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The tumor suppressor p53 plays a key role in inducing G, arrest and apoptosis following DNA damage. The
double-stranded-RNA-activated protein PKR is a serine/threonine interferon (IFN)-inducible kinase which
plays an important role in regulation of gene expression at both transcriptional and translational levels. Since
a cross talk between IFN-inducible proteins and p53 had already been established, we investigated whether and
how p53 function was modulated by PKR. We analyzed p53 function in several cell lines derived from PKR*/*
and PKR™/~ mouse embryonic fibroblasts (MEFs) after transfection with the temperature-sensitive (¢s) mu-
tant of mouse p53 [p53(Vall35)]. Here we report that transactivation of transcription by p53 and G,/G, arrest
were impaired in PKR ™'~ cells upon conditions that ts p53 acquired a wild-type conformation. Phosphorylation
of mouse p53 on Ser'® was defective in PKR™/~ cells, consistent with an impaired transcriptional induction of
the p53-inducible genes encoding p21"VA¥<P! and Mdm2. In addition, Ser'® phosphorylation and transcrip-
tional activation by mouse p53 were diminished in PKR™/~ cells after DNA damage induced by the anticancer
drug adriamycin or +y radiation but not by UV radiation. Furthermore, the specific phosphatidylinositol-3
(PI-3) kinase inhibitor LY294002 inhibited the induction of phosphorylation of Ser'® of p53 by adriamycin to
a higher degree in PKR*'™ cells than in PKR ™/~ cells. These novel findings suggest that PKR enhances p53 tran-
scriptional function and implicate PKR in cell signaling elicited by a specific type of DNA damage that leads

to p53 phosphorylation, possibly through a PI-3 kinase pathway.

The tumor suppressor p53 protein is critical for regulation of
the cell cycle upon genotoxic insult. When DNA is damaged by
radiation or chemicals, cells respond rapidly by arresting the
cell cycle and/or inducing apoptosis (reviewed in references 39,
47, and 72). G, arrest requires the activity of wild-type p53; this
presumably allows the damaged cell to carry out effective DNA
repair, and thereby genomic integrity is maintained. In other
cases, either when DNA repair cannot be completed success-
fully or when the cell is not programmed to respond by a viable
growth arrest, p53 activation may destine the cell for apoptosis.

p53 functions as a transcription factor, and major down-
stream targets, including p21WAFV<P1 an inhibitor of the cy-
clin-dependent kinases, have been identified (39). Although
the p53 transcriptional function is important for cell cycle
arrest, it may not be essential for every case of p53-dependent
apoptosis (72). Growth suppression by p53, through the induc-
tion of either growth arrest or apoptosis, can be modulated by
several viral and cellular proteins (39, 47).

The double-stranded-RNA (dsRNA)-dependent protein ki-
nase PKR is an interferon (IFN)-inducible protein (reviewed
in reference 11). PKR, a polypeptide of 68 kDa in humans and
65 kDa in mice, is a serine/threonine kinase which is activated
by autophosphorylation upon binding to dsRNA (11). Acti-
vated PKR then phosphorylates the « subunit of the transla-
tion initiation factor elF-2, a modification that causes inhibi-
tion of protein synthesis (reviewed in reference 29). PKR
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exhibits antiviral (reviewed in reference 35) and antiprolifera-
tive (3, 8, 40, 51) activities. Consistent with an antiproliferative
action, PKR has been shown to induce cell death by apoptosis
(15, 45, 46, 66, 75). The molecular mechanisms by which PKR
regulates cell growth are not fully understood. One possibility
is the regulation of protein synthesis through eIF-2a phosphor-
ylation (3, 16); another is the modulation of signaling pathways
leading to gene transcriptional activation (11).

As proteins capable of regulating cell growth, PKR and p53
exhibit some similar properties. For example, (i) induction of
both proteins results in inhibition of cell growth in mammalian
(11, 47) or yeast (8, 56) cells, (ii) PKR and p53 are able to reg-
ulate gene expression at both the transcriptional and transla-
tional levels (11, 19, 39, 47), (iii) mutant forms of both PKR
and p53 can transform cells in culture (3, 39, 40, 51), (iv) mu-
tant forms of both proteins can block k-chain transcription and
pre-B-cell differentiation in vitro (39, 41), and (v) PKR and p53
can cooperate with the IFN regulatory factor 1 (IRF-1) in gene
transcriptional activation (36, 43, 67).

However, many properties of these proteins are distinct.
Specifically, (i) p53 is predominantly a nuclear protein (39),
whereas only a small fraction (~20%) of PKR exhibits nuclear
localization (32); (ii) PKR is required for antiviral responses
(35, 74), but p53 is not; (iii) p53 is essential for inducing cell
cycle arrest upon DNA damage (39), but it is not known
whether PKR is implicated in this process; (iv) depletion of
p53 induces spontaneous tumors in mice (39), whereas deple-
tion of PKR is not tumorigenic (1, 74); and (v) mutations in the
p53 gene have been detected in a broad range of human can-
cers (57), but so far the involvement of PKR in human cancer
has not been extensively studied, except in the case of some
hematopoietic neoplasms (25).
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It has been shown that the ability of some IFN-inducible
proteins to modulate the function of proteins that play a key
role in cell signaling and proliferation may explain, at least in
part, the antiproliferative effects of IFNs (9, 10, 14, 53, 73). We

have recently shown that PKR physically associates with p53

and modulates phosphorylation of human p53 on Ser** in

vitro (12). Here we further extend our observations on PKR
and p53 by providing evidence for a role of PKR in p53-
mediated transcriptional transactivation. We show that tran-
scriptional induction of p2/ and mdm?2 genes is reduced in
PKR /'~ cells expressing the temperature-sensitive (ts) mouse
p53(Vall35) mutant compared to PKR*'" #s p53-expressing
cells at the permissive temperature of 32°C, where p53 ac-
quires a wild-type conformation. In addition, basal phosphor-
ylation levels of mouse s p53 on Ser'® (the homologue of Ser'”
on human p53) are lower in PKR /" cells than in PKR*/*
cells. Moreover, induction of Ser'® phosphorylation of either ts
p53 or endogenous p53 was impaired in PKR ™/~ cells upon
DNA damage. These novel findings support the notion that
PKR, in addition to its interaction with p53 (12), is able to
modulate p53 transcriptional function by participating in sig-
naling pathways leading to p53 activation.

MATERIALS AND METHODS

Cell culture, transfections, and production of antibody. Mouse embryonic
fibroblasts (MEFs), 3T3-like immortalized fibroblasts, and BALB/c(10)1 cells
(generous gift from A. Levine) were grown in Dulbecco modified Eagle medium
(DMEM,; Life Technologies Inc.) supplemented with 10% heat-inactivated fetal
calf serum (FCS), 2 mM L-glutamine, and penicillin-streptomycin (100 U/ml).

