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The dsRNA-dependent protein kinase (PKR) is con-
sidered to play a key role in interferon-mediated
host defense against viral infection and conceivably
malignant transformation. To investigate further the
mechanisms of PKR-induced growth inhibition, we
have developed tetracycline-inducible murine cell lines
that express wild-type PKR or a catalytically inactive
PKR variant, PKR A6. Following induction, the growth
of the wild-type PKR-expressing cells was similar to
that of cells transfected with vector alone, while cells
expressing PKRA6 became malignantly transformed.
Significantly, treatment with dsRNA caused the wild-
type PKR-overexpressing cells to undergo programed
cell death while, conversely, cells expressing PKAS
were completely resistant. Our studies demonstrated
that activation of PKR induces the expression of mem-
bers of the tumor necrosis factor receptor (TNFR)
family, including Fas (CD95/Apo-1) and pro-apopotic
Bax. In contrast, transcripts representing Fas, TNFR-1,
FADD (Fas-associated death domain), FLICE, Bad and
Bax were ablated in cells expressing PKR6. The
involvement of the death receptors in PKR-induced
apoptosis was underscored by demonstrating that mur-
ine fibroblasts lacking FADD were almost completely
resistant to dSRNA-mediated cell death. Thus, PKR, a
key cellular target for viral repression, is a receptor/
inducer for the induction of pro-apoptotic genes by
dsRNA and probably functions in interferon-mediated
host defense to trigger cell death in response to virus
infection and perhaps tumorigenesis.
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Introduction

The interferons (IFNs) are a family of related cytokines
that can influence the regulation of cellular differentiation
and viral replication through the induction 30 respons-

murine cells, respectively (Meurst al, 1990; Icely

et al, 1991). Following interaction with dsRNA, PKR
autophosphorylates and, in turn, is able to catalyze
phosphorylation of substrate targets, the most well charac-
terized being the-subunit of eukaryotic protein synthesis
initiation factor 2 (elF2&). This causes a dramatic inhibi-
tion of protein synthesis since phosphorylated elF2
sequesters a key component of the translation machinery,
elF2B, required for the initiation of protein synthesis in
the cell (Levin and London, 1978; Panniers and Henshaw,
1983). In addition to elF@, however, it is almost certain
that other, as yet undefined substrates for PKR exist. For
example, PKR has been reported to function as a second
messenger in a humber of signal transduction pathways,
including those involving platelet-derived growth factor
(PDGF) and nuclear transcription factor (N&B- (Kumar

et al, 1994; Mundschau and Faller, 1995; Yaagal,
1995).

Several lines of evidence suggest that PKR plays an
important role in the anti-viral response mediated by IFN.
Following infection, PKR is known to be activated by
many viruses, including influenza virus, adenovirus and
human immunodeficiency virus type 1, (HIV-1) (Samuel,
1991; Katze, 1993; Clemens and Elia, 1997). Since
phosphorylation of PKR caused by viral RNAs can affect
dramatically the regulation of viral replication, numerous
viruses appear to have developed strategies to suppress
this kinase (Mathews, 1993). One such example is vaccinia
virus, which encodes at least two proteins, E3L and K3L,
to ensure the suppression of PKR (Beatteal,, 1991;
Changet al, 1992; Davieset al., 1992, 1993; Carroll
et al, 1993). In addition to these viruses, adenovirus,
hepatitis C virus, Epstein—Barr virus, influenza virus and
HIV-1 have all reportedly devised mechanisms to inhibit
PKR, underscoring the importance of the kinase in host
defense mechanisms (Rast al, 1990; Mathews and
Shenk, 1991; Miller and Samuel, 1992; Seligar al.,
1992; Clemenset al, 1994; Langlancet al, 1994; Lee
et al, 1994; McMillan et al., 1996; Brandet al., 1997,
Galeet al., 1997).

A number of studies have also shown that overexpres-
sion of wild-type PKR in mammalian and insect cells as
well as yeast, results in the inhibition of cellular growth
(Barberet al, 1992, 1993; Chongt al, 1992; Thomis
and Samuel, 1992). At least in yeast, the mechanism of
growth inhibition was demonstrated to be at the level of
translation through inhibition of the yeast eFBomolog,
SUI2 (Deveret al., 1992, 1993). Although the mechan-
ism(s) of growth suppression remains to be clarified in
higher order eukaryotic cells, the toxic phenotype is also

ive genes (reviewed by Sen and Ransohoff, 1994). The presumed to involve the repression of translation through

double-stranded (ds)RNA-dependent,
protein kinase (PKR) is a key IFN-inducible gene that

serine/threonineinhibition of the elF2 pathway. Interestingly, the expres-

sion of catalytically inactive, dominant-negative PKR

exists as a 68 000 and 65 000 Da protein in human and molecules causes the transformation of immortalized cells
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(Koromilas et al., 1992; Meurset al., 1993). Possibly,  suppression by PKR, we established novel cell lines
such PKR variants could function by inhibiting eliF2  that inducibly express wild-type or catalytically inactive
phosphorylation to disrupt this important checkpoint in dominant-negative PKR proteins. In our studies, we used
protein synthesis regulation and stimulate translation in a tetracycline- [or doxycycline (Dox)-] repressible tran-
the cell (Barberet al., 1995; Donzeet al, 1995). These  scriptional activator (tTA) that recognizes Tet operator
observations have led to the hypothesis that the growth-sequences placed upstream of the PKR gene. Removal of
suppressive properties of PKR may be utilized in the anti- Dox from the culture medium activates transcription in
proliferative effects mediated by IFN (Lengyel, 1993). a dose-dependent manner (Gossdnal, 1995). Two
Importantly, PKR has been proposed to play a role in independent cell lines expressing functional PKR or a
the induction of programed cell death. For example, non-functional PKR variant (PK&6), isolated under non-
dsRNA alone has been reported to induce apoptosisinduced conditions were characterized for this study. As
in HelLa cells, although the exact mechanism remains an additional control, we used cell lines transfected with
undefined (Kibleret al., 1997). HelLa cells infected with  non-recombinant empty vector (pTRE) alone. To detect
recombinant vaccinia viruses expressing wild-type PKR, recombinant PKR expression, an anti-PKR monoclonal
but not a catalytically inactive PKR variant, were also antibody that recognizes the human and not endogenous
reported to undergo apoptosis (Lee and Esteban, 1993 murine PKR (Laurentet al, 1985) was utilized. In the
1994). Related studies have revealed that HelLa cellspresence of Dox, only small amounts of heterologous
infected with vaccinia viruses lacking the putative PKR PKR were detectable by immunoblot analysis with the
inhibitor E3L are more sensitive to host-mediated anti-human PKR-specific monoclonal antibody, indicating
apoptosis compared with control viruses that encoded thethat the tTA was largely suppressed (Figure 1A). Following
inhibitor (Kibler et al, 1997). Furthermore, correlative removal of Dox from the medium, expression of both
evidence has been obtained using murine fibroblasts thatwild-type PKR and PKR6 was highly induced within
lack PKR activity (Yanget al., 1995; Srivastavat al., 1 day, peaking at ~1-2 days (Figure 1A, lanes 1-4 and
1998). Following treatment with actinomycin D, PKR- 6-9). The level of heterologous PKR expression was
deficient cells were more resistant to dsRNA-mediated comparable with that seen in non-IFN-treated HelLa cells
cell death than control cells (Det al., 1997). (lanes 10 and 11). Analysis of the cell extracts with
To clarify further the mechanisms of PKR’s growth- polyclonal antibody to PKR, which recognizes both the
suppressive phenotype, we have established murine cellhuman and murine kinase, revealed that recombinant PKR
lines that inducibly express heterologous wild-type PKR was being induced ~6-fold more than the endogenous
or a dominant-negative PKR variant. By adopting this PKR (Barberet al., 1992; Figure 1B).
strategy, we have been able to monitor PKR’s role in the  To confirm that the heterologous PKR was functional
regulation of cell growth, including possible mediation of in the wild-type expressing cells, the recombinant kinase
apoptosis. Following induction, cells overexpressing wild- was immunoprecipitated using the anti-human PKR mono-
type PKR became extremely sensitive to apoptosis whenclonal antibody. Immunopurified PKR was then tested for
treated with dsRNA. Interestingly, the mechanism did not activity using anin vitro kinase assay (Barbest al,
appear to significantly involve translational suppression 1995). Essentially, increasing amounts of dsRNA were
since the inhibition of protein synthesis in PKR-expressing added to immunoprecipitated PKR in the presence of a
cells did not give a similar apoptotic phenotype. In fact, radiolabeled ATP source. As can be seen in Figure 1C,
treatment of PKR-expressing cells with dsRNA induced wild-type recombinant PKR retrieved from the 3T3 L1
the expression of death receptors involved in mediating cells autophosphorylated in the presence of dsRNA,
cell suicide, including Fas (CD95/Apo-1). Significantly, although some background activity was evident even in
cells expressing dominant-negative PKR exhibited down- the absence of activator (Figure 1C, lanes 1-5). Further,
regulation of effector molecules involved in forming death- PKR was able to catalyze phosphorylation of its substrate,
induced signaling complexes (DISC) such as Fas, TNFR- elF2x, which was added exogenously to the kinase reac-
1, FADD (Fas-associated protein with death domain) and tion. In the presence of high amounts of dSRNA, character-
FLICE (caspase 8). These cells became transformed andstically, PKR activity was reduced as reported previously,
were completely resistant to apoptosis induced by dsRNA arguably since intermolecular PKR phosphorylation events
or triggered by tumor necrosis factar{TNF-a) or Fas are inhibited (Mathews, 1993; Romarmt al., 1995). In
ligation. The mechanistic importance of the death receptors contrast, although PK&6 was recognized by the anti-
was emphasized by demonstrating that murine fibroblastsPKR antibody, no kinase activity was observed, as has
lacking FADD were significantly resistant to dsRNA- been shown previously (Koromilaset al, 1992)
induced apoptosis. Our data confirm that in addition to (Figure 1C, lanes 6—10). The data conclusively show that
being able to inhibit the elRk2 pathway, PKR functions  wild-type PKR and the PKR6 variant are being inducibly
as a receptor/inducer for dsRNA signaling and can trigger expressed to high levels in 3T3 L1 cells. Furthermore,

apoptosis. the wild-type kinase is fully functional, being able to
autophosphorylate as well as phosphorylate the substrate

Results elFa.

