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The E2F transcription factor plays a major role in cell
cycle regulation, differentiation and apoptosis, but it
is not clear how it is regulated by non-mitogenic
signaling cascades. Here we report that two kinases
involved in signal transduction have opposite effects on
E2F function: the stress-induced kinase JNK1 inhibits
E2F1 activity whereas the related p38 kinase reverses
Rb-mediated repression of E2F1. JNK1 phosphorylates
E2F1in vitro, and co-transfection of JNK1 reduces the
DNA binding activity of E2F1; treatment of cells with
TNFa had a similar effect. Fas stimulation of Jurkat
cells is known to induce p38 kinase and we find a
pronounced increase in Rb phosphorylation within
30 min of Fas stimulation. Phosphorylation of Rb
correlated with a dissociation of E2F and increased
transcriptional activity. The inactivation of Rb by Fas
was blocked by SB203580, a p38-specific inhibitor, as
well as a dominant-negative p38 construct; cyclin-
dependent kinase (cdk) inhibitors as well as dominant-
negative cdks had no effect. These results suggest that
Fas-mediated inactivation of Rb is mediated via the
p38 kinase, independent of cdks. The Rb/E2F-mediated
cell cycle regulatory pathway appears to be a normal
target for non-mitogenic signaling cascades and could
be involved in mediating the cellular effects of such
signals.
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Introduction

The E2F family of transcription factors play a major role
in regulating a diverse array of cellular functions including
proliferation, differentiation and apoptosis (Cobrinik,

the activation domain of E2F and actively represses
transcription from promoters with E2F sites, leading to a
cell cycle arrest (Qiret al., 1995; Weintraulet al., 1995).
Conversely, disruption of the Rb gene by deletion or
mutation, or inactivation of the Rb protein by phosphoryl-
ation or interaction with viral oncoproteins cause the
release of free, transcriptionally active E2F, thus permitting
unrestricted cell proliferation (Chellappaet al., 1992;
Nevins, 1993, 1994; Chellappan, 1994).

Overexpression of E2F1 can promote S-phase entry
(Johnson, 1993; DeGregosgt al, 1995) or apoptosis
(Shan and Lee, 1994; Adams and Kaelin, 1996), while a
dominant-negative E2F1 can induce cell cycle arrest
(Hiebert et al, 1995). Apparently, E2F1 is the only
E2F family member that can induce apoptosis in cells
(DeGregoriet al, 1997), either alone or in association
with p53 (Hseihet al., 1997; Phillipset al., 1997; Kowalik
et al, 1998). E2F1-mediated apoptosis can be efficiently
blocked by the Rb protein (Hse#t al,, 1997), suggesting
that the proliferative as well as pro-apoptotic properties
of E2F can be overcome by the Rb protein. Because of
the profound effect of Rb on E2F function, the functional
status of the Rb protein has considerable influence on E2F
activity (Weinberg, 1995).

It has been established that the function of the Rb
protein is regulated by phosphorylation mediated by
cyclin-dependent kinases (cdks) during normal cell cycle
progression (Weinberg, 1995). Cyclin D in association
with cdk4 or cdk6 brings about the major inactivating
phosphorylation of Rb during mid- to late;@hase (Kato
etal., 1993; Sherr, 1994). Although there are ~18 potential
phosphorylation sites on the Rb protein, cdk4/6 has been
shown to target four residues C-terminal to the pocket
domain (Taya, 1997). In addition to cyclin D-associated
kinases, cyclin E—cdk2 complexes have also been shown
to modulate Rb function (Lundberg and Weinberg, 1998).
In all cases, phosphorylation of Rb by cdks leads to a
dissociation of E2F from Rb, resulting in an increased
transcriptional activity. Furthermore, cyclin A and cdk2
have been shown to affect E2F activity directly or through
DP1 (Kreket al, 1994, 1995; Xiet al., 1994).

Since Rb and E2F are vital regulators oS transition,
they appear to be logical targets for multiple signaling
cascades. Although Rb is inactivated by phosphorylation
upon growth factor stimulation (Sherr, 1994; Weinberg,

1996; La Thangue, 1996; Nevins, 1998). E2F transcription 1995), it is not clear how other signaling pathways affect
factors have been shown to be the major downstreamRb and E2F (Reddy, 1994). In this study, we examined
targets of the Rb family of proteins, and are necessary for whether kinases involved in specific non-proliferative
the expression of many genes that are required for cell pathways affect Rb and E2F function. We focused our
cycle progression (Nevins, 1992; Dyson, 1994; attention on the effects of INK1 (Hilet al., 1993; Karin,