Cells expressing the s p53(Vall35) mutant were generated by cotransfection
of immortalized polyclonal populations of MEFs from PKR** and PKR™/~
mice (74) based on a 3T3-like protocol (69) with pLTRp53(val135) DNA (gen-
erous gift from B. Vogelstein) and pcDNA3.1/zeo vector (Invitrogen) followed
by selection in zeocin (200 pg/ml; Invitrogen). All stable transfections were done
by the calcium phosphate method (60), whereas transient transfections of BALB/
¢(10)1 cells were performed with Lipofectamine Plus (Gibco BRL) according to
the manufacturer’s specifications.

The anti-P-Ser'> mouse monoclonal antibody (MAb) was developed by using
a phosphopeptide containing P-Ser'® of human p53, SVEPPLpS">QETFSDC,
which was chemically synthesized as described previously (38). A mouse was
immunized with this phosphopeptide after conjugation with keyhole limpet he-
mocyanin. A hybridoma to produce a MAb was obtained as described by Harlow
and Lane (26). MAb clone 5D7 was purified from the culture supernatant by
column chromatography using Sepharose CL-4B linked with the same phos-
phopeptide, followed by passage through a column of Sepharose CL-4B linked
with a corresponding unphosphorylated peptide, SVEPPLSQETFSD. Purified
antibodies recognized phosphopeptide but not unphosphorylated peptide in an
enzyme-linked immunosorbent assay (data not shown).

Induction of DNA damage. PKR™/* and PKR ™/~ cells (5 X 10° per 100-mm-
diameter dish) were irradiated with a ®°Co source and received 7 Gy of v radi-
ation, were treated with UV irradiation at 50 J/m?/s, or were treated with adria-
mycin (Sigma) at a final concentration of 1 WM as described elsewhere (63, 64,
67). Where indicated, the proteasome inhibitors ALLN (Sigma) and MG-132
(Biomol Research Laboratories) were added to the cells at a final concentration
20 uM each. The phosphatidylinositol-3 (PI-3) kinase inhibitor L'Y294002 (Cal-
biochem) was added to a final concentration 10 wM. Cells were harvested at in-
dicated times after DNA damage.

Cell extraction, immunoprecipitation, and immunoblot analysis. Cells were
washed with ice-cold 1X phosphate-buffered saline (PBS; 140 mM NaCl, 15 mM
KH,PO, [pH 7.2], 2.7 mM KCI) and lysed with 10 volumes of lysis buffer
consisting of 50 mM Tris-Cl (pH 8.0), 150 mM NaCl, 0.1 mM EDTA, 0.5%
Nonidet P-40, 10% glycerol, 1 mM dithiothreitol, 0.2 mM phenylmethylsulfonyl
fluoride, and aprotinin (3 wg/ml), pepstatin (1 pg/ml), leupeptin (1 pg/ml), 1 mM
Na;VO,, and 10 mM NaF. The lysates were centrifuged at 10,000 X g for 10 min,
and the supernatant (S10) was stored at —80°C.

For immunoprecipitation, 1 pg of affinity-purified anti-p53 rabbit polyclonal
antibody SC-6243 (Santa Cruz Biotechnology) or 1 pg of anti-p53 MAb PAb421
(Calbiochem) was added to the lysates. The reactions were incubated on ice at
4°C for 2 h, protein A-Sepharose (Pharmacia) was added, and lysates were
further incubated at 4°C for 1 h with rocking. The beads were collected by
centrifugation and washed three times with ice-cold lysis buffer. The beads were
boiled in sodium dodecyl sulfate (SDS) sample buffer, and immunoprecipitated
p53 was subjected to SDS-polyacrylamide gel electrophoresis (PAGE).

For immunoblot analysis, immunoprecipitates or whole-cell extracts (~50 pg
of protein) were subjected to electrophoresis on SDS-10% polyacrylamide gels
and transferred onto a polyvinylidene difluoride (PVDF) membrane (Immo-
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bilon-P; Millipore) in 25 mM Tris-Cl (pH 7.5)-190 mM glycine-20% (vol/vol)
methanol for 1 h at 300 mA. The filter was first blocked with 5% (wt/vol) nonfat
dried skimmed milk powder in 1X PBS for 1 h at room temperature and then
incubated for 1 h at room temperature with 25% fetal bovine serum and 0.5%
(vol/vol) Triton X-100 in 1X PBS containing the following antibodies, each at 1
pg/ml: mouse anti-P-Ser'> p53 MADb clone 5D7, mouse anti-p5S3 MAb PAb421
(Calbiochem), mouse antiactin MAb clone C4 (ICN), a mix of mouse anti-Mdm2
MAbs (clones 2A10 and 4B11; generous gift from A. Levine), and rabbit anti-
serum to p53 (CM-1) or rabbit antiserum to p21 (C-19; Santa Cruz). Blots were
washed three times with 1X PBS-0.5% Triton X-100 and incubated with horse-
radish peroxidase (HRP)-conjugated sheep anti-mouse or donkey anti-rabbit
immunoglobulin (Ig) (Amersham) for 1 h at room temperature. The blots were
washed three times with 1X PBS-0.5% Triton X-100, and the proteins were
visualized by enhanced chemiluminescence as specified by the manufacturer
(Amersham).

Electrophoretic mobility shift assays (EMSAs). For gel mobility shift assays,
cell extracts were prepared as previously described (73). To measure p53 DNA
binding, 10 pg of protein extracts was added to [a-*?P]dGTP-labeled oligonu-
cleotide (0.5 to 2.0 ng) containing ~2 X 10° cpm. The dsDNA oligonucleotide
used was 5'-GATCCCGGCATGTCCGGGCATGTCCGGGCATGT-3', which
contains two tandem repeats (underlined) of the nearly palindromic sequence
GGCATGTCC shown to be bound by p53 with high affinity (24). Binding reac-
tions were contained in a buffer with 10 mM Tris-Cl (pH 8), 0.1 mM zinc acetate,
1 mM dithiothreitol, 5% glycerol, and poly(dI-dC) (250 ng/ml). Protein-DNA
complexes formed during a 30-min incubation at room temperature were sub-
sequently electrophoresed on a 6% nondenaturing polyacrylamide gel in 0.5X
Tris-borate-EDTA at 400 V at 4°C. To induce p53-DNA complex formation, 100
ng of affinity-purified PAb421 (Calbiochem) was added to the binding reactions
(24). To ensure the specificity of interactions, a 200-fold excess of unlabeled
dsDNA oligonucleotide was used in cold competition reactions. DNA-protein
complexes were visualized by autoradiography.

Northern blot analysis. Total RNA was isolated by the guanidium thiocyanate
method (7). RNA (10 pg) was denatured with glyoxal and dimethyl sulfoxide and
subjected to electrophoresis on a 1% agarose gel in 10 mM sodium phosphate
buffer (pH 7.0) (60). RNA was transferred onto a nylon membrane (BioTrans;
ICN). Hybridization was performed at 65°C for 16 h with [a->*P]dATP-labeled
random-primed ¢cDNA probes (20) (5 X 10° cpm/ml) consisting of the EcoRV/
Stul fragment of mouse p53 cDNA, the entire sequences of both mouse p27 and
mdm?2 cDNAs, or the entire sequence of mouse B-actin cDNA. After hybridiza-
tion, the filters were washed with 0.1X SSC (150 mM NaCl, 15 mM sodium
citrate [pH 7.0]) plus 0.1% SDS for 1 h at 50°C. The filters were exposed to X-ray
film for 16 h.