Inducible expression of functional PKR in 3T3 L1 Growth characteristics of 3T3 L1 cells inducibly

cells expressing PKR

Functional, in vivo analysis of PKR has so far been Following induction, the growth characteristics of the
hindered by an inability to obtain cell lines that overexpress PKR-expressing cells were monitored closely. Surpris-
this kinase. Therefore, to analyze the mechanism of growth ingly, following induction, the wild-type PKR-expressing
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Fig. 1. (A) Inducible expression of PKR in 3T3-L1 cells. Cells carrying
vector alone (pTRE), or tetracycline-controllable plasmids containing

wild-type PKR (pTRE-PKR) or PKR variant (0 TRE-PK\8) were

induced by withdrawal of Dox from the growth medium. The cells were
harvested every 24 h post-induction (P.1.) for up to 3 days. Cell extracts
(50 ug) were electrophoresed and analyzed by immunoblotting using a
monoclonal antibody specific to human PKR as described in Materials
and methods. Lane 5 is an extract from cells carrying the empty vector,
PTRE, alone. IFN-treated and untreated HelLa cell extracts were used as

a control to ensure PKR antibody specificity (lanes 10 and 11). Blots
were stripped and re-probed with anti-tubulin antibody to ensure
additionally that equal amounts of protein were being analyzed.

(B) Expression of murine PKR in IFN-treated and untreated 3T3 L1
cells. 3T3 L1 cells were treated with 200 U of murine IENSigma,
MD) for 18 h. Extracts of the cells (50g) were electrophoresed and

analyzed by immunoblotting using a polyclonal antiserum to PKR that
recognizes the murine PKR species (Bardteal., 1992). Blots were also

stripped and re-probed with anti-tubulin antibody) Functional

analysis of heterologous PKR expressed in 3T3 L1 cells. Extracts from

cells expressing inducible wild-type PKR or PER proteins were

immunoprecipitated using a human PKR-specific monoclonal antibody.

Following washing, the immunopurified PKR was incubated with
dsRNA [poly(I:C)] in the presence of{32P]ATP. To analyze whether
PKR proteins could catalyze phosphorylation of substrate proteins,

exogenous elR2was added to the reactions. Following electrophoresis,
gels were subjected to autoradiography. Lanes 1-5, wild-type PKR; lanes

6-10, PKR\6; lanes 11-12, controls (immunoprecipitated PKR from
IFN-treated HeLa cell extracts activated with u@ml dsRNA). Lanes
1 and 6, no dsRNA; lanes 2 and 7, ud/ml dsRNA,; lanes 3 and 8,
1.0pg/ml dsRNA,; lanes 4 and 8,j5g/ml dsRNA, lanes 5 and 10,
heparin.
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cells remained viable, even though high levels of functional
PKR were being synthesized. Presumably this reflects the
relatively low activity of the recombinant PKR in the 3T3
L1 cells. We observed that the PKR-expressing cells grew
similarly to the vector control cells while the PK8-
expressing cells grew much faster (Figure 2A). The
doubling time of the PKR6 cells was 24 h, in contrast
to the wild-type PKR and control cells which doubled
approximately every 37 h (Figure 2D). Morphologically,
PKRA6 cells appeared to have a transformed phenotype,
as has been described previously (Koroméaal., 1992).
To substantiate these observations, anchorage-independent
growth studies were carried out. Accordingly, PKR
cells grew readily in soft agar, unlike cells expressing the
wild-type PKR or controls, confirming the oncogenic
nature of the PKR variant (Figure 2D). Inducing PKR in
cells and then adding Dox after 6 days to reduce PKR
synthesis had no effect on the growth rates of the control
and wild-type PKR-expressing cells but reduced the
growth rate of the PKR6-expressing cells (Figure 2C).
Thus the PKR6 variant appeared to be mechanistically
responsible for the transformed phenotype. However, the
PKRA6 cells grew faster than the control cells even when
maintained in the presence of Dox (Figure 2B) possibly
because small amounts of the PKRprotein were being
synthesized, even under repressed conditions as revealed
by longer exposures of the immunoblots (data not shown).
As part of these studies, we examined the cell-cycle
distribution of cells overexpressing wild-type or dominant-
negative PKR proteins. Following induction, cells
expressing heterologous PKR were harvested at 24 h
intervals, for up to 10 days. DNA histogram analysis of
the induced cells revealed that during exponential growth
(day 1) ~56% of the control cells and 68% of the wild-
type PKR-expressing cells were in G@mpared with only
41% of cells expressing PKES (Figure 2E). By day 6,
in all the cell types, the number of cells in;Gad
increased slightly. However, the percentage of control and
wild-type cells in G was higher overall, suggesting that
by this time a transient arrest had occurred in many of
the cells. In contrast, a greater proportion of the &R
cells were observed in S phase (16%) compared with the
wild-type PKR-expressing (6.2%) or control cells (5.8%),
consistent with the fact that the PR cells were under-
going constant cellular proliferation. In general, wild-type
PKR-expressing cells retained a normal S-phase DNA
content, though by day 6 markedly less cells were in
Go/IM (16.9%) compared with the control cells (27.4%).
These data are again consistent with the fact that a larger
proportion of the wild-type PKR cells were arrested in G

PKR induces apoptosis in 3T3 L1 cells

A number of studies have suggested that PKR plays a
role in dsRNA-, viral- and stress-mediated apoptosis (Lee
et al, 1994; Yeunget al, 1996; Deret al, 1997; Kibler

et al, 1997). However, several of these studies have only
indirectly implied a role for PKR in programed cell
death or have utilized viruses that express PKR, which
complicates the interpretation of the results due to
numerous other cellular and viral genes being induced at
the same time. Thus, the precise role of PKR in cell
lethality remains unclear. An advantage of the Tet-
inducible system is that the physiological effects of a
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Fig. 2. Growth rates of 3T3 L1 cells expressing PKR proteins. Two independent cell lines expressing heterologous wild-type PKGROIPtERS
carrying empty vector (pTRE) alone were seeded into culture dishe$Q®%dish). Cells were grown in the absence of Dox to induce expression of
PKR (A) or in the presence of Dox to suppress expression of PB}RGontrol cells and cells overexpressing wild-type PKR or P&Rvere also
grown under inducing conditions (no Dox) for 3 days before Dox was added back to the medium. This had no effect on the control or wild-type
PKR-expressing cells, but reduced the growth rate of cells expressing®K&. The cells were trypsinized and counted every 2 days, in duplicate.
The doubling time of the induced cells was determinBjl §nd the cells’ ability to exhibit anchorage-independent growth determined as cloning
efficiency as described in Materials and metho&. Cell cycle analysis of 3T3 L1 cells expressing wild-type PKR or &R

single gene can be observed in the absence of otherLipofectamine or dsRNA alone, which in the absence of
ambiguous gene products. We were thus able to analyzelLipofectamine, did not appear to transfect these cells
for the first time the role of PKR in growth regulation, in  efficiently. Control cells containing empty vector were
the absence of other IFN- or viral-induced or -encoded noted to be sensitive to dsRNA-mediated apoptosis, but
genes. Accordingly, induced cells were transfected with much less so than the wild-type-expressing cells, as
dsRNA using Lipofectamine. Strikingly, within 24 h of initially determined by morphological examination using
dsRNA treatment, the PKR-expressing cells lost adherencephase-contrast microscopy (Figure 3A, top row). Further-
to the tissue culture dish and exhibited all the characteristic more, dsRNA induced apoptosis of the PKR-expressing
hallmarks of apoptosis such as nuclear condensation anccells in a dose-dependent manner, with greater amounts
membrane blebbing (Figure 3A, middle row). This effect of dsRNA having a more dramatic effect on the cell.
was not observed when the cells were treated with either Significantly, dsRNA did not induce apoptosis of cells
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expressing the PK&6 variant (Figure 3A, bottom row).  This number increased to 16% following transfection with
These cells remained completely resistant to apoptosis,up to 50 pg/ml of dsRNA. In contrast, 10.4% of the
regardless of the amount of dSRNA used in the experimentsuntreated wild-type PKR-expressing 3T3 L1 cells showed
or time of incubation. evidence for annexin V staining, indicating that these cells
To confirm that PKR-overexpressing cells were under- have a slightly higher background incidence of apoptosis
going apoptosis, annexin V staining was utilized, which (Figure 3B and C). However, after transfection with up
detects phosphatidylserine (PS) loss to the outer membrando 50 pg/ml dsRNA, nearly 60% of the wild-type PKR-
of apoptotic cells (Koopmaret al, 1994). Propidium overexpressing cells bound annexin V, demonstrating
iodide staining additionally was utilized to determine the that these cells are acutely sensitive to dsRNA-mediated
level of necrotic or late apoptotic cells. For these studies, apoptosis (Figure 3B, middle row). These data were
cells in which PKR had been induced by Dox withdrawal confirmed additionally by the TUNEL assay which detects
were transfected with dsRNA and analyzed by fluorescein- DNA fragmentation in apoptotic cells (data not shown).
conjugated annexin V staining using flow cytometry. To establish whether endogenous PKR activation
Figure 3B and C shows that2% of the untransfected occurred during dsRNA-induced apoptosis, control or
control cells, carrying the vector alone, bound annexin V. PKR-overexpressing 3T3 L1 cells were transfected with
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dsRNA in the presence GfP-orthophosphate. Precipita- et al, 1992; De Graciaet al, 1997)]. Figure 3E shows
tion with poly(I:C) agarose allowed us to determine the that following treatment with dsSRNA, there are slightly
activation state of the endogenous and heterologous PKRhigher levels of phosphorylated elérih cells overexpress-
as well as the PKR6. To ensure that we were measuring ing PKR compared with control cells. Moreover, a signi-
equal amounts of endogenous or recombinant PKR protein,ficant proportion of elF@ remained unphosphorylated in
including PKRA6, immunoblot analysis was carried out the wild-type PKR-overexpressing cells. In contrast, cells
on the precipitated fractions using an anti-human PKR expressing the PK&6 protein had 8-fold less phosphoryl-
antibody (Figure 3D) or anti-murine PKR antibody ated elF2, even after dSRNA treatment.
(Figure 3E). Due to the relatively small amounts of murine
PKR in the control cells, little activation of the endogenous PKR-mediated apoptosis may involve mechanisms
kinase was observed following treatment with dsSRNA other than the inhibition of protein synthesis
(Figure 3D). Interestingly, not only was the PKR Conceivably, one potential mechanism of PKR-mediated
inactive in vivo, but surprisingly the expression of the apoptosis could involve phosphorylation of the PKR
endogenous murine PKR was ablated in these cellssubstrate elR®, which could lead to the inhibition of
(Figure 3E). In contrast, the recombinant PKR was clearly protein synthesis in the cell (Panniers and Henshaw, 1983).
activated in the wild-type PKR-overexpressing cells fol- To determine whether the induction of apoptosis was
lowing transfection of dsRNA (Figure 3D). Thus, dsRNA- simply a response to the inhibition of protein synthesis,
induced apoptosis correlates with tire vivo activation the effects of cycloheximide (CHX) treatment in wild-
of PKR. type PKR, PKR\6 and control cells were determined.
To complement the above studies, endogenous levelsTreatment of cells with 2.5ug/ml of CHX significantly
of phosphorylated elR2 were also measured in cells inhibited protein synthesis in this cell type (S al.,
induced to express heterologous PKR using antibody that1998; data not shown). However, despite 24 h of CHX
specifically recognizes the phosphorylated form of e@lF2 treatment, control and wild-type PKR-expressing cells
[elF2a is specifically phosphorylated on Ser51 (Choi failed to show any signs of apoptosis (Figure 4A). Indeed,

D
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Fig. 3. 3T3 L1 cells inducibly expressing wild-type PKR but not PKfRare sensitive to dsSRNA-mediated apoptosfs. Micrographs of 3T3 L1

cells treated with dsRNA. Cells inducibly expressing wild-type PKR, BBRr carrying empty vector alone were seeded out into 35 mM culture
dishes (X 10P cells/35 mM dish) and transfected 12 h post-induction with or without poly(l:C) in the presence of Lipofectamine. After 9 h, the
transfection mix was replaced with fresh medium and the cells incubated for a further 16 h. Micrographs were takemag4iication.

