 cells under the tran-
scriptional control of the hsp70 promoter. SF-21 cells were first
transfected with pHSP35VI1, pHSCpIAPVI1, pHSAcIAPVI1,
or pHSP70PLVI1CAT, and 3 h later the cells were transfected
with pHSP70PLVI1IE1 and heat shocked. Apoptotic activity
was examined 8 to 12 h after heat shock. The protective effect
of P35 and Cp-IAP was evident by microscopic observation of
cell morphology (data not shown), by analysis of cellular DNA
degradation (Fig. 5A), and by measurement of cell viability
(Fig. 5B). Complete blockage of IE1-induced membrane bleb-
bing and DNA degradation was observed for plasmids express-
ing either P35 or Cp-IAP (Fig. 5A). Both P35 and Cp-IAP also
blocked IE1-induced cell death (Fig. 5B), although P35 ap-
peared to restore viability to only approximately half of the
cells. However, at 36 h posttransfection, control transfections
revealed that cells transfected with only the P35 gene exhibited
reduced cell numbers compared with cells transfected with a
plasmid expressing the CAT gene. Thus, P35 gene expression
has a slightly negative effect on cell growth; no visual evidence
of apoptosis was observed in cells transfected only with p35. No
protection was observed with the plasmid pHSAcIAPVI1 or
with the control plasmid pHSP70PLVI1CAT expressing the
CAT gene from the hsp70 promoter.
Thus, both P35 and Cp-IAP but not Ac-IAP are able to

block apoptosis initiated by IE1 in transient-expression assays.

DISCUSSION

We have demonstrated that transient expression of the Ac-
MNPV ie-1 gene induced apoptosis in SF-21 cells but not in
TN-368 cells. The placement of ie-1 under the control of a

FIG. 2. Subclones in the region of the AcMNPV genome encompassed by the IE15 clone. Plasmid subclones used in analysis of the apoptotic activity of the IE15
lambda clone (34) are shown below a physical map with key restriction sites and respective m.u. Positions of ORFs between 91.8 and 5.7 m.u. are derived from the
sequence of Ayres et al. (1). Subclones are indicated by lines below the ORF arrows; the position of a frameshift mutation within the ie-1ORF of pIE1/HCfs is indicated
by an X. Restriction sites are abbreviated as follows: H, HindIII; C, ClaI; EV, EcoRV; N, NdeI.
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promoter which drives higher levels of expression in TN-368
cells than in SF-21 cells ensured that ie-1 was being expressed
in this cell line. The pattern of cell line-specific induction of
apoptosis by IE-1 is similar to that of p35 mutant-induced

apoptosis. However, the cell line specificity of induction may
be due to either a specific interaction of IE1 with factors in the
apoptotic signal transduction pathway of SF-21 cells or the
refractivity of TN-368 cells to apoptosis in general. TN-368

7120 PRIKHOD’KO AND MILLER J. VIROL.



cells are not totally refractive to apoptosis since transfection
with the gene encoding ICE protease induces apoptosis (4),
but they are more refractive than SF-21 cells to actinomycin D,
which induces widespread apoptosis in SF-21 cells (15). If
TN-368 cells lack a component of the apoptotic signal trans-
duction pathway upstream of ICE proteases, then any apopto-
tic inducer acting upstream of this component would be ex-
pected to exhibit this type of cell line specificity.
Although IE1 induces apoptosis in transfected SF-21 cells,

IE1 is probably not the sole signal which induces apoptosis
during p35 mutant infections of SF-21 cells. Prior data show
that aphidicolin blocks apoptosis in p35 mutant-infected SF-21
cells (13). Aphidicolin, an inhibitor of DNA synthesis, blocks
viral replication at the interface between early and late gene
expression and, as an early gene, IE1 should be expressed in
the presence of aphidicolin. There are several possible expla-
nations for why IE1 might not induce apoptosis during p35
mutant infection in the presence of aphidicolin. One possibility
is that IE1 levels must reach a threshold level before apoptosis
is triggered. Although ie-1 is expressed early in infection, IE1
accumulates to much higher levels during the late and very late
phases of infection (6, 20). The observation that the amount of
IE1 produced in transfected cells is similar to the IE1 levels
found late in infection (8) is consistent with this explanation. A
more plausible explanation is that IE1 induces apoptosis in
combination with active DNA replication; IE1 might induce
unscheduled cellular DNA synthesis which is interpreted by
the cell as a signal for apoptosis, or IE1 might alter the cell
cycle position such that initiation of DNA replication is inter-
preted as a signal to initiate apoptosis.
Another observation which suggests that IE1 is not the sole

viral signal which induces apoptosis in p35 mutant-infected
cells is that tsB821, a temperature sensitive (ts) mutant of ie-1,
induces apoptosis during infection of SF-21 cells at the restric-
tive temperature (40). tsB821 exhibits temperature sensitivity

in binding to hr sequences in vitro (8) and in transactivating
early and late promoters in transient-expression assays (40).
tsB821 is also temperature sensitive in its ability to induce
apoptosis in transient assays (data not shown). The fact that
apoptosis is induced during tsB821 infections suggests that
other features of AcMNPV infection are responsible for the
induction of apoptosis. However, tsB821 does eventually ex-
press viral genes and replicates its DNA at the nonpermissive
temperature, and initiation of apoptosis coincides with the
delay in DNA synthesis (40). There are several interpretations
of these results: ie-1 may not be absolutely essential for viral
gene activation, DNA replication, and apoptosis; a small
amount of active IE1 may be made at the nonpermissive tem-
perature; or the tsB821 protein may retain partial function at
the restrictive temperature. Our current experiments do not
distinguish among these possibilities.
The actual mechanism by which IE1 induces apoptosis in