FACS analysis. Cells (3 X 10°) were preplated in 150-mm-diameter petri
dishes for 24 h in DMEM-10% FCS and were kept in DMEM-0.5% FCS for
48 h. Serum-deprived cells were then stimulated with 10% FCS and incubated at
32°C for various periods of time. At the appropriate time, cells were collected
with PBS plus 1 mM EDTA and stained for DNA content with propidium iodide
(Sigma) as previously described (70). Cell fractions were then subjected to
fluorescence-activated cell sorting (FACS) analysis on a Becton Dickinson FAC-
Scan.

RESULTS

Generation of PKR*'* and PKR™/~ cell lines expressing a
ts mutant of p53. To investigate a role of PKR in p53 function,
we used the mouse fs mutant p53(Vall35) (52). It has been
shown that in cells expressing p53(Vall35), p53 is maintained
in a mutant conformation at the restrictive temperature of
37°C, whereas at the permissive temperature of 32°C, p53
assumes a wild-type conformation (52).

To generate cell lines expressing p5S3(Vall35), immortalized
polyclonal populations of PKR™* and PKR ™/~ MEFs (74)
were transfected with the fs p53 gene and a zeocin resistance
marker. Twenty drug-resistant clones from each cell type were
screened for ts p53 expression by Northern blotting. Among
them, two and four independent PKR ™" and PKR '~ clones,
respectively, were found to express ~5-fold-higher levels of
mouse p53 RNA compared to zeocin-resistant control clones
(Fig. 1A, top panel). Similar levels of overexpression of the zs
pS3 protein were observed in all transfected clones after im-
munoblotting with anti-p53 antibody PAb421 (Fig. 1B, top
panel) and normalization with an antiactin antibody (Fig. 1B,
bottom panel).

PKR is implicated in p53-mediated induction of p2
and Mdm2 and in G,/G, arrest. To test for an effect of PKR on
pS3, we examined the levels of p21 and Mdm?2 proteins in the

1WAF1/Cip1
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FIG. 1. Generation of PKR™* and PKR ™/~ cell lines expressing the s p53.
(A) Northern blot analysis. Total RNA (10 wg) from cell lines transfected with
the #s p53 cDNA was subjected to Northern blotting using as a probe (top panel)
the 32P-labeled mouse p53 cDNA, which recognizes both endogenous mouse p53
and ts mouse p53 RNAs. For normalization, the membrane was stripped and
reprobed with #?P-labeled actin cDNA (bottom panel). (B) Immunodetection of
p53 in PKR™/* and PKR ™/~ cells transfected with p53(Val135). Lysates (50 p.g
of protein) from each clone were resolved by SDS-PAGE (10% gel) and then
electrophoretically transferred to a PVDF membrane. p53 protein levels were
detected by immunoblotting with PAb421 (top panel), which cross-reacts with
both the endogenous mouse p53 and transfected s p53. The membrane was
stripped and reprobed with an antiactin antibody to ensure equal protein loading
of the samples (bottom panel). (A and B) Lanes 1 and 4, PKR** and PKR™/~
cells transfected with the zeocin resistance gene only (control [CON] clones);
lanes 2 and 3, PKR™/* clones transfected with the s p53 gene; lanes 5 to 8,
PKR ™/~ clones transfected with ts p53 gene.

p53(Vall35) clones. PKR™* and PKR /" cells were either
maintained for 12 h at 37°C, where p53 is mainly in a mutant
conformation, or shifted to 32°C, where p53 acquires a wild-
type form (Fig. 2). Immunoblot analysis of cell extracts pre-
pared at the two different temperatures with anti-Mdm?2 anti-
bodies (Fig. 2, second panel) or an anti-p21 antibody (Fig. 2,
third panel) showed that expression of either protein was more
highly induced at 32°C in the two independent PKR ™/ cell
lines (lanes 4 and 6) compared to the two independent
PKR /" cell lines (lanes 10 and 12). Similar data were ob-
tained when the other two independent PKR ™/~ clones over-
expressing p53(Vall35) were examined (data not shown).
These data implicate PKR in the induction of p21 and Mdm?2
protein expression by s p53.

All cell lines expressing p53(Vall35) displayed similar growth
rates and morphology when maintained at 37°C. However, af-
ter being shifted to 32°C, PKR™'* cells grew less well than
PKR ™/~ cells (data not shown). We reasoned that the growth
variations of PKR*/* and PKR ™/~ cells were most likely due
to the differences in p21 expression and cell cycle progression
as result of p53 activation. In fact, cell cycle analysis of PKR™/™*
and PKR /™ cells expressing ts p53 revealed some differences
in cell cycle progression. As shown in Fig. 3A, ts p5S3-expressing
PKR ™/ cells arrested at G,/G, by serum deprivation failed to
reenter cell cycle when stimulated with serum and maintained
at 32°C for various periods of time. In contrast, PKR /" cells
expressing s p53 bypassed the G,/G, arrest after serum stim-
ulation (Fig. 3B), although a fraction of these cells accumu-
lated at G,+M when maintained at 32°C for prolonged time
periods (see Discussion).