(B) Annexin V staining of PKR-inducible cells. Cells inducibly expressing wild-type PKR, B&Br carrying vector alone were transfected with or
without dsRNA, as in (A). The cells were retrieved and stained with FITC-conjugated annexin V as well as propidium iodide and analyzed by flow
cytometry. Cells undergoing apoptosis stain for annexin V and are shown in the lower right window. Cells in late apoptosis have compromised
membranes and stain for both annexin V and propidium iodide (top right). Dead cells only incorporate propidium iodide (top left). Cells expressing
PKRA6 were completely resistant to apoptosis induced by dsREAHistogram of the number of PKR-inducible cells undergoing apoptosis
compared with control cells or cells expressing R¥6R (D) In vivo phosphorylation of PKR in cells treated with dsRNA. Cells expressing the

inducible wild-type PKR, PKR6 or carrying vector alone were labeled, 12 h post-induction, for 4 h, v##¢rthophosphate in the presence or
absence of dsRNA/Lipofectamine. Cells were lysed and equal amounts precipitated with poly(l:C)—agarose. The heterologous, inducible, human PKR
(M, 68 kDa) is labeled hPKR, and the smaller endogenous murine kinase (65 kDa), ePKR (top panel). To ensure additionally that equivalent
amounts of the precipitated extracts were measured, immunoblot analysis of equal fractions of the precipitated wild-type PKR\&rutdeiRs

was performed using an anti-human-specific monoclonal antibody (bottom pdfjeliphfbition of endogenous PKR expression in cells containing
PKRAG6. Control cells carrying vector alone or cells overexpressing wild-type PKR orA8KfRere treated with or without interferon, lysed and
precipitated as above with poly(l:C)-agarose. Equal fractions were separated by SDS—gel electrophoresis and analyzed by immunoblot with a
monoclonal antibody that recognizes the endogenous murine FKRANalysis of phosphorylated elB2evels in PKR-induced 3T3 L1 cells. Cells

were lysed 24 h after treatment with dSRNA and analyzed by immunoblot using an antibody that recognizes fareifth antibody that

recognizes only the phosphorylated version of elfelF2u-P).
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Fig. 4. Cycloheximide treatment of 3T3 L1 cells does not induce
apoptosis. &) Cells expressing wild-type PKR, PK¥® or carrying

vector alone were induced for 12 h and subsequently treated for up to
30 h with 2.5pg/ml cycloheximide. The cells were analyzed by FACS
using FITC-conjugated annexin V and propidium iodid®) Cyclo-
heximide-treated and untreated 3T3 L1 cells (6[Rwere lysed after

24 h, and cells extracts analyzed by immunoblot using a PKR-specific
monoclonal antibody as described in Materials and methods.
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Fig. 5. Cells expressing the dominant-negative R¥dRvariant are
resistant to TNFx- and Fas-mediated cell death. PKR-induced cells
were treated with 1Qug/ml TNF-a or anti-Fas Jo-2 antibody for 24 h
and analyzed for apoptosis. The percentage of cells undergoing cell
death was determined by annexin V staining.

of dsRNA treatment, wild-type PKR-overexpressing cells
were not significantly more sensitive to Fas antibody or
TNF-a than the control cells (Figure 5). However, a
greater percentage of wild-type PKR-overexpressing cells,
sequentially treated with dsRNA and anti-Fas Ab or
TNF-a, were apoptotic compared with controls:Z0%,
data not shown). Importantly, we found that cells

the cells appeared to be in cytostasis, with a lower expressing the PK&6 variant were not only insensitive
apoptotic percentage being detected by annexinV stainingto dsRNA-mediated cell death, but were also completely
(Figure 4A). These data suggest that the observed mechantesistant to apoptosis induced by either Fas ligand or

ism of dsRNA/PKR-induced cell death is unlikely to be
due solely to the global inhibition of protein synthesis.

In contrast to these observations, CHX induced
apoptosis in ~38% of the PKES-expressing cells

TNF-a (Figure 5). Sensitivity to these apoptotic stimuli
(~40%) was regained after suppression of the BBR
protein with Dox (data not shown).

To clarify further the mechanisms underlying these

(Figure 4A). The mechanisms responsible for this remain observations, we analyzed the protein levels of the death

unclear. However, to rule out the possibility that CHX
treatment may inhibit synthesis of PKAR, which may be

receptor Fas as well as anti-apoptotic Bcl-2 and pro-
apopotic Bax in cells overexpressing the wild-type PKR

necessary to prevent apoptosis, CHX-treated and untreatedr PKRA6 (Vaux et al, 1988; Itohet al, 1991; Oltvai

PKRAG-expressing cells were analyzed by immunoblot
analysis to measure PK¥8 protein levels. As can be seen
in Figure 4B, PKR\6 levels were not affected by CHX
treatment, strongly suggesting that the mode of CHX-
induced apoptosis is unlikely to be due to the inhibition
of the production of the PKE6 protein. It is possible that
CHX may be inhibiting the production of an unidentified

et al, 1993; Nagata, 1997). Figure 6 demonstrates that
following treatment with dsRNA, Fas protein levels were
greatly increased in the wild-type PKR-overexpressing
cells as compared with cells containing the vector alone.
We estimate that Fas levels were induced ~10-fold more
in the cells overexpressing wild-type PKR than in the
controls (Figure 6B). The ability of PKR to regulate Fas

death repressor protein that is induced or perhaps activatedexpression was further reinforced since we found that this

in the PKRAG-transformed cells (Martin and Green, 1995).

Induction of the Fas (CD95/Apol) by PKR

key death receptor was ablated dramatically in cells
expressing the PK&6 (Figure 6A). In addition to con-
taining higher levels of Fas, wild-type PKR-overexpressing

It remained feasible that activated PKR could mediate cells also contained>3.5-fold higher levels of Bax as

apoposis by inducing known death agonists. As a start to compared with the control cells, although this protein did
investigating these possibilities, PKR-inducible cell lines not seem to be induced as notably by dsRNA (Figure 6A).
were treated with a pro-apoptotic Fas-ligating antibody Interestingly, similarly to Fas, Bax was also undetectable
(Jo-2) or TNFa. Our results indicate that in the absence in cells expressing PK&6. Furthermore, levels of Bcl-2,
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Fig. 6. Activation of PKR induces Fas/CD95 expressiof) PKR-
induced cells were treated with-] or without (—) dsRNA. After 24 h,
the cells were lysed and extracts analyzed by immunoblot using
antibodies specifically recognizing Fas, Bax, Bcl-2 and tubulin.

(B) Histogram showing the level of Fas and Bax induction.
Measurements of Fas and Bax were determined by densitometric
scanning, relative to tubulin.

which inhibit apoptosis and promote cell survival, were
significantly higher in the PKR6-expressing cells than

in control or wild-type PKR-overexpressing cells. These
data demonstrate that activation of PKR augments the
synthesis of key death agonists, Fas and Bax, that are
involved in triggering apoptosis via two separate mechan-
isms, namely by (i) death receptor-triggered formation of
the death-initiating signaling complex (DISC) and (ii) the
induction of mitochondrial permeability transitions (MPTS)
and cytochrome release, respectively (Kluak al., 1997;

Li et al, 1997; Nagata, 1997; Yargg al., 1997; Pastorino

et al, 1998; Scaffidiet al., 1998). Conversely, PKR
variants that confer resistance to apoptosis are able select
ively to abrogate the synthesis of Fas and Bax, as well as
increase Bcl-2 expression.

To clarify whether the alterations in protein levels were
mediated through translation or transcriptional regulation,
we utilized the ribonuclease protection assay to measure
the mRNA levels of several genes involved in signaling
cell death. Figure 7A reveals that prior to treatment with
dsRNA, there was a slightly higher level of Fas in the
wild-type PKR-overexpressing cells compared with the
controls carrying vector alone. Importantly, Fas mRNA
levels increased 2-fold in both the control and wild-type
PKR-expressing cells following transfection with dsRNA.
In addition to these observations, we found that FADD,

Activation of PKR induces apoptosis through FADD
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Fig. 7. RNase protection assay of cells inducibly expressing PKR. 3T3
L1 cells inducibly expressing wild-type PKR or PR were treated

with dsRNA. Cells were collected during early apoptosis, after 18 h.
Total RNA was prepared from the cells and mRNA species
representing the above genes quantified using radiolabeled RNA
probes as described in Materials and methods.

FLICE/caspase-8 and TNFR-1 mRNA levels also
increased slightly in the control and wild-type-over-
expressing cells following treatment with dsRNA
(Figure 7A and B). Importantly, the mRNA of Fas ligand
was undetectable in all cells analyzed in the presence or
absence of dsRNA (data not shown).
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It is also noteworthy that cells expressing the dominant-
negative PKR6 had dramatically reduced levels of not
only Fas mRNA, but also mRNA representing TNFR-1,
TRADD, FADD, FLICE/caspase-8, Bax and Bad. These

data support the results of the protein analysis shown in

Figure 6, although Fas protein levels in the wild-type

PKR-overexpressing cells were induced more notably than

the mRNA levels. This may be due to the greater stability
of Fas protein versus its mMRNA under dsRNA-induced
apoptotic conditions. Interestingly, Bcl-2 mRNA was read-
ily detectable in the PKR6-expressing cells, though not

in the control or wild-type PKR-overexpressing cells. FAF
MRNA levels are the same in all the treated cells and

served as an additional control to emphasize the specificity

of the selective mRNA ablation mediated by the KR

protein (Chuet al., 1995). Thus, our data clearly demon-
strate that activation of PKR results in the transcriptional
induction of Fas and possibly other molecules involved

in death signaling, leading to apoptosis. Conversely, the
expression of a dominant-negative PKR variant renders

cells resistant to a variety of apoptotic stimuli by transcrip-

tionally repressing the same genes and inducing others

such asBcl-2.