transfected cells remains unknown. IE1 might transregulate
cellular genes which could adversely affect a number of cellular
pathways, such as cell cycle regulation, and thereby indirectly
trigger apoptosis. Alternatively, IE1 may interact more directly
in cellular pathways or may catalyze the formation of replica-
tion complexes which SF-21 cells perceive as aberrant DNA
replication and/or DNA damage. The rate of induction of
apoptosis by IE1 in transfected SF-21 cells was slower than the
rate of induction by several known pro-apoptotic genes under
identical promoter control and transfection conditions (45b).
Thus, IE1 is likely to induce apoptosis indirectly, possibly by
transactivating cellular genes or initiating aberrant DNA rep-
lication in relationship to the cell cycle position.
We have also shown that IE1-induced apoptosis was blocked

by both P35 and antiapoptotic IAPs. P35 is a general inhibitor
of the phylogenetically conserved ICE family proteases (4, 46)
and is expected to block apoptosis induced by almost all sig-
nals. Less is known concerning the IAP family of inhibitors;

FIG. 3. Analysis of the apoptotic activity in SF-21 cells transfected with IE15 or different subclones of the IE15 region at 24 h posttransfection. (A) Light microscopy
of SF-21 cells transfected with the IE15 lambda clone (upper left), a combination of the pH3G and pH3F plasmids (upper right), or plasmid pIE1/HC containing the
ie-1 gene (lower left). As a negative control, cells were transfected with pBluescript II KS1 (pBS) (lower right). (B) Internucleosomal DNA fragmentation. Total
cellular DNA was extracted from SF-21 cells transfected with IE15 (lane 2), a combination of plasmids pH3G and pH3F (lane 3), plasmid pH3G (lane 4), pHEV (lane
5), or pIE1/HC (lane 6). At 24 h posttransfection, cells and apoptotic bodies were collected, lysed, and subjected to agarose gel electrophoresis. DNA from SF-21 cells
transfected with pBluescript II KS1 is shown as a control (lane 1). DNA molecular weight markers (size in kilobase pairs) are indicated at the right. (C) Percentage
of viable SF-21 cells remaining at 24 h after transfection with different subclones of IE15. Cells transfected with pBluescript II KS1 (pBS) served as a control for 100%
cell viability.
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these inhibitors may be more limited in their ability to protect
against apoptotic signals. Thus, the pattern of inhibition of
IE-1-induced apoptosis is consistent with p35 mutant-induced
apoptosis but this pattern has been observed for other nonviral
apoptotic inducers too (45a).
Approximately 25% of SF-21 cells underwent apoptosis

when transfected with the genomic library lacking the HK5
clone containing p35. Only the IE15 clone was observed to
induce apoptosis when each genomic clone was tested individ-
ually, and the proportion of cells undergoing apoptosis was
similar to that observed with the genomic library lacking HK5.
The level of apoptosis observed with the IE1 subclone alone
could account for the level of apoptosis observed with the
genomic library lacking p35. Furthermore, when we tested
each of the genomic clones in the presence of IE1 in order to

provide IE1 transregulatory activity, no increase in the level of
apoptosis over that of IE1 alone was observed (data not
shown). However, we have not eliminated the possibility that
other viral genes may also have apoptotic activity; only 25% of
the cells may be at a point in the cell cycle where induction of
apoptosis occurs upon expression of viral genes under these
assay conditions.
In summary, we have demonstrated that IE1 can induce

apoptosis in SF-21 cells. The activity of this gene could account
for the fact that p35 mutants induce apoptosis during virus
infection of this cell line. Like adenovirus E1A, which also
induces apoptosis (16, 39), IE1 acts as a strong transcriptional
activator in transient-expression assays. However, IE-1 is likely
to have other functions, including a role in the initiation of
DNA replication. Independent data suggest that DNA repli-

FIG. 4. Analysis of the transregulatory and apoptotic activities of ie-1 under the control of the hsp70 promoter in SF-21 and TN-368 cell lines. (A) Transient-
expression assays showing the level of CAT activity from the etl promoter in SF-21 and TN-368 cells. SF-21 or TN-368 cells (2.0 3 106 cells per 60-mm-diameter dish)
were transfected with the reporter plasmid pETCAThr5 alone or cotransfected with pETCAThr5 and pIE1/HC or pHSP70PLVI1IE1 containing the ie-1 gene under
hsp70 promoter control. Transfected cells were harvested at 24 h posttransfection. Cells transfected with pHSP70PLVI1IE1 were heat shocked at 18 h posttransfection
and then harvested 6 h after heat shock. CAT activity in cell lysates was determined by enzyme assays. (B) Percentage of viable SF-21 cells remaining 18 h after
transfection with ie-1 containing plasmid pIE1/HC or pHSP70PLVI1IE1 or with the CAT control plasmid pHSP70PLVI1CAT. For heat-shocked samples, cells were
heat shocked and stained with trypan blue 8 to 12 h later. The numbers of viable cells were determined as described in Materials and Methods.
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cation may directly or indirectly play a role in the induction of
apoptosis in baculovirus-infected cells. Transcriptional activa-
tion of cellular genes, interference with a cellular process such
as the cell cycle, or initiation of unscheduled DNA replication
could all account for the ability of IE1 to induce apoptosis. The
cellular pathway used in IE1-induced apoptosis involved one
or more P35-inhibitable cysteine proteases and was also inhib-
itable by the IAP class of apoptotic inhibitors.
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