REGULATION OF p53 TRANSCRIPTIONAL FUNCTION BY PKR 2477

PKR modulates p53 function at the transcriptional level.
We then wished to determine the level at which PKR exerts its
effect on p53. The regulation of p21 and Mdm?2 protein ex-
pression in PKR™* and PKR /™ cells expressing s p53 could
have taken place at the transcriptional level and/or a posttran-
scriptional level. To distinguish between the two possibilities,
p21 and mdm2 RNA levels were assessed by Northern blot
analysis (Fig. 4). PKR*'* and PKR ™/~ cell lines expressing ts
p53 were either maintained at 37°C (lanes 1 and 6) or switched
to 32°C for 1 (lanes 2 and 7), 3 (lanes 3 and 8), 6 (lanes 4 and
9), and 12 (lanes 5 and 10) h. RNA and protein extracts were
isolated in parallel and subjected either to Northern blotting
for mdm2 and p21 RNA expression (Fig. 4A) or immunoblot-
ting for p21 protein expression (Fig. 4B). Induction of p21 and
mdm2 RNAs took place with similar kinetics in both PKR™/™*
and PKR /" cells in conditions such that £ p53 acquired a
wild-type conformation (Fig. 4A, top panel). However, mdm?2
and p21 RNA levels (Fig. 4A, top panel) normalized to actin
RNA (bottom panel) were 2.0- to 2.5-fold higher in PKR*/*
cells than in PKR ™/~ cells (compare lanes 2 to 5 with lanes 7
to 10). In parallel, immunoblot analysis with an anti-p21 anti-
body revealed that induction of p21 protein had kinetics sim-
ilar to the kinetics of induction of p21 RNA and was ~2.5-fold
higher in PKR™/* cells than in PKR /" cells (Fig. 4B). The
higher basal p21 protein levels for PKR*/* cells (lane 1) than
for PKR ™/~ cells (lane 6) may be explained by a higher fraction
of ts pS3 being in a wild-type conformation when cells are
maintained at 37°C. The double band of p21 protein (Fig. 4B,
top panel) might be due to expression of a p21 isoform (faster-
migrating band) as reported previously (58). In this regard,
it is worth mentioning that experiments with actinomycin D
showed no differences in p27 and mdm2 RNA stability between
PKR*/* and PKR ™/~ ts p53-expressing cells in conditions
such that ts p53 acquired a wild-type conformation (data not
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FIG. 2. Impaired expression of p21WVAFV/CiPl and Mdm?2 in PKR ™/~ cells
expressing p53(Val135). PKR™™ (lanes 1 to 6) and PKR™/~ clones (lanes 7 to
12) expressing p53(Val135) (lanes 3 to 6 and 9 to 12, respectively) were main-
tained for 12 h in conditions such that p53 acquires a mutant (37°C; lanes 1, 3,
5, 7,9, and 11) or wild-type (32°C; lanes 2, 4, 6, 8, 10, and 12) form. Protein
extracts (50 pg) were analyzed for p53, p21, and Mdm2 protein expression by
immunoblot analysis using anti-p53 MAb PAb 421 (top panel), a mix of anti-
Mdm2 MAbs 2A10 and 4B11 (second panel from top), rabbit antisera to p21
(third panel from top), or antiactin MAb (bottom panel). As controls (CON),
PKR*/* (lanes 1 and 2) and PKR ~/~ (lanes 7 and 8) clones expressing the zeocin
resistance gene only were used. To avoid redundancy, results for two of the four
PKR ™/~ clones overexpressing p53(Val135) are shown.
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FIG. 3. PKR is implicated in G(/G, arrest by ts p53. Shown is cell cycle analysis of PKR*/* and PKR '~ clones expressing s p53. Cells were incubated in
DMEM-0.5% FCS for 48 h, refed with 10% FCS, and incubated at 32°C for the indicated periods of time. Cells were then fixed, stained with propidium iodide, and
subjected to cell cycle analysis as described in Materials and Methods. M1, fraction of cells in G/G; phase; M2, cells in S phase; M3, cells in G,+M.

shown). The above findings suggest that PKR exerts an effect
on p53 activity at the transcriptional level.

The DNA-binding activity of #s p53 is not modulated by
PKR. Given that the regulation of p53 transcriptional function
by PKR could have been exerted at the DNA-binding and/or
transactivation levels, we examined whether p53 DNA bind-
ing was affected by PKR. To this end, we analyzed the DNA-
binding capacity of ts p53 in PKR™/* and PKR™/~ cells by
EMSAs (Fig. 5). Control (zeocin-resistant) cells (lanes 1 to 3
and 7 to 9) or ts pS3-expressing cells (lanes 4 to 6 and 10 to 12)
were maintained either at 37°C or at 32°C, and extracts were
isolated and incubated with a **P-labeled dsDNA oligonucle-
otide containing a consensus sequence that is bound by p53
with high affinity (24). All reactions included the anti-p53 MAb
PADb421 which binds to the carboxy terminus of p53 and en-
hances p53 sequence-specific DNA binding (24). The p53-
DNA complex was readily detected in all cells expressing ts p53
(lanes 4, 5, 10, and 11) but not in control cells (lanes 1, 2, 7, and
8). This difference may be explained by the differences in p53
protein levels between control cells and cells expressing ts
p53 (Fig. 1B). However, the amount and mobility of the
p53-DNA complex did not significantly vary between PKR ™/
and PKR ™/~ cells expressing ts p53 (compare lanes 4 and 5
with lanes 10 and 11), suggesting that PKR most likely does not
affect DNA binding of fs p53. In these experiments, we also
noticed that there were no significant differences in DNA bind-
ing of ts p5S3 when cells were maintained either at 37°C (lanes
4 and 10) or at 32°C (lanes 5 and 11). Although this result
appears to be inconsistent with the presence of an active form
of ts pS3 at 32°C, such a DNA-binding pattern of ts pS3 has
already been reported and explained by the possibility that a
minor fraction of wild-type p53 suffices to promote growth
suppression at 32°C (31).

Transcriptional activation of p53-inducible genes is en-
hanced by PKR upon DNA damage. Since there were no de-
tectable differences in DNA binding of #s p53 between PKR*/*
and PKR /" cells, we sought to examine whether PKR might
modulate p53 transactivation capacity. It has been shown that
the transactivation capacity of p53 is highly induced in re-

sponse to DNA damage (64). We reasoned that if PKR mod-
ulated p53 transactivation, then induction of p53-inducible
genes should be defective in PKR ™/~ cells after DNA damage
(17, 18, 34). This possibility was first examined in PKR*/* and
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FIG. 4. Transcriptional activation of p21 and mdm?2 genes by p53 is enhanced
by PKR. (A and B) PKR™* and PKR ™/~ cells expressing ts p53 were either
maintained at 37°C (lanes 1 and 6) or switched to 32°C for 1 (lanes 2 and 7), 3
(lanes 3 and 8), 6 (lanes 4 and 9), and 12 (lanes 5 and 10) h. (A) Northern blot
analysis. Total RNA (10 pg) was subjected to Northern blot analysis using a mix
of 3*P-labeled mdm?2 and mouse p21 ¢cDNAs as a probe (top panel). The levels
of mdm?2 and p2] RNA expression were normalized to actin RNA (bottom
panel). (B) Immunodetection of p21 levels in PKR*/* and PKR ™/~ cells ex-
pressing ts p53. Cell extracts (50 wg of protein) were subjected to SDS-PAGE
(12% gel), electrotransferred to a PVDF membrane, and probed with an anti-
p21 antibody. The blot was stripped and reprobed with an antiactin antibody for
normalization of protein extracts. (A and B) Quantification of bands was per-
formed by scanning autoradiograms in the linear range of exposure with a
Chemiimager 4000 imaging system and analyzing with spot densitometry soft-
ware (Alpha Innotech Corporation).
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FIG. 5. DNA binding of ts p53 is not affected by PKR. EMSA was performed
with cell extracts from control (CON) zeocin-resistant PKR™* and PKR™/~
cells (lanes 1 to 3 and 7 to 9) or cells expressing s p53 (lanes 4 to 6 and 10 to 12)
which were incubated at either 37°C (lanes 1, 4, 7, and 10) or 32°C (lanes 2, 3, 5,
6, 8, 9, 11, and 12). Cell extracts (10 wg of protein) were incubated with a
32p_labeled dsDNA oligonucleotide which contains the consensus DNA-binding
site of p53. Binding reaction mixtures contained 100 ng of affinity-purified anti-
p53 MAb PADb421, which induces the sequence-specific DNA binding of p53. A
200-fold excess of unlabeled dsDNA oligonucleotide was added in cold compe-
tition reactions (lanes 3, 6, 9, and 12).