FADD-deficient cells are resistant to

dsRNA-induced apoptosis

To elucidate further the mechanistic role of the death
receptors in PKR-induced apoptosis, we determined
whether FADD was involved in the signaling cascade
leading to cell death. FADD is an essential downstream
signal transducer required for apoptosis following ligation
of Fas or TNFR-1, and possibly other as yet unknown
death receptor molecules (Chinnaiyahal, 1995; Yeh

et al, 1998). We evaluated the susceptibility of murine
fibroblasts lackingFADD (FADD™-) to dsRNA-induced
cell death. Following treatment with dsRNAGADD-
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Fig. 8. Murine embryonic fibroblasts lacking the death receptor signal
transducer FADD are resistant to dsSRNA-mediated apotosis. Control
cells (+/+) or cells lacking FADD (—/-) were transfected with dsRNA
alone fa 9 h orco-transfected with Tet-inducible vectors (pTRE) or
vectors carrying the wild-type PKR (pTRE-PKR) and pUHD15
expressing the Tet-regulated transcriptional activator. As a control,

deficient cells demonstrated markedly less apoptosis cells were treated with 1pg/ml TNF-. After 24 h incubation, the

(<20%) in contrast to normal cells>80%) (Figure 8).
As a control, we treated tHeADD*/* cells or theFADD™~
cells with TNF¢. More than 80% of thésADD*/* cells

amount of apoptotic cells was determined by trypan blue exclusion
assay. As additional controls to assess the transfection efficiency
(39%), cells were transfected with plasmids expressing green
fluorescent protein and scored after 48 h using fluorescence

underwent apoptosis following this treatment, as compared pjcroscopy.

with <20% of cells lackingFADD. Normal or FADD-
cells were also doubly transfected with wild-type PKR-
expressing Tet-inducible plasmids or empty vector alone,
and then with dsRNA. Our results again indicated that
cells deficient inFADD were significantly resistant to
PKR-mediated cell death<t20%) compared with normal
cells (>90%) (Figure 8).

The role of FADD in PKR-mediated apoptosis was
confirmed further by demonstrating that PKR-overexpress-
ing cell lines transiently transfected with the cDNA
of dominant-negativeFADD reduced dsRNA-mediated

putative Fas ligation on the cell surface (Kayagekal.,
1997; MacFarlanet al., 1997). Interestingly, these inhib-
itors failed to protect the PKR-overexpressing cells from
dsRNA-mediated cell death (data not shown). That Fas
ligation via Fas—Fas ligand interactions may not be the
cause of PKR-induced apoptosis would support our find-
ings described above, that Fas ligand levels were undetect-
able in 3T3 L1 cells. It is therefore possible that these
inhibitors are ineffective because they normally block

apoptosis ~20% less than empty vector control (data upstream from PKR-induced mechanisms responsible for

not shown). We postulate that the low level protection
conferred by the dominant-negati*&DD cDNA in the
PKR-overexpressing cells was due to inefficient transfec-
tion, since HelLa cells stably transfected with dominant-
negative FADD molecules are also nearly completely
resistant to dsRNA-mediated apoptosis, similarly to the
FADD~ cells (data not shown).

To elucidate further the mechanistic role of the death
receptors in PKR-mediated apoptsis, we utilized soluble
Fc-Fas decoys and anti-Fas ligand antibodies to inhibit
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triggering apoptosis. Conceivably, the activation of PKR
may promote the formation of DISCs (possibly by enhan-
cing the levels of Fas, FADD and FLICE/caspase-8), as
well as promote MPTs and cytochromeelease (by up-
regulating Bax), as our protein and mRNA analysis
suggests (Reed, 1997a; Scaffatial, 1998). It is note-
worthy that the overexpresson of Fas, FADD and FLICE
by themselves is sufficient to induce apoptosis (Chinnaiyan
et al, 1995; Muzio et al, 1996; Yehet al, 1998).
Collectively, all of these data highlight that FADD and
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the activity of the DISC play a crucial role in PKR- of translation, it remains feasible that PKR could play a
induced apoptosis. role in affecting other mechanisms controlling cell growth.
PKR has been reported to function in a number of cellular
signaling pathways, including those involving TN#-
PDGF, NFkB, STAT-1 and interleukin-3 (It@t al., 1994;
PKR is considered to function as a key effector molecule Munsdchau and Faller, 1994; Yargg al, 1995; Yeung
in the anti-proliferative and anti-viral properties mediated et al, 1996; Kumaret al,, 1997; Wonget al., 1997). It
by IFN (Meurs et al, 1990). These conclusions are is, therefore, highly probable that physiological substrates
supported since a multitude of viruses specifically encode of PKR other than elF@ exist and, by competing for these
proteins to inhibit PKR, many of which have been shown targets, PKR6 may affect dramatically the regulation of
to be necessary for viral resistance against IFN-mediatedcellular growth. In addition, PKR6 may neutralize the
host defense mechanisms (Samuel, 1991; Mathews, 1993)function of the wild-type kinase, either by forming inactive
Attempts to further resolve PKR’s role in the many heterodimers with the endogenous PKR or by competing
biological effects mediated by IFN have included trying with the endogenous PKR for activators such as dsRNA.
to establish cell lines that functionally overexpress this Conceivably, PKR6 could also interact with other
kinase in the absence of any other IFN- or viral-induced dsRNA-binding proteins that function in the regulation of
genes. However, previous studies revealed that PKR exertscellular growth, such as those of the 2-5A system (St
a growth-suppressive phenotype when heterologously syn-Johnstoret al,, 1992; Barbeet al, 1995; Romanet al.,
thesized in eukaryotic cells, thus preventing the establish- 1995; Clemens and Elia, 1997; Zhetial,, 1997).
ment of clonal cell lines for study (Barbet al, 1992; Although induction of the wild-type PKR in 3T3 L1
Koromilaset al., 1992). One plausible explanation offered cells surprisingly did not induce rapid cell death in the
for these observations was that PKR may be phosphorylat-absence of dsRNA, our studies clearly demonstrate that
ing elF2x and inhibiting protein synthesis in the cell. For PKR is a key receptor/inducer in dsRNA-mediated
example, cellular RNAs containing extensive secondary apoptosis. For example (i) cells induced to overexpress
structures may activate the heterologous PKR (Barber only wild-type PKR were significantly more sensitive to
et al, 1993). Previous attempts to overexpress PKR in dsRNA-mediated apoptosis than control cells, (ii) dSRNA-
eukaryotic cells utilized baculoviruses, retroviral expres- induced apoptosis correlated with tire vivo activation
sion vectors or vectors that generated numerous transcriptoof PKR and (iii) the expression of a catalytically inactive
of viral origin which could have contributed towards PKR variant rendered cells completely resistant to
activation of the heterologous kinase (Barbeal., 1992, dsRNA's effects. Importantly, PKR-overexpressing cells
1993; Koromilaset al., 1992). To circumvent these prob- were also 3-fold more sensitive to apoptosis induced by
lems, we have developed constructs that contain the kinasdanfluenza virus and parainfluenza virus, compared with
under control of an inducible promoter. Surprisingly, control cells, while cells expressing PKRR were again
following induction, the wild-type PKR-expressing cells resistant (data not shown). Our conclusions confirm a
did not undergo rapid cell death. One possible explanation number of studies that have implicated a role for PKR in
for this may be that the recombinant PKR failed to kill mediating programmed cell death in response to dsRNA
the 3T3 L1 cells because insufficient endogenous cellular and selected viral infections (Takizaved al., 1996; Der
dsRNA was available to activate this kinase. It is also et al, 1997; Kibleret al, 1997; Leeet al, 1997; King
possible that the expression vectors, carrying FH€R and Goodbourn, 1998; Srivastagaal.,, 1998).
gene, may not synthesize dsRNA of the optimal configura- The question thus arises as to how PKR induces
tion or amount necessary for PKR activation (Kaufman apoptosis. One explanation is that PKR could inhibit the
et al, 1987, 1989; Manchet al.,, 1993). Our findings also  elF2u pathway. This was supported by the observation
imply that at leasin vivo, PKR’s own transcript is not a  that cells transiently transfected with an ed~2S51A)
good activator of the kinase. variant that is resistant to phosphorylation (and could
In contrast to PKR’s growth-suppressive properties, enhance translation rates) were partially protected from
expression of the catalytically inactive PKR variant apoptosis mediated by stimuli such as dsRNA and TNF-
caused 3T3 L1 cells to become transformed. However, (Srivistavaet al., 1998). Furthermore, transient expression
the mechanisms underlying the transforming properties of of PKR or a variant of elF2 (S51D) which mimics a
the PKRA6 remain unclear (Koromilast al., 1992). It is phosphorylated elk2 molecule (both may conceivably
highly likely that the PKR variant can compete with the inhibit translation) could reportedly induce apoptosis
endogenous PKR for target substrates such asoelF2 (Srivistava et al, 1998). It was proposed that el2
(Hershey, 1991; Donzet al, 1995). In agreement with  phosphorylation may suppress genes involved in promot-
this hypothesis, we demonstrate extremely low levels ing cell survival. Though we cannot entirely rule out that
of elF2a phosphorylation in PKR6-expressing cells.  the expression of selected apoptotic genes may be regulated
Inhibiting elF2x phosphorylation could resultin the stimu- at the translational level, at least Bcl-2 expression in
lation of protein synthesis in the cell (Kaufmaat al., PKRAG-expressing cells appears to be induced largely at
1989). Consequently, genes that promote tumorigenesisthe level of transcription (Figure 7). It is also interesting
may be overexpressed if their regulation is governed atto note that following treatment with CHX, PK¥®-
the translational level (Weinberg, 1991; Sonenberg, 1994; expressing cells also demonstrated significant apoptosis.
Morris, 1995). In this context, it is noteworthy that This is reminiscent of apoptosis of rapidly proliferating
enforced expression of an eli¢ZS51A) variant, resistant  malignant cells that are treated with inhibitors of protein
to phosphorylation, transforms NIH 3T3 cells (Donze synthesis (Martin and Green, 1995). Possibly, the expres-
et al, 1995). However, besides influencing the regulation sion of anti-apoptotic genes is repressed following this