PKR /" cells derived from spontaneously immortalized MEFs
(74). As a means of inducing DNA damage, we used the an-
ticancer drug adriamycin, which has been previously shown to
activate p53 (48), whereas we examined the expression levels
of p21 protein as a marker for p53-mediated transactivation
(18). Adriamycin treatment resulted in induction of p21 pro-
tein levels in both PKR ™" and PKR /™ cells (Fig. 6A, middle
panel). However, expression of p21 protein normalized to actin
levels was ~3-fold higher in PKR*/* cells than in PKR ™/~
cells and reached its maximal level at 24 h after treatment (Fig.
6A; compare lanes 2 to 5 with 7 to 10). This effect was not due
to variations of p53 protein levels since immunoblot analysis
with an anti-p53 antibody showed similar amounts of p53 in
both PKR*/* and PKR ™~ cells (Fig. 6A, top panel). We also
checked p21 levels in primary MEFs derived from PKR*/* and
PKR /" mice (1). Similar to results for immortalized poly-
clonal populations (Fig. 6A), p21 protein levels normalized to
actin were ~2-fold higher in PKR*/* MEFs than in PKR ™/~
MEFs (Fig. 6B; compare lanes 2 to 5 with lanes 7 to 10),
reaching maxima 12 h after adriamycin treatment (compare
lane 4 with lane 9). The downregulation of p21 protein in both
PKR /" (lane 5) and PKR /" (lane 10) MEFs could be due to
cell death observed for both cell types 24 h after adriamycin
treatment. In addition, FACS analysis of adriamycin-treated
cells showed an impaired G, arrest of PKR ™/~ cells compared
to PKR™™" cells but no significant differences in apoptosis
(data not shown). These data are consistent with a role for
PKR in p21 induction and cell cycle arrest in response to DNA
damage and can be explained by a diminished p53 transacti-
vation capacity in PKR ™/~ cells.

Phosphorylation of mouse p53 on Ser'® is impaired in
PKR ™/~ cells. Several lines of evidence indicate that p53 trans-
activation capacity is affected by phosphorylation (65). For
example, phosphorylation of p53 within its amino-terminal do-
main has been suggested to be required for its maximal tran-
scriptional activity (50). Of the seven serine residues present
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within the first 60 amino acids of human p53, Ser'” is the most
highly conserved among all p53 species (21). Phosphorylation
of Ser'® of human p53 has been shown to play a role in cell
cycle progression (21) and be induced by a variety of genotoxic
stimuli (63, 64).

Detection of site-specific p5S3 phosphorylation is now possi-
ble with the development of antibodies that specifically recog-
nize phosphorylated epitopes of p53 (2, 5, 33, 49, 63, 64, 71).
To examine an effect of phosphorylation on p53 transactiva-
tion, we used a mouse MAD that specifically recognizes phos-
phorylation of human p53 on Ser'® (Ser'® in mouse p53) (2, 5).
First, we tested the suitability of the P-Ser'® antibody for
mouse p53. Wild-type mouse p53 cDNA or a Ser'®-Ala mutant
mouse p53 cDNA was expressed in the p53-negative BALB/c
(10)1 cell line (27) by transient transfection (Fig. 7A). Cell
extracts were subjected to immunoblot analysis first with the
anti-P-Ser'> human p53 antibody (Fig. 7A, top panel) and then
with the mouse anti-p53 PAb421 (Fig. 7A, bottom panel) be-
fore (lanes 1, 3, and 5) or after (lanes 2, 4, and 6) adriamycin
treatment. Phosphorylation of p53 was detected with the wild-
type mouse p53 (lanes 3) in the absence of DNA damage but
not with the Ser'®-Ala mutant of mouse p53 (lane 5). DNA
damage with adriamycin slightly induced phosphorylation of
wild-type mouse p53 (lane 4) but had no effect on mutant p53
(lane 6). These data demonstrate the suitability of the anti-P-
Ser'® human p53 MAD for detection of phosphorylation of the
mouse protein. The high levels of Ser'® phosphorylation of
wild-type mouse p53 in the absence of DNA damage (lane 3)
could be due to p53 activation by stress induced during the
transient transfection.

Then we examined the basal levels of p53 phosphorylation in
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FIG. 6. PKR enhances the induction of p21WAF! expression upon DNA
damage. (A and B) Induction of p21 in PKR*/* and PKR /" cells in response
to adriamycin (AD). Exponentially grown cells (~3 X 10%150-mm-diameter
dish) were left untreated (lanes 1 and 6) or treated with 1 wM adriamycin for 3
(lanes 2 and 7), 6 (lanes 3 and 8), 12 (lanes 4 and 9), and 24 (lanes 5 and 10) h.
Protein extracts (~250 wg) were subjected to immunoprecipitation with anti-p53
antibody PAb421, transferred onto a PVDF membrane, and immunoblotted with
the rabbit antiserum to p53 (CM-1; A, top panel). Cell extracts (50 pg of protein)
were resolved by SDS-PAGE (12% gel) and subjected to immunoblot analysis
first with anti-p21 antibody (A, middle panel; B, top panel) and then with
antiactin antibody (bottom panels). (A) Spontaneously immortalized polyclonal
populations derived from PKR™* and PKR™~ MEFs. (B) Primary PKR*/*
and PKR ™/~ MEFs grown between passages 2 and 3. (A and B) Quantification
of bands performed by scanning autoradiograms in the linear range of exposure
with a Chemiimager 4000 imaging system and analyzing the results with spot
densitometry software (Alpha Innotech Corporation).
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FIG. 7. PKR enhances phosphorylation of #s p53 on Ser'®. (A) The anti-P-
Ser'> human p53 antibody specifically recognizes P-Ser'® of mouse p53. BALB/
¢(10)1 cells lacking endogenous p53 were transiently transfected either with a
wild-type mouse p53 cDNA (lanes 3 and 4) or a Ser'®-Ala mutant (mut) of mouse
p53 ¢cDNA (lanes 5 and 6). Thirty-six hours after transfection, cells were treated
with adriamycin (AD) for 1 h (lanes 2, 4, and 6). Cell extracts (50 pg of protein)
were subjected to SDS-PAGE (12% gel), electrotransferred to a PVDF mem-
brane, and probed first with the anti-P-Ser!> human p53 antibody (top panel) and
second with mouse anti-p53 antibody PAb421 (bottom panel). Lanes 1 and 2,
mock-transfected cells before (lane 1) and after (lane 2) adriamycin treatment.
(B) Immunodetection of s p53 phosphorylation in PKR*/* and PKR™/~ cells,
using a mouse MAb specific for P-Ser'® of human p53. PKR*/* and PKR ™/~
cells expressing ts p53 were either maintained at 37°C (lanes 1 and 4) or shifted
to 32°C for 3 (lanes 2 and 5) and 6 (lanes 3 and 6) h. (C) For DNA damage, cells
were shifted to 32°C for 6 h (lanes 1 and 4) and preincubated with the protea-
some inhibitors ALLN and MG-132 for 1 h (lanes 1 to 6) before treatment with
adriamycin for 3 (lanes 2 and 5) or 6 (lanes 3 and 6) h. Cell extracts (50 pg of
protein) were subjected to SDS-PAGE (10% gel) and immunoblot analysis first
with the mouse anti-P-Ser'> MAb (B and C, top panels) and then with mouse
anti-p53 MAb PAb421 (bottom panels).

PKR"™" and PKR /" cells expressing ts p53. Immunoblot
analysis with the anti-P-Ser'> MADb showed that #s p53 is con-
stitutively phosphorylated in both PKR*/* and PKR /" cells
(Fig. 7B, top panel). We also observed that phosphorylation of
p53 was detectably induced in both cell types in conditions such
that #s pS3 acquired a wild-type form (Fig. 7B, top panel;
compare lane 1 with lanes 2 and 3, and lane 4 with lanes 5 and
6). However, the overall phosphorylation levels of zs p53 were
~50% higher in PKR™/" cells than in PKR '~ cells (Fig. 7B,
top panel; compare lanes 1 to 3 with lanes 4 to 6) whereas p53
protein levels were the same in both cell types, as judged by
immunoblot analysis with the anti-p53 antibody PAb421 (Fig.
7B, bottom panel).

Next we measured Ser'® phosphorylation of the ts p53 in
PKR** and PKR™/~ cells in response to DNA damage in-
duced by adriamycin (Fig. 7C, top panel). In this experiment,
cells were first shifted to 32°C for 6 h (lanes 1 and 4) and then
incubated in the presence of 1 pM adriamycin for additional
3 h (lanes 2 and 5) or 6 h (lanes 3 and 6). Immunoblot analysis
with the anti-P-Ser’> MAD revealed a ~5-fold higher level of
p53 phosphorylation in PKR /" cells than in PKR ™/~ cells
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(Fig. 7C, top panel; compare lanes 2 and 3 with lanes 5 and 6).
This effect was not due to the differences in #s p53 levels since
immunoblot analysis with PAb421 showed equal levels of p53
protein in all samples (Fig. 7C, bottom panel). Detection of
basal levels of ts p53 phosphorylation (Fig. 7C, top panel, lanes
1 and 4) was possible after long exposure (data not shown).
PKR enhances Ser'® phosphorylation of mouse p53 in re-
sponse to DNA damage. The anti-P-Ser'> MAb was subse-
quently used to examine the phosphorylation status of p53 in
PKR*"* and PKR™/~ cells in response to a variety of geno-
toxic stimuli. Immortalized PKR™* and PKR ™~ cells were
subjected to DNA damage with adriamycin (Fig. 8A), «y radi-
ation (Fig. 8B), or UV radiation (Fig. 8C) for various periods
of time. Cell extracts were subjected to immunoprecipitation
with rabbit antisera to p53 followed by immunoblot analysis
with either the anti-P-Ser'> MAD (Fig. 8, top panels) or the
mouse anti-p53 MAb PAb421 (Fig. 8, bottom panels). All
treatments induced phosphorylation of endogenous mouse p53
on Ser'® in both PKR™" and PKR /"~ fibroblasts. However,
phosphorylation of p53 normalized to p53 protein levels was
~5-fold higher in PKR™/* cells than in PKR ™/~ cells after
adriamycin or y-radiation treatment (Fig. 8A and B; compare
lanes 2 and 6, 3 and 7, and 4 and 8). In contrast, no differences
in p53 phosphorylation were observed when cells were treated
with UV (Fig. 8C). Similar data were obtained with the pres-
ence of ALLN and MG-132 upon adriamycin treatment (data
not shown), suggesting that proteasome inhibitors have no
pleiotropic effects leading to Ser'® p53 phosphorylation in re-

A. ++ o
PKR PKR

1wmabm o 3 6 2llo 3

Anti-P-Ser'8 MAb
Western

6 12I

—-— — — “ s we  4-P-Ser'8 p53

T T I ———Y

Western

1 2 3 4 5 6 7 8
Treatment: Adriamycin

B.
PKR ** PKR *

HousPLOGY | o 1 3 ¢llg | 3 6!

Anti-P-Ser's MAb 1gG H.C.
Western e «P—Ser“ p53
Anti-p53 MAb 2 53
Western P

1 2 3 4 5 6 7 8
Treatment: y-Irradiation

= PKR ** PKR -

HoursP.l.(SOJ/mz)lo 1 3 6 | Io 1 3 6 1
Anti-P-Ser'® MAb

IgG H.C.

Western s G+ —_—— #P-Ser“ ps3
Anti-p53 MAb
Western +pS3

1 2 3 4 5 6 7 8
Tr t: U.V.C. Irradiati

FIG. 8. PKR enhances p53 phosphorylation on Ser'® in response to DNA
damage. Cell extracts from PKR** and PKR ™/~ cells were prepared after
treatment with adriamycin (AD) (A), vy radiation (7 Gy), (B), or UV radiation
(50 J/m?) (C) for the indicated periods of time postinfection (P.I.). Protein
extracts (~250 pg) were subjected to immunoprecipitation with a rabbit anti-p53
polyclonal antibody, transferred onto a PVDF membrane, and immunoblotted
with the mouse anti-P-Ser'> MAb (upper panels). The membranes were stripped
and reprobed with the mouse anti-p53 antibody PAb421 (lower panels). The
faint slowly migrating band above p53 present in all lanes after immunoblotting
with the anti-P-Ser'® antibody (B and C, top panels) is a fraction of the heavy
chain of rabbit IgG (IgG H.C.) recognized by the secondary HRP-conjugated
sheep anti-mouse IgG and was visible after long exposures only.
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FIG. 9. PKR is implicated in PI-3 kinase pathway(s) leading to p53 phos-
phorylation. PKR*/* and PKR™/~ cells were treated with 10 uM specific PI-3
kinase inhibitor LY294002 and 1 uM adriamycin (AD) in the presence of ALLN
and MG-132. To avoid a possible degradation of LY294002 during the treat-
ment, adriamycin was added for 1 h only. Protein extracts (~250 pg) were
subjected to immunoprecipitation with a rabbit anti-p53 polyclonal antibody and
resolved by SDS-PAGE (10% gel) followed by immunoblotting with the mouse
anti-P-Ser'> MAb (upper panels). The membranes were stripped, and p53 pro-
tein levels were visualized by immunoblot analysis using mouse anti-p53 antibody
PAb421 (lower panels). The faint slowly migrating band above p53 (top panel,
lanes 5 to 8) is a fraction of the heavy chain of rabbit IgG (IgG H.C.) recognized
by the secondary HRP-conjugated sheep anti-mouse IgG.

sponse to DNA damage. These findings demonstrate that
phosphorylation of Ser'® of mouse p53 is defective in PKR ™/~
cells upon certain types of DNA damage.