Discussion
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treatment. In contrast, inhibiting protein synthesis with was shown to induce apoptosis and (ii) oligomerization
CHX in PKR-overexpressing cells that are not transformed of caspase-8 with its adaptor molecule is sufficient to
did not appear to enhance apoptosis. strongly trigger apoptosis (Chinnaiyast al, 1995; Hsu
Our findings indicate that activation of PKR need not etal, 1995; Muzioet al., 1998). Support for this paradigm
necessarily lead to a global inhibition of protein synthesis also comes from the recent demonstration that autoactiv-
in the cell, as demonstrated by the enhanced expressioration of pro-caspase-9 is possible by overexpression of
of Fas. Although it is possible that PKR activation may Apaf-1 (Srinivasulaet al, 1998). It is also noteworthy
inhibit the translation of some cellular transcripts, it is that PKR-mediated induction of the death receptors, such
plausible that activation of PKR triggers apoptosis via as Fas, may facilitate T-cell fratricide and additionally
mechanisms independent of translational regulation. This play a key role in the immune response to viral infection
is supported by the observation that Fas mRNA and (Nagata, 1997).
protein levels as well as TNFR-1 and Bax levels are  The importance of the induction of the death receptors
moderately higher in cells overexpressing the wild-type and DISC activation is underscored by demonstrating that
PKR. Conversely, in cells expressing PKR Fas, TNFR- cells lacking the key death receptor signal transducer
1 and Bax levels were found to be undetectable at both FADD were resistant to dsRNA-mediated apoptosis.
the protein and mMRNA level. These observations are in FADD is known to interact with Fas, as well as TNFR-1
contrast to the findings of Srivastaed al. (1998), who and possibly other death receptors not yet characterized
did not see any variation in Fas mRNA levels in control (Chinnaiyanet al, 1995). Additionally, the apoptosis-
cells or cells expressing a PKR (K296P) variant (with a resistant phenotype of the PKB-expressing cells is
mutation in catalytic domain Il) following treatment with  associated with the complete down-regulation of mRNA
dsRNA. This discrepancy may be explained by the fact representing Fas, TNFR-1, TRADD, FLICE/caspase-8 and
that PKR molecules with mutations in catalytic domain Il FADD. It is not yet clear whether the transcriptional
are able to be phosphorylateédtrans by functional PKR ablation of these pro-apoptotic genes and resistance to
and may not b&dona fidetransdominant-negative variants cell death are related to a loss of endogenous PKR activity
like the PKRA6 (Figure 3D; Barbeet al., 1995; Romano  or to a gain-of-function mechanism where PK&Rcould
et al,, 1995). sequester PKR substrates involved in the control of apop-
Our data indicate that Fas and almost certainly other totic gene regulation. Since our preliminary data indicate
transcripts avoid activating PKR and being repressed atthat PKR null fibroblasts retain sensitivity to selected
the level of translation. Conceivably, only mRNAs with apoptotic stimuli compared with PKES-expressing 3T3
extensive secondary structures such as certain viral-L1 cells, the PKR6 product may indeed confer some
encoded mMRNAs and perhaps some cellular mRNAs would gain-of-function phenotype (data not shown). Further
cause the activation of PKR and inhibit their translation analysis is underway to clarify this issue. Comparatively,
(Samuel, 1991). Although we cannot entirely rule out the other reports have shown that in the presence of actino-
possibility that activation of PKR may inhibit the transla- mycinD, PKR-deficient fibroblasts are defective in their
tion of proteins involved in negatively regulating Fas TNF-a-mediated apoptotic response, but not in Tt
expression or possibly proteases that facilitate Fas degradamediated NF«B signaling which promotes cell survival
tion, it is plausible that PKR may directly or indirectly (Der et al., 1997).
activate proteins involved in Fas transcription. Alternat-  The importance of FADD in mediating viral-induced
ively, PKR-mediated Fas expression may be similar to the apoptosis is also emphasized since, similarly to PKR, this
paradigm in yeast where the amount of phosphorylated death transducer is a key target for viral inhibitory proteins.
elF2a governs whether translation of the transcriptional Indeed, a new family of viral-encoded products referred
activator GCN4 will occur at the authentic initiation to as FLIPs (FLICE inhibitory proteins) has evolved
codon or at alternative upstream open reading framesspecifically to inhibit death receptor-mediated apoptosis
(Hinnebusch, 1996). In this situation, GCN4 translation (Bertin et al., 1997; Thomeet al, 1997). FLIPs contain
is efficient only when significant amounts of etFare two death effector domains that interact with FADD to
phosphorylated. Although Bax as well as Fas contain inhibit recruitment and activation of the protease FLICE/
upstream AUGs, further experiments will be required caspase-8. Cells expressing FLIPs, which are encoded by
to test this hypothesis (Oltvagt al, 1993; Behrmann  selected members of the herpesvirus family, were protected

et al, 1994). against apoptosis induced by Fas ligand or TRAIL-R
Our data demonstrating that PKR can induce Fas (Bertin et al., 1997; Thomeet al.,, 1997). In light of our
expression are in agreement with Takizagtaal (1996), observations, FLIPs may also prevent PKR-induced cell

who implicated PKR in Fas induction following the death, since dsRNA-induced apoptosis appears to be
infection of HeLa cells with influenza virus. However, mediated largely through FADD-associated DISC activity.
our attempts to inhibit Fas ligation with soluble Fc-Fas It is also feasible that PKR's induction of Bax and of
decoys, or blocking antibodies to Fas or Fas ligand, did apoptosis could involve Bax-regulated MPTs and possible
not prevent dsRNA-mediated cell death in the PKR- release of cytochrome Subsequent recruitment of Apaf-1
overexpressing cell lines. Conceivably, PKR could pro- and sequential cleavage and activity of caspase-9 and -3
mote apoptosis by up-regulating the expression of a may contribute further to DISC-mediated apoptosis (Liu
number of components of the DISC as our mRNA analysis et al, 1996; Li et al, 1997; Salvesen and Dixit, 1997).
suggests. That this mechanism may activate FLICE/cas-Bcl-2 (death antagonist) and Bax (death agonist) reside in
pase-8 without obvious up-regulation of the Fas ligand the outer mitochondrial membrane, and may act as channel
and/or Fas ligation is supported by two lines of evidence proteins regulating ion and cytochromedransport (Vaux

(i) enforced overexpression of FADD or TRADD alone et al, 1988; Oltvaiet al., 1993; Knudson and Korsmeyer,
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1997; Reed, 1997a; Yangt al, 1997). While high Bax and V which render the PKR variant unable to autophosphorylate or

i activate substrate proteins (Koromileisal., 1992).Ndd restriction sites
levels have been shown to facilitate MPT and efflux of (catATG) were introduced into the wild-type PKR and PA&Rsites of

cytochromec, Bcl-2 and Bcl-XL inhibit the cytosolic  yangjation initiation by site-directed mutagenesis as previously described
accumulation of cytochromeand the ensuing activity of  (Barberet al, 1991). PKR genes were cut from pET11a vectors using

Apaf-1 (Reed, 1997b; Vander Heidest al, 1997; Hu Ndd and blunted using Klenow and dNTPs After heat inactivation, the
et al, 1998; Paret al, 1998). In our studies, we demon-  constructs were cut witlBarH| and placed intaSadl- (blunted) and

_ : . - BarHI-digested pUHD10-3 [pTRE; Clontech, CA (Gossaral.,, 1995)].
strated that PKR-overexpressing cells contained high The resultant plasmids contained PKR genes (wild-type and dominant-

levels of Bax and low levels of Bcl-2, while in cells  negative variant referred to as pTRE-PKR and pTRE-BBRespect-
expressing PKR6, Bax was ablated and Bcl-2 levels ively) that were downstream of the Tet-responsiyg\R.1 promoter.

were high. Thus, high ratios of Bax to Bcl-2 in the PKR- .
Cell lines

OvereXpreS.Smg cells may dlsregulate MPTs, and facilitate 3T3 L1 cells (Clontech, CA) transfected with a pTet-Off vector [pUHD15-
the cytosolic accumulation of cytochrome Recently, 3,05 (Gossestal, 1995)] subsequently were co-transfected with pTRE-
Fas-activated FLICE/caspase-8 has been shown to recruibkr or pTRE-PKR6 and pHyg using Lipofectamine (Gibco-BRL,
mitochondrial input into Apaf-1-mediated activation of MD). After 9 h incubation, the DNA mix was removed and replaced
the executioner, caspase-3, via cleavage of Bid, a BHSWIith erSh ”(‘fdium- After 24| h ‘(’jf recov%cf”ﬁ containing PdKR
. s . . plasmids and pHyg were selected using ml hygromycin an

domam-contalnlng pro-apoptotic protein (Kluat al, 300 ug/ml G418 in the presence ofjfgy/ml Dox (Sigma, MI). Colonies
1997; Vander Heideret al, 1997; Yanget al, 1997, were isolated and expanded. For protein induction, cells were washed
Amarante-Mendest al.,, 1998; Luoet al., 1998; Scaffidi three times with phosphate-buffered saline (PBS) and incubated with
et al, 1998). However, using caspase-9-deficient mice, it fresh medium lacking Dox. PKR-expressing cells were identified by

has also been shown. at least in thymocytes and Sph:‘,no_lmmunoblot analysis of cell extracts using an anti-human PKR mono-
. ! . . clonal antibody (Laurengt al., 1985).

cytes, that activated caspase-8 can bypass the mitochondria

and directly activate targets such as caspase-3 (Hakemcell growth and cell cycle analysis

et al, 1998; Kuidaet al., 1998). Cleavage and activation PKR-inducible cells were grown in Dulbecco’s modified Eagle’s medium

of Bid and Subsequent efflux of cytochrommay depend (DMEM) containing 10% fetal bovine serum (Gibco-BRL) in the

. _ presence or absence ofp®/ml Dox for up to 12 days. Medium was
on the levels of available caspase-8 and on the cell type’changed every other day. Cells were counted in duplicate using a

as recently proposed (Hakeet al, 1998; Kuidaet al, hemocytometer and then fixed in cold 70% ethanol for cell cycle analysis.

1998; Scaffidiet al., 1998). This may explain further why  Cells were washed, treated with RNase, stained withdgnl propidium

Bcl-2 blocks Fas-induced cell death in some cell types iodide, and analyzed by flow cytometry. The percentage of cells;in G

and not others (Adachst al, 1997). Since cells lacking S @nd G/M was calculated using CellQuest software.