PKR is possibly implicated in a PI-3 kinase like pathway
leading to activation of p53 by phosphorylation. ATM (mutat-
ed in ataxia telangiectasia), DNA-PK (dsDNA-activated pro-
tein kinase), and possibly other members of the PI-3 kinase
family have been implicated in the phosphorylation of human
p53 on Ser'® (2, 5, 63, 64). Based on this finding, we wished to
examine whether phosphorylation of mouse p53 on Ser'® in
PKR** and PKR™/~ cells was affected by the potent and
specific PI-3 kinase inhibitor L'Y294002 (Fig. 9). PKR"/* and
PKR ™/~ cells were incubated with the proteasome inhibitors
ALLN and MG-132 in the absence or presence of LY294002
before or after treatment with adriamycin. Immunoprecipita-
tion with rabbit antisera to p5S3 and immunoblot analysis with
the anti-P-Ser'> MAb (Fig. 9, top panel) showed that adria-
mycin-induced p53 phosphorylation (lanes 2 and 6) was signif-
icantly reduced in PKR™/" cells in the presence of LY294002
(lane 4) but not in PKR ™/~ cells (lane 8). Consequent immu-
noblot analysis with PAb421 (Fig. 9, bottom panel) showed
that these differences were not due to variations of the immu-
noprecipitated p53. Similar results were obtained when an-
other PI-3 kinase inhibitor, wortmannin, was used (data not
shown). This finding indicates that PKR possibly participates
in a PI-3 kinase signaling pathway(s) that leads to phosphory-
lation of p53.

DISCUSSION

The IFN-inducible protein kinase PKR has been suggested
to play an important role in viral infection by regulating pro-
tein synthesis through phosphorylation of eIF-2a (11). In ad-
dition to translational control, several reports have implicated
PKR in signaling pathways leading to transcriptional activation
(11). In this report, we have extended the observations on the
transcriptional role of PKR by providing strong evidence for its
function in the transcriptional activation by the tumor suppres-
sor p53.

The approach that we took to address a possible role of PKR
in p53 function was to generate mouse cell lines with either a
PKR*"* or a PKR™/~ background expressing the #s p53 mu-
tant p53(Vall35). Using these cell lines, we have demonstrated
that p53 transcriptional capacity is diminished in PKR /"~ cells
in conditions such that zs p53 acquires a wild-type form (Fig. 2
and 4). We have also shown that s p53-expressing PKR ™/~
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cells can bypass G,/G, arrest imposed by serum deprivation
when stimulated with serum and maintained at the permissive
temperature of 32°C (Fig. 3, top panel). In contrast, ts p53-
expressing PKR™/* cells failed to reenter the cell cycle in the
same conditions (Fig. 3, bottom panel). These differences may
be explained, at least in part, by the lower levels of p21 expres-
sion in ts p53 PKR /™ cells than in PKR™/* cells at 32°C (Fig.
2 and 4). In these experiments, we also noticed an accumula-
tion of the s p53 PKR ™/~ cells in G,+M after serum stimu-
lation and incubation at 32°C for 24 or 36 h (Fig. 3, bottom
panel). At the present there is no clear explanation for this
event. Our data indicate that PKR may be required for pro-
gression through the G,/M phase. Since p53 activation is also
implicated in the G,/M checkpoint (39, 47), such a property of
PKR may be independent of p53 since G,/M accumulation
cannot be explained by an impaired function of s p53 in
PKR ™/~ cells.

Having eliminated any changes in p53 DNA binding as a
means of explaining how PKR regulates p53-mediated tran-
scriptional activation, we turned our attention to the phosphor-
ylation state of p53. p53 is phosphorylated on multiple sites by
several kinases such as DNA-PK, protein kinase C, mitogen-
activated protein kinase, casein kinase I (CKI), and CKII (re-
viewed in reference 65). In this regard, we have recently shown
that PKR physically associates with p53 and phosphorylates
human p53 on Ser**? in vitro (12). Although the role of Ser***
phosphorylation in p53-mediated transcriptional activation is
not well understood (65), phosphorylation of human p53 on
serine residues within the amino-terminal domain, including
Ser'?, has been suggested to play a role in p53 transcriptional
function (63, 64) and p53-mediated inhibition of cell cycle
progression (21). To detect p53 phosphorylation, a mouse
MAD that specifically recognizes P-Ser'® of human p53 was
used (2, 5). Experiments with wild-type and Ser'®-Ala mutant
forms of mouse p53 confirmed the suitability of this antibody
for mouse p53 (Fig. 7A).

We initially observed that the basal levels of Ser'® phosphor-
ylation of ts p53 were higher in PKR™/* cells than in PKR ™/~
cells (Fig. 7B). Since PKR interacts with p53 (12), we examined
whether phosphorylation of p53 within the amino terminus was
mediated by PKR. We were unable to detect specific phos-
phorylation of either glutathione S-transferase—full-length hu-
man p53 or a glutathione S-transferase—-human p53 fusion pro-
tein consisting of amino acids 1 to 50 by activated PKR in vitro
(data not shown), indicating that PKR is unlikely to directly
mediate phosphorylation of mouse p53 on Ser'® in vivo. The
differences in the basal levels of Ser'® phosphorylation suggest
that in the absence of a stimulus, PKR plays a role in regulating
the activity of a kinase(s) that directly phosphorylate mouse
p53 on Ser'S. It is also conceivable that PKR could modulate
the activity of a phosphatase(s) that dephosphorylates P-Ser'®
of mouse p53, although treatment with the phosphatase inhib-
itor okadaic acid did not affect p53 phosphorylation in either
PKR ™" or PKR ™/~ cells (data not shown).

We extended our studies to examine the induction of Ser'®
phosphorylation of mouse p53 in response to DNA damage.
We observed a higher amount of Ser'® phosphorylation in
PKR*'* cells than in PKR ™/~ cells in response to the antican-
cer drug adriamycin (Fig. 7C and 8A) or -y radiation (Fig. 8B)
but not UV radiation (Fig. 8C). In addition, we saw that the
presence the specific PI-3 kinase inhibitor LY294002 caused a
higher inhibition of adriamycin-induced Ser'® phosphorylation
of p53 in PKR** cells than in PKR ™/~ cells (Fig. 9). These
data clearly implicate PKR in p53 activation by phosphoryla-
tion upon a certain type of DNA damage and indicate that
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PKR may regulate the activity of a PI-3 kinase that mediates
p53 phosphorylation either directly or indirectly.

An explanation for the ability of PKR to enhance Ser'®
phosphorylation of mouse p53 in response to DNA lesions
caused by genotoxic stress may be twofold. One lies in the type
of DNA damage and consequently the DNA repair enzymes
activated by DNA damage. UV radiation causes cyclobutane
pyrimidine dimers, and in this case an excision pathway is
activated (49). On the other hand, vy radiation and adriamycin
cause dsDNA breaks, leading to ligation and recombination
repair (49, 68). Thus, it appears that distinct DNA damage
detectors act to identify different types of DNA damage and
signal to different parts of the p53 protein, resulting in p53
transcriptional activation.