FADD are resistant to PKR-induced apoptosis, our data j;,munoblot analysis

suggest that the activity of both pathways is interrupted Pprotein extracts from cell lines were prepared by disrupting in lysis

in these cells. buffer [10 mM Tris—=HCI (pH 7.5), 50 mM KCI, 1 mM dithiothreitol
While we have demonstrated that PKR is a key player (PTT), 2 mM EDTA, 1 mM MgCh, 0.2 mM phenylmethylsulfonyl

. r L ;. fluoride (PMSF), 100 U/ml aprotinin and 1% Triton X-100]. Supernatants
in IFN-induced apoptosis, it is noteworthy that PKR is were added to an equal volume of protein disruption buffer [5% SDS,

not the only IFN-inducible gene that may play a role in 209 a-mercaptoethanol, 20% glycerol and 150 mM Tris—HCI (pH 6.8)]
mediating cell death. Thymocytes and fibroblasts generatedand boiled for 5 min prior to being loaded onto 10% SDS—polyacrylamide
from IFN-regulated RNase L-deficient mice were shown gels. Proteins were transferred to nitrocellulose and after blocking in

it o i~ Milk extract were incubated with monoclonal antibody specific to human
to be less sensitive to apoptosis induced by StaurOSporme’PKR or with anti-PKR polyclonal antibody prepared as described

Fas ligand _and TN (Zhou_J et al, 1997). Further, elsewhere (Barbeet al, 1992). After the membranes were washed
overexpression of RNase L in NIH 3T3 cells decreased and incubated with horseradish peroxidase-labeled anti-mouse antibody
cell viability and also induced an apoptotic phenotype conjugate (Gibco-BRL), proteins were visualized using a chemilumines-
(Casteliiet al, 1997). The transcription factor IRF-1 is Ceggf:#sfltsﬁastﬁf(lf;esmgclcgelgn;a;]’dlIt_albulin antibodies were purchased
also known to confer gr(,)Wt,h'SUppreSSNe properties from Santa Cruz, CA.‘ Antibbdy directed to p’hosphorylated and unphos-
(Haradaet al, 1993)- These findings suggest that ”:N and phorylated elF@ has been described (Carret al, 1993; De Gracia
PKR probably influence several molecular determinants et al, 1997).

to induce apoptosis. These complex mechanisms have

; ; ; Assay of protein kinase activity
almost Certamly led to the evolution of the formidable Protein kinase activity was measured as described by Batlar(1991,

array of viral-encoded anti-apoptotic genes that prevent 1995). Briefly, soluble extracts were diluted with 500 of buffer |

host defense-initiated cell death (Croat al, 1993; [20 MM Tris—HCI (pH 7.5), 50 mM KCI, 400 mM NaCl, 1 mM EDTA,
Debbas and White, 1993; Tewari and Dixit, 1995; Bertin 100 U/ml aprotinin, 1 mM DTT, 0.2 mM PMSF, 1% Triton X-100 and
et al, 1997; Teodoro and Branton, 1997; Thomieal., 20% glycerol] prior to the addition of monoclonal antibody specific to

. - s e . human PKR. Afte 1 h incubation at 4°C, protein G—-Sepharose (Gibco-
1997). PKR s a key target for viral inhibition, following BRL) was added to the lysates and incubated for a further hour at the

infection of the Ce_” (_Samuel, 19.91; Katze, 1993; Mathews, same temperature. Precipitates were then washed four times with buffer
1993). Our data indicate that viruses probably select PKR I and three times with buffer Il [10 mM Tris—HCI (pH 7.5), 100 mM
for repression, not only to escape blocks in translation, XCl, 0.1 mM EDTA, 100 U/ml aprotinin and 20% glycerol]. Washed

i initiati _ i immunoprecipitates were incubated in kinase reaction buffer [20 mM
but also to avoid initiating host-mediated programmed Tris_HCI (pH 7.5). 0.01 mM EDTA, 50 mM KCI, 100 U/ml aprotinin,

cell death. 0.3 mg of bovine serum albumin/ml, 2 mM MgCl2 mM MnCl,
1.25uM [y-32P]ATP, 0.1 mM PMSF, 5% glycerol]. Purified el&Zrom
rabbit reticulocytes (a gift from Rosemary Jagus) was then added to the

Materials and methods mixtures. Polyl:polyC (Sigma) or 10 U/ml heparin was used as activator,
and the mixtures were incubated at 30°C for 15 min. The reactions were
Plasmid construction stopped by adding protein disruption buffer containing 50 mM EDTA.

Construction of PKR6 has been described previously. Essentially, After boiling for 2 min, proteins were analyzed by SDS—polyacrylamide
PKRA6 lacks six amino acids (361-366) between catalytic domains IV gels and autoradiography.
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RNA analysis

Cells were transfected with poly(I:C) (Pharmacia, NJ) and, after 24 h,
lysed using TRIzol (Gibco-BRL) to collect total RNA. Following
quantitation, ~10ug of total RNA was incubated withaf-32P]JUTP-

labeled mAPO-2 and mAPO-3 riboprobe sets (Riboquant; Pharmingen,

Carroll,K., Elroy-Stein,O., Moss,B. and Jagus,R. (1993) Recombinant
vaccinia virus K3L gene product prevents activation of double-
stranded RNA-dependent, initiation factor 2 alpha-specific protein
kinase.J. Biol. Chem, 268 12837-12842.

Castelli,J.C., Hassel,B.A., Wood,K.A.,

Li,X.-L., Amemiya,K.,

CA). Following RNase treatment, protected probes were resolved using Dalakas,M.C., Torrence,P.F. and Youle,R.J. (1997) A study of the

5% acrylamide gels.

Apoptosis and cell viability analysis
Cells were transfected with dsRNA (Sigma, MI) using lipofectamine
(Gibco-BRL). After 9 h incubation, the transfection mix was removed

and fresh medium placed on the cells. After 12 h, cells were washed in

cold PBS and incubated for 15 min with fluorescein-conjugated annexin
V and propidium iodideR & D Systems). Cell viability was determined
by trypan blue exclusion analysis. Jo-2 and TtlMere purchased from
Pharmingen (CA) and Genzyme (CA), respectively.

Anchorage-independent cell growth

Six-well plates were coated with 1 ml of medium/0.5% agarose with or
without 5 pug/ml Dox. Control or PKR-expressing cells were suspended
in medium containing 0.25% agarose, again with or without Dox, and

interferon antiviral mechanism: apoptosis by activation of the 2-5A
system.J. Exp. Med 186, 967-972.

Chang,H.-W., Watson,J.C. and Jacobs,B.L. (1992) The E3L gene of
vaccinia virus encodes an inhibitor of the interferon-induced, double-
stranded RNA-dependent protein kinaBeoc. Natl Acad. Sci. USA
89, 4825-4829.

Chinnaiyan,A.M., O’'Rourke,K., Tewari,M. and Dixit,V.M. (1995) FADD,

a novel death domain-containing protein, interacts with the death
domain of Fas and initiates apoptos@ell, 81, 505-512.

Choi,S.Y., Scherer,B.J., Schnier,J., Davies,M.V., Kaufman,R.J. and
Hershey,J.W. (1992) Stimulation of protein synthesis in COS cells
transfected with variants of the alpha-subunit of initiation factor elF-
2.J. Biol. Chem, 267, 286—293.

Chong,K.L., Feng,L., Schappert,K., Meurs,E., Donahue,T.F., Friesen,
J.D., Hovanessian,A.G. and Williams,B.R. (1992) Human p68 kinase

seeded onto coated wells. Medium/0.5% agarose was overlaid on the exhibits growth suppression in yeast and homology to the translational

cells, followed by medium alone, in the presence or absence of Dox.
The cells were replenished with fresh medium containing or lacking
Dox every 2 days. Colonies with-30 cells (=5 cell doublings) were
considered positive and experiments were carried out in duplicate.

Acknowledgements

We thank Ara Hovanessian and Emad Alnemri for PKR antibody and
Fc-Fas cDNA, respectively, and Tatiana Chernova for help with PKR

constructs. We also thank Rosemary Jagus and Laura Saunders for the

critical reviewing of this manuscript, and Yoichiro lwakura and Shinobu
Saijo for advice and expertise. This work was supported by NCI grant
1R29CA72648-1A1 (G.N.B.).

References

Adachi,S., Cross,A.R., Babior,B.M. and Gottlieb,R.A. (1997) Bcl-2 and
the outer mitochondrial membrane in the inactivation of cytochrome
¢ during Fas-mediated apoptosis.Biol. Chem, 272, 21878-21882.

Amarante-Mendes,G.P., Kim,C.N., Liu,L., Huang,Y., Perkins,C.L., Green
D.R. and Bhalla,K. (1998) Bcr-Abl exerts its anti-apoptotic effects
against diverse apoptotic stimuli through blockage of mitochondrial
release of cytochrome& and activation of caspase-Blood 91,
1700-1705.

Barber,G.N., Tomita,J., Hovanessian,A.G., Meurs,E. and Katze,M.G.
(1991) Functional expression and characterization of the interferon-
induced double-stranded RNA activated P68 protein kinase from
Escherichia coli. Biochemistrng0, 10356—-10361.

Barber,G.N., Tomita,J., Garfinkel,M.S., Meurs,E., Hovanessian,A. and
Katze,M.G. (1992) Detection of protein kinase homologues and viral
RNA-binding domains utilizing polyclonal antiserum prepared against
a baculovirus-expressed ds RNA-activated, 68,000-Da protein kinase
Virology, 191, 670-679.

Barber,G.N., Wambach,M., Wong,M.L., Dever,T.E., Hinnebusch,A.G.
and Katze,M.G. (1993) Translational regulation by the interferon-
induced double-stranded-RNA-activated 68-kDa protein kin@se.

Natl Acad. Sci. USA90, 4621-4625.

Barber,G.N., Jagus,R., Meurs,E.F., Hovanessian,A.G. and Katze,M.G.

(1995) Molecular mechanisms responsible for malignant
transformation by regulatory and catalytic domain variants of the
interferon-induced enzyme RNA-dependent protein kindséiol.
Chem, 270, 17423-17428.

Beattie,E., Tartaglia,J. and Paoletti,E. (1991) Vaccinia virus-encoded
elF-2 alpha homolog abrogates the antiviral effect of interferon
Virology, 183 419-422.

Behrmann,l., Walczak,H. and Krammer,P.H. (1994) Structure of the
human APO-1 genetur. J. Immunal 24, 3057-3062.

Bertin,J.et al. (1997) Death effector domain-containing herpesvirus and
poxvirus proteins inhibit both Fas- and TNFR1-induced apoptosis.
Proc. Natl Acad. Sci. US4, 1172-1176.

Brand,S.R., Kobayashi,R. and Mathews,M.B. (1997) The Tat protein of
human immunodeficiency virus type 1 is a substrate and inhibitor of
the interferon-induced, virally activated protein kinase, PRRBiol.
Chem, 272, 8388-8395.

6900

regulator GCN2EMBO J, 11, 1553-1562.

Chu,K., Niu,X. and Williams,L.T. (1995) A fas-associated protein factor
FAF-1, potentiates fas-mediated apoptoBisc. Natl Acad. Sci. USA
92, 11894-11898.

Clemens,M.J. and Elia,A. (1997) The double-stranded RNA-dependent
protein kinase PKR: structure and functiah. Interferon Cytokine
Res, 17, 503-524.

Clemens,M.J., Laing,K.G., Jeffrey,|.W., Schofield,A., Sharp,T.V., Elia,A.,

Matys,V., James,M.C. and Tilleray,V.J. (1994) Regulation of the

interferon-inducible elF-2 alpha protein kinase by small RNAs.

Biochimie 76, 770-778.

Crook,N.E., Clem,R.J. and Miller,L.K. (1993) An apoptosis-inhibiting
baculovirus gene with a zinc finger-like motif. Virol., 67, 2168-2174.

Davies,M.V., Elroy-Stein,O., Jagus,R., Moss,B. and Kaufman,R.J. (1992)
The vaccinia virus K3L gene product potentiates translation by
inhibiting  double-stranded-RNA-activated protein kinase and
phosphorylation of the alpha subunit of eukaryotic initiation factor 2.
J. Virol., 66, 1943-1950.

Davies,M.V., Chang,H.W., Jacobs,B.L. and Kaufman,R.J. (1993) The
E3L and K3L vaccinia virus gene products stimulate translation
through inhibition of the double-stranded RNA-dependent protein
kinase by different mechanisma. Virol., 67, 1688—-1692.

Debbas,M. and White,E. (1993) Wild-type p53 mediates apoptosis by
E1A, which is inhibited by E1BGenes Dey 7, 546-554.

De Gracia,D.J., Sullivan,J.M., Neumar,R.W., Alousi,S.S., Hikade,K.R.,
Pittman,J.E., White,B.C., Rafols,J.A. and Krause,G.S. (1997) Effect
of brain ischemia and reperfusion on the location of phosphorylated
eukaryotic initiation factor 2 alphal. Cerebral Blood Flow Metab
17, 1291-1302.

Der,S.D., Yang,Y.L., Weissmann,C. and Williams,B.R. (1997) A double-
stranded RNA-activated protein kinase-dependent pathway mediating
stress-induced apoptosiBroc. Natl Acad. Sci. US4, 3279-3283.

Dever,T.E., Fengl., WekR.C., Cigan,A.M., Donahue,T.F. and
Hinnebusch,A.G. (1992) Phosphorylation of initiation factor 2 alpha
by protein kinase GCN 2 mediates gene-specific translational control
of GCN 4 in yeastCell, 68, 585-596.

Dever,T.E., Chen,J.J., Barber,G.N., Cigan,A.M., Feng,L., Donahue,T.F,,
London,l.M., Katze,M.G. and Hinnebusch,A.G. (1993) Mammalian
eukaryotic initiation factor 2 alpha kinases functionally substitute for
GCN2 protein kinase in the GCN4 translational control mechanism
of yeast.Proc. Natl Acad. Sci. US/0, 4616-4620.

Donze,O., Jagus,R., Koromilas,A.E., Hershey,J.W. and Sonenberg,N.
(1995) Abrogation of translation initiation factor elF-2 phosphorylation
causes malignant transformation of NIH 3T3 celEMBO J, 14,
3828-3834.

Gale,M.J..Jr, KorthM.J.,, Tang,N.M., Tan,S.L., Hopkins,D.A.,
Dever,T.E., Polyak,S.J., Gretch,D.R. and Katze,M.G. (1997) Evidence
that hepatitis C virus resistance to interferon is mediated through
repression of the PKR protein kinase by the nonstructural 5A protein
Virology, 230, 217-227.

Gossen,M., Freundlieb,S., Bender,G., Muller,G., Hillen,W. and Bujard,H.
(1995) Transcriptional activation by tetracycline in mammalian cells
Science268, 1766-1769.

Hakem,Ret al. (1998) Differential requirement for caspase 9 in apoptotic
pathwaysin vivo. Cell 94, 339-352.



Activation of PKR induces apoptosis through FADD

Harada,H., Kitagawa,M., Tanaka,N., Yamamoto,H., HaradaK., protein kinase in human cellProc. Natl Acad. Sci. USA82
Ishiwara,M. and Taniguchi,T. (1993) Anti-oncogenic and oncogenic 4341-4345.
potentials of interferon regulatory factors -1 and Srience 259, Lee,S.B. and Esteban,M. (1993) The interferon-induced double-stranded
971-974. RNA-activated human p68 protein kinase inhibits the replication of
Hershey,J.W. (1991) Translational control in mammalian ceisnu. vaccinia virus Virology, 193 1037-1041.
Rev. Biochem 60, 717-755. Lee,S.B. and Esteban,M. (1994) The interferon-induced double-stranded
Hinnebusch,A.G. (1997) Translational regulation of yeast GCN4. A RNA-activated protein kinase induces apopto¥sisology, 199, 491—
window of factors that control initiator-tRNA binding to the ribosome. 496.
J. Biol. Chem, 272, 2166-21664. Lee,S.B., Rodriguez,D., Rodriguez,J.R. and Esteban,M. (1997) The
Hsu,H., Xiong,J. and Goeddel,D.V. (1995) The TNF receptor 1 associated ~apoptosis pathway triggered by the interferon-induced protein kinase
protein TRADD signals cell death and NF-kappa B activatiGell, PKR requires the third basic domain, initiates upstream of Bcl-2 and
81, 495-504. involves ICE-like proteased/irology, 231, 81-88.

Hu,Y., Benedict,M.A., Wu,D., Inohara,N. and Nunez,G. (1998) Bcl-xL Lee,T.G., Tang,N., Thompson,S., Miller,J. and Katze,M.G. (1994) The
interacts with apaf-1 and inhibits apaf-1 dependent caspase-9 58,000-dalton cellular inhibitor of the interferon-induced double-
activation.Proc. Natl Acad. Sci. US/5, 4386-4391. stranded RNA-activated protein kinase (PKR) is a member of the

Icely,P.L., Gros,P., Bergeron,J.J., Devault,A., Afar,D.E. and Bell,J.C.  tetratricopeptide repeat family of proteindfol. Cell. Biol, 14,
(1991) TIK, a novel serine/threonine kinase, is recognized by — 2331-2342.
antibodies directed against phosphotyroside.Biol. Chem, 266, Lengyel,P. (1993) Tumor-suppressor genes: news about the interferon
16073-16077. connectionProc. Natl Acad. Sci. USA0, 5893-5895.

Ito,T., Jagus,R. and May,W.S. (1994) Interleukin 3 stimulates protein Levin,D. and London,l.M. (1978) Regulation of protein synthesis:
synthesis by regulating double-stranded RNA-dependent protein kinase ~ activation by double-stranded RNA of a protein kinase that
Proc. Natl Acad. Sci. USM1, 7455-74509. phosphorylates eukaryotic initiation factor Rroc. Natl Acad. Sci.

ltoh,N.,  Yonehara,S., IshiiA., Yonehara,M., Mizushima,S.,  YSA75 1121-1125. o
Sameshima,M., Hase,A., Seto,Y. and Nagata,S. (1991) The polypeptideLi:P.,  Nijhawan,D.,  Budihardjo,l.,  Srinivasula,S.M., ~Ahmad,M.,
encoded by the cDNA for human cell surface antigen Fas can mediate ~Alnemri,E.S. and Wang,X. (1997) Cytochromand dATP-dependent

apoptosis Cell, 66, 233—243. formation of apaf-1/caspase-9 complex initiates an apoptotic cascade
Katze,M.G. (1993) Games viruses play: a strategic initiative against _Cell 91, 479-489. _

the IFN-induced, dsRNA activated protein kinagemin. Virol, 4, Liu,X., Kim,C.N., Yang,J., Jemmerson,R. and Wang,X. (1996) Induction

259-268. of apoptotic program in cell-free extracts: requirement for dATP and

Kaufman,R.J., Murtha,P. and Davies,M.V. (1987) Translational efficiency  Ccytochromec. Cell 86, 147-157. _
of polycistronic mRNAs and their utilization to express heterologous -U0:X., Budihardjo,l., Zou,H., Slaughter,C. and Wang,X. (1998) Bid,
genes in mammalian cellEMBO J, 6, 187—193. a Bcl-2 interacting protein, mediates cytochrornerelease from

Kaufman,R.J., Davies,M.V., Pathak,V.K. and Hershey,J.W. (1989) The mitochondria in response to activation of cell surface death receptors

phosphorylation state of eucaryotic initiation factor 2 alters Cell, 94, 481-490. . )
translational efficiency of specific mRNAsVol. Cell. Biol, 9, MacFarlane,M., Ahmad,M., Srinivasula,S.M., Fernandes-Alnemri,T.,

946-958 Cohen,G.M. and Alnemri,E.S. (1997) Identification and molecular
Kayagaki N Yamaguchi,N., Nagao,F., Matsuo,S., Maeda,M. cloning of two novel receptors for the cytotoxic ligand TRALL Biol.

: ; f : Chem, 272, 25417-25420.
Okumura,K. and Yagita,H. (1997) Polymorphism of murine Fas ligand '
that affects the biological activityProc. Natl Acad. Sci. USA94, Manche,L_., Green,S.R., SchmedtC. and Mathews,M.B. (1992.)
Interactions between double-stranded RNA regulators and the protein
3914-3919. ki DAIl.Mol. Cell. Biol., 12, 5238-5248
Kibler,K.V., Shors,T., Perkins,K.B., Zeman,C.C., Banaszak,M.P., Inase -Mol. Lell. BioL, L2, " :

Biesterfeldt,J., Langland,J.O. and Jacobs,B.L. (1997) Double-stranded M%’:(?;a’ié' ir?}ézlj(c—iggnr’eBsﬂsiSuegg’s’\tA.cegﬁgzz) | R?é%ii%o?]f (;:fyttﬁggéoé?ficts
RNA is a trigger for apoptosis in vaccinia virus-infected cellsvirol., : p 9y p
71, 1992—2003. by coexpression of Bcl-xLFEBS Lett, 415 29-32.