A second explanation lies in the nature of the kinases that
have been shown to play a role in the phosphorylation of p53
upon DNA damage. One is the ATM protein, a PI-3 like
kinase (62) which activates p53 in response to -y radiation (6,
76). Transcriptional activation of human p53 and phosphory-
lation on Ser'® are defective in AT cells upon vy radiation but
not UV treatment (64), which is similar to our observations in
PKR ™" and PKR /" cells (Fig. 8). ATM acts upstream of p53
in the cellular response to vy radiation (64) and has been re-
cently shown to phosphorylate human p53 on Ser' (2, 5).
Another kinase is DNA-PK, which also belongs to the PI-3
kinase family and has been implicated in phosphorylation of
human p53 on Ser' (63, 64). In addition to being activated by
dsDNA breaks, DNA-PK is involved in V(D)J recombination
(13). However, cells from scid mice, which are defective in
DNA-PK, are still able to activate pS3 in response to vy radia-
tion (4, 23, 30, 55, 59), making this kinase an unlikely candidate
to be modulated by PKR. Finally, CKI has been shown to
directly phosphorylate murine p53 on multiple sites within the
amino terminus (65), and CKI is activated when Drosophila
melanogaster embryos are exposed to vy radiation (61). Our
data indicate that the kinase regulated by PKR may be a
member of the PI-3 kinase family (Fig. 9). How PKR mediates
this effect is not immediately clear. Perhaps PKR binds to p53
in a complex with a PI-3 kinase and modulates PI-3 kinase
activity by phosphorylation. Whether this is ATM or another
PI-3 kinase is a possibility that remains to be examined.

It should be noted, however, that modulation of Ser'® p53
phosphorylation may be necessary but not sufficient to explain
the PKR-mediated transcriptional activation of p53. It is pos-
sible that PKR mediates phosphorylation of the amino termi-
nus of p53 on more than one site. For example, simultaneous
mutations of Ser’, Ser'®, and Ser®” of mouse p53 significantly
reduced p53 transactivation, whereas point mutations of either
of these serine residues had no effect (50). These data suggest
that maximal transcriptional activity of p53 may require more
than one phosphorylation site within the transactivation do-
main. Nevertheless, phosphorylation of human p53 on Ser'”
has been shown to be crucial for its biological function. That is,
overexpression of human p53 Ser'>-Ala mutant protein in hu-
man cells resulted in partial failure of the mutant protein to
inhibit cell cycle progression compared with cells that overex-
press either wild-type p53 or the Ser’’-Ala mutant protein
(21). This is reminiscent of our data showing that the #s p53-
expressing PKR ™/~ cells, which contain lower basal levels of
p53 phosphorylation on Ser'® than the s p53 PKR™/™" cells,
progress through the cell cycle upon serum stimulation and
activation of p53 (Fig. 3). In addition to the amino terminus of
pS3, modulation of p53 phosphorylation within the carboxy
terminus has been recently implicated in p53 activation. That
is, the ATM-dependent activation of a phosphatase that tar-
gets P-Ser’”® of human p53 allows 14-3-3 proteins to bind to
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the carboxy terminus of p53, thus activating DNA binding and
transcription by p53 (71). Considering the interaction of PKR
with the carboxy terminus of p53 (12), a possible modulation of
Ser®”® dephosphorylation and 14-3-3 binding to p53 might pro-
vide a tentative, as yet unidentified link between PKR and p53
activation.

In response to DNA damage, p53 phosphorylation and p53-
dependent transcription are increased, leading to p53-medi-
ated induction of cell cycle arrest and/or apoptosis (22, 44, 72).
One model for p53 activation involves its interaction with
Mdm?2, which results in inhibition of p53 transcriptional acti-
vation (54, 77), most likely as a result of rapid degradation of
p53 (28, 42). Disruption of p53-Mdm?2 interaction in normal
cells results in the accumulation of p53 and activation of p53-
dependent transcription. In this regard, phosphorylation of
human p53 within the amino terminus including Ser'” has been
shown to result in p53-Mdm?2 dissociation, providing a possible
link between p53 phosphorylation and protein stability upon
DNA damage (63). However, our data show that p53 protein
levels did not significantly vary between PKR™* and PKR™/~
cells before or after DNA damage despite the fact that phos-
phorylation of p53 on Ser'® was diminished in PKR ™/~ cells
after treatment with adriamycin or <y radiation (Fig. 8). In
addition, the lower levels of p53 Ser'® phosphorylation in the
ts p53-expressing PKR ™/~ cells (Fig. 7B) did not affect p53-
Mdm?2 interaction, nor was p53-Mdm?2 interaction disrupted in
either PKR*/* or PKR ™/~ cells in response to DNA damage
(data not shown). This finding suggests that phosphorylation of
mouse p53 on Ser'® may not be essential for disruption of
pS3-Mdm?2 interaction and p53 stabilization. In human cells,
however, phosphorylation of Ser'® and Ser*” upon DNA dam-
age result in inhibition of p53-Mdm?2 interaction (63). One
possible explanation for these contradictory findings may lie in
the type and/or species of the cells used in these experiments.
In this regard, it is not known whether phosphorylation within
the amino terminus of mouse p53 on a site(s) other than Ser'®
(i.e., Ser® and/or Ser®”) affects p53-Mdm?2 interaction in mouse
cells and, if so, whether phosphorylation on such a site(s) is
induced in mouse cells upon DNA damage. Further experi-
ments are required to clarify this issue.

In regard to possible alternate mechanisms by which PKR
modulates p53-mediated transcription, the role of PKR in IRF-1
activation should be considered (36, 43). Interestingly, IRF-1
cooperates with p53 in transcriptional activation of the p21
gene and inhibition of cell growth (67). Considering the syn-
ergistic effect of IRF-1 with either p53 (67) or PKR (36, 43), it
is reasonable to speculate that the decreased activity of p53 in
PKR '~ cells could reflect a decrease in IRF-1 activity. How-
ever, the following observations do not favor this possibility.
First, the interaction between PKR and p53 (12) and the reg-
ulation of expression of two different p53-dependent genes
(i.e., p21 and mdm?2) by PKR (Fig. 2 and 4) provide strong
evidence that PKR and p53 function on the same pathway. In
contrast to PKR, IRF-1 and p53 function in parallel pathways,
and it is not known whether IRF-1 regulates the expression of
p53-dependent genes other than p27 (67). Second, induction of
p21 contributes significantly in cell growth inhibition by IRF-1
(67). However, activation of IRF-1 results in the same degree
of cell growth inhibition in both PKR™* and PKR™/~ cells
(37), arguing against a role of PKR in IRF-1-mediated induc-
tion of p21.

In summary, phosphorylation of p53 represents an indis-
pensable component of the DNA damage-induced pathways
that modulate the multiple functions of p53. The identification
of the specific kinase(s) that modulate p53 phosphorylation on
Ser'® in vivo and are regulated by PKR may prove essential for
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understanding the mechanisms of cell growth regulation and
signaling by both p53 and PKR.
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