King,P. and Goodbourn,S. (1998) STAT-1 is inactivated by a caspase. M%'Z'Qt’: k‘)J ’ an](?urse::d%ﬁé%?g:z)’ ';Tgtfggg activation during apoptosis:
J. Biol. Chem 273 8699-8704. y ' :

Mathews,M.B. (1993) Viral evasion of cellular defence mechanisms:
Kluck,R.M., Bossy-wetzel,E., Green,D.R. and Newmeyer,D.D. (1997) regulation of the protein kinase DAI by RNA effecto&emin. Virol,

The release of cytochrome from the mitochondria: a primary site 4 507-512

for Bel-2 regulation of apoptosisScience275 1132-1136. . Mathews,M.B. and Shenk,T. (1991) Adenovirus-associated RNA and
Knudson,C.M. and Korsmeyer,S.J. (1997) Bcl-2 and Bax function translational controld. Virol.. 65. 5657—5662

independently to regulate cell deatMature Genef.16, 358-363. McMillan,N.A. et al (1995) HIV-1 Tat directly interacts with the

Koopman,G., Reutelingsperger,C.P., Kuijten,G.A., Keehnen,R.M., . r . N ;
Pals,S.T. and vanOers,M.H. (1994) Annexin V for flow cytometric Gfg:(f)zr;r;gchﬁ%cﬂ_,‘lg:uble stranded RNA-dependent kinase, . PKR
detection of phosphatidylserine expression on B cells undergoing Meurs,E.F,., Chong,K., GalabruJ., ThomasN.S., Kerr,L.M.,
apoptosis Blood 84, 1415-1420. Williams,B.R. and Hovanessian,A.G. (1990) Molecular cloning and
Koromilas,A.E., Roy,S., Barber,G.N., Katze,M.G. and Sonenberg,N.  characterization of the human double-stranded RNA-activated protein
(1992) Malignant transformation by a mutant of the IFN-inducible kinase induced by interferoiCell, 62, 379-390.
dsRNA-dependent protein kinasgcience257, 1685-1689. Meurs,E.F., Galabru,J., Barber,G.N., Katze,M.G. and Hovanessian,A.G.
Kuida,K., HayderT.F.,, Kuan, C-Y, Gu,Y., TayaC., KarasuyamaH.,  (1993) Tumor suppressor function of the interferon-induced double-
Su,M.S., Rakic,P. and Flavel,R.A. (1998) Reduced apoptosis and  stranded RNA-activated protein kinageroc. Natl Acad. Sci. USA
cytochromec-mediated caspase activation in mice lacking caspase 9 9o, 232-236.

Cell, 94, 325-337. . » Miller,J.E. and Samuel,C.E. (1992) Proteolytic cleavage of the reovirus
Kumar,A., Haque,J., Lacoste,J., Hiscott,J. and Williams,B.R. (1994)  sigma 3 protein results in enhanced double-stranded RNA-binding
Double-stranded RNA-dependent protein kinase activates transcription activity: identification of a basic amino acid motif within the

factor NFkKB by phosphorylating | kappa BProc. Natl Acad. Sci. C-terminal regionJ. Virol., 66, 5347-5356.
USA 91, 6288-6292. Morris,D.R. (1995) Growth control of translation in mammalian cells.
Kumar,A. et al. (1997) Deficient cytokine signaling in mouse embryo Prog. Nucleic Acid Res. Mol. Bigl51, 339-363.
fibroblasts with a targeted deletion in the PKR gene: role of IRF-1 Mundschau,L.J. and Faller,D.V. (1995) Platelet-derived growth factor
and NF«B. EMBO J, 16, 406-416. signal transduction through the interferon-inducible kinase PKR.
Langland,J.O., Pettiford,S., Jiang,B. and Jacobs,B.L. (1994) Products of Immediate early gene inductiod. Biol. Chem, 270, 3100-3106.
the porcine group C rotavirus NSP3 gene bind specifically to double- Muzio,M. et al. (1996) FLICE, a novel FADD-homologous ICE-CED-
stranded RNA and inhibit activation of the interferon-induced protein 3-like protease, is recruited to the CD95 (Fas/APO-1) death-inducing
kinase PKRJ. Virol., 68, 3821-3829. signaling complexCell, 85, 817-827.
Laurent,A.G., Krust,B., Galabru,J., Svab,J. and Hovanessian,A.G. (1985) Muzio,M., Stockwell,B.R., Stennicke,H.R., Salvesen,G.S. and Dixit,V.M.
Monoclonal antibodies to an interferon-induced Mr 68,000 protein (1998) An induced proximity model for caspase-8 activatihrBiol.
and their use for the detection of double-stranded RNA-dependent Chem, 273 2926-2930.

6901



S.Balachandran et al.

Nagata,S. (1997) Apoptosis by death factell, 88, 355-365. Wong,A.H., Tam,N.W., Yang,Y.L., Cuddihy,A.R., Li,S., Kirchhoff,S.,
Oltvai,Z.N., Milliman,C.L. and Korsmeyer,S.J. (1993) Bcl-2 Hauser,H., Decker,T. and Koromilas,A.E. (1997) Physical association
heterodimerizesin vivo with a conserved homolog, Bax, that between STAT1 and the interferon-inducible protein kinase PKR
accelerates programmed cell deaffell, 74, 609—619. and implications for interferon and double-stranded RNA signaling
Pan,G., O'Rourke,K. and Dixit,V.M. (1998) Caspase-9, Bcl-xL and apaf- pathwaysEMBO J, 16, 1291-1304.
1 form a ternary complex]. Biol. Chem, 273 5841-5845. Yang,J., Liu,X., Bhalla,K., Kim,C.N., Ibrado,A.M., CaiJ., Peng,T.I.,
Panniers,R. and Henshaw,E.C. (1983) A GDP/GTP exchange factor Jones,D.P. and Wang,X. (1997) Prevention of apoptosis by Bcl-2
essential for eukaryotic initiation factor 2 cycling in Ehrlich ascites release of cytochrome from mitochondria blockedScience 275
tumor cells and its regulation by eukaryotic initiation factor 2 1129-1132.
phosphorylationJ. Biol. Chem, 258 7928-7934. Yang,Y.L., Reis,L.F., Pavlovic,J., Aguzzi,A., Schafer,R., KumarA.,

Pastorino,J.G., Chen,S.T., Tafani,M., Snyder,J.W. and Farber,J.L. (1998) Williams,B.R., Aguet,M. and Weissmann,C. (1995) Deficient signaling
The overexpression of Bax produces cell death upon induction of the  in mice devoid of double-stranded RNA-dependent protein kinase.

mitochondrial permeability transitiod. Biol. Chem, 273 7770-7775. EMBO J, 14, 6095-6106.
Reed,J.C. (1997a) Cytochronsecan't live with it—can't live without Yeh,W.-C.et al. (1998) FADD: essential for embryo development and

it. Cell, 91, 559-562. signaling from some, but not all, inducers of apoptoSisience279,
Reed,J.C. (1997b) Double identity for proteins of the Bcl-2 family 1954-1958.

Nature 387, 773-776. Yeung,M.C., LiuJ. and Lau,A.S. (1996) An essential role for the
Romano,P.R., Green,S.R., Barber,G.N.,, Mathews,M.B. and interferon-inducible, double-stranded RNA-activated protein kinase

Hinnebusch,A.G. (1995) Structural requirements for double-stranded PKR in tumor necrosis factor-induced apoptosis in U937 cElfsc.
RNA binding, dimerization and activation of the human elF-2 alpha Natl Acad. Sci. USA93, 12451-12455.
kinase DAl inSaccharomyces cerevisiae. Mol. Cell. Bitb, 365—-378. Zhou,A. et al. (1997) Interferon action and apoptosis are defective in
Roy,S., Katze,M.G., Parkin,N.T., Edery,l., Hovanessian,A.G. and mice devoid of 2,5'-oligoadenylate-dependent RNase EMBO J,
Sonenberg,N. (1990) Control of the interferon-induced 68-kilodalton 16, 6355-6363.
protein kinase by the HIV-1 tat gene produstience247, 1216-1219.
Salvesen,G.S. and Dixit,V.M. (1997) Caspases: intracellular signaling Received June 24, 1998; revised and accepted October 5, 1998
by proteolysis Cell, 91, 443-446.
Samuel,C.E. (1991) Antiviral actions of interferon. Interferon-regulated
cellular proteins and their surprisingly selective antiviral activities
Virology, 183 1-11.
Scaffidi,C., Fulda,S., Srinivasan,A., Friesen,C., Li,F., Tomaselli,K.J.,
Debatin,K.-M., Krammer,P.H. and Peter,M.E. (1998) Two CD95
(APO-1/Fas) signaling pathwayEMBO J, 17, 1675-1687.
Seliger,L.S., Giantini,M. and Shatkin,A.J. (1992) Translational effects
and sequence comparisons of the three serotypes of the reovirus S4
gene Virology, 187, 202-210.
Sen,G.C. and Ransohoff,R.M. (1993) Interferon-induced antiviral actions
and their regulationAdv. Viral Res 42, 57-102.
Sonenberg,N. (1994) mRNA translation: influence of tHeabd 3
untranslated region€urr. Opin. Genet. Dey4, 310-315.
Srinivasula,S.M., Ahmed,M., Fernandes-Almenri, T. and Alnemri,E.S.
(1998) Autoactivation of pro-caspase-9 by Apaf-mediated
oligomerization.Mol. Cell, 1, 949-957.
Srivastava,S.P., Kumar,K.U. and Kaufman,R.J. (1998) Phosphorylation
of eukaryotic initiation factor 2 mediates apoptosis in response to
activation of the double-stranded RNA-dependent protein kinase.
J. Biol. Chem, 273 2416-2423.
St Johnston,D., Brown,N.H., Gall,J.G. and Jantsch,M. (1992) A
conserved double-stranded RNA-binding domd?noc. Natl Acad.
Sci. USA 89, 10979-10983.
Su,T.Z., Wang,M., Oxender,D.L. and Saltiel,A.R. (1998) Troglitazone
increases system A amino acid transport in 3T3-L1 cells
Endocrinology 139, 832—-837.
Takizawa,T., Ohashi,K. and Nakanishi,Y. (1996) Possible involvement
of double-stranded RNA-activated protein kinase in cell death by
influenza virus infectiond. Virol., 70, 8128—-8132.
Teodoro,J.G. and Branton,P.E. (1997) Regulation of apoptosis by viral
gene products). Virol., 71, 1739-1746.
Tewari,M. and Dixit,V.M. (1995) Fas- and tumor necrosis factor-induced
apoptosis is inhibited by the poxvirusmA gene productJ. Biol.
Chem, 270, 3255-3260.
Thome,M.et al. (1997) Viral FLICE-inhibitory proteins (FLIPs) prevent
apoptosis induced by death receptavsture 386, 517-521.
Thomis,D.C. and Samuel,C.E. (1992) Mechanism of interferon action:
autoregulation of RNA-dependent P1/elF-2 alpha protein kinase (PKR)
expression in transfected mammalian céfc. Natl Acad. Sci. USA
89, 10837-10841.
Thomis,D.C. and Samuel,C.E. (1993) Mechanism of interferon action:
evidence for intermolecular autophosphorylation and autoactivation
of the interferon-induced, RNA-dependent protein kinase PKR.
J. Virol., 67, 7695-7700.
Vander Heiden,M.G., Chandel,N.S., Williamson,E.K., Schumaker,P.T.
and Thompson,C.B. (1997) Bcl-xL regulates the membrane potential
and volume homeostasis of mitochondi@ell, 91, 627-637.
Vaux,D.L., Cory,S. and Adams,J.M. (1988cl-2 gene promotes
haematopoetic cell survival and co-operates withyeto immortalize
pre-B cells Nature 335 440-442.
Weinberg,R.A. (1991) Tumor suppressor geisesence254, 1138—-1146.

6902