La Thangue, 1994, 1996). Rb exerts its growth regulatory 1994; Mindenet al, 1994a) and the related kinase p38

functions at least in part by inhibiting the transcriptional
activity of E2F (Chellapparet al, 1991; Helinet al,
1992; Kaelinet al., 1992; Qinet al., 1995). Rb binds to
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(Lee et al, 1994) on Rb and E2F function, since these
kinases are induced by a variety of non-mitogenic signals
(Kyriakis and Avruch, 1996). JNK1 and p38 belong to
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the MAP kinase family, members of which are rapidly event and is not due to a global repression of transcription.
induced in response to the appropriate signals (Rosettelt should be noted that although TNRnduces apoptosis
and Karin, 1996). JNK1 is induced in response to various in certain cell lines (Fierset al, 1995), Saos-2 cells
stress stimuli, and p38 kinase is induced by cytokines andremained viable (data not shown), suggesting that the
other agents such as the Fas receptor. Although bothreduction in E2F1 activity is not due to a reduction in the
kinases are known to modulate the transcriptional activity number of viable cells.

of AP1 and to a certain extent ATF2 (Karin, 1994),  The JNK-related p38 kinase is induced by specific
information with respect to their effects on the components signals including cytokines (Kyriakis and Avruch, 1996),
of the cell cycle machinery is scarce. As described below, put it elicits different effects in the cell. For example,
we observe that JNK1 and p38 have effectively opposite signaling from the Fas receptor is known to specifically
effects on E2F aCtiVity: JNK1 could repress E2F aCtiVity induce the p38 kinase but not JNK1, and p38 kinase
directly, whereas the p38 kinase efficiently reversed propably contributes to the apoptotic process (dtial.,
Rb-mediated inhibition of E2F1 activity. Our results sug- 1997; | enczowsket al., 1997). Because of their functional
gest that p38 kinase can inactivate Rb, probably by direct yifferences, we examined the effect of p38 kinase on
phosphorylation, independent of cyclins and cdks. We gor1-mediated transcription in a co-transfection experi-
belleve that these are novel mechanisms that are '”VO!Vedment. As shown in Figure 1C, p38 had no apparent effect
in the regulation of Rb and E2F, and appear to be vital o5 EoF1 mediated transcription (lane 4), but p38 could

links _between cell-surface signaling and the cell cycle efficiently reverse Rb-mediated repression of E2F1
machinery. (lane 5). This result shows that JNK1 and p38 kinases
have markedly different and effectively opposite effects
Results on E2F1 activity. The effects of JNK1 and p38 could be
, observed even when cdc42 was not included in the
JNKT af’d.p 38 can _n?odulate E2F-mediated transient transfections (Figure 1C).
transcriptional activity

Transient transfection experiments were performed to

examine the effect of JNK1 on E2F activity. E2F1 was JNK17 and p38 kinase have opposite effects on cell
co-transfected along with an E2—CAT reporter into Saos-2 proliferation

human osteosarcoma cells, which are Rb-negative (HiebertSince E2F1 is a positive modulator of the cell cycle, we
et al, 1992). As shown in Figure 1A, co-transfection of attempted to determine whether JNK1 has any effect on
JNK1 along with its activator cdc42 totally blocked E2F1- cell proliferation. The strategy was to transfect the human
mediated transcription (lane 3), but a kinase-deficient osteosarcoma cell line Saos-2 such that it would stably
mutant of JNK1 did not (lane 4). JNK1 was as effective express a wild-type or kinase-inactive JNK1 kinase. The
as Rb in repressing E2F1 activity, and this repression wasnumber of antibiotic-resistant colonies that survived after
observed in a variety of human cell_lines (data not shown). 14 days of selection was taken as a measure of the
Attempts were then made to examine whether agents thatygjiferative capacity of the transfected gene. As shown
induce JNK1 had a similar effect on E2F1 activity; for i, Taple |, transfection of a pSV-Neo vector resulted in
this reason, Saos-2 cells transiently tra_nsfected with E2F1~200 colonies; however, upon co-transfection of two
and E2-CAT reporter were treated with tumor necrosis yitferent amounts of wild-type JNK1 gene, the number of

factora (JNFO() Tco;hjl‘flh, since -;ﬁg is known lto dbe & antibiotic-resistant colonies was reduced dramatically. In
strong inducer o activity. treatment led to a contrast, a kinase-inactive mutant of JINK1 had no discern-

total repression of E2F activity (Figure 1A, lane 5), . . ;
. ) 7 ' _ible effects on cell proliferation, suggesting that the
comparable to co-transfection with JNK1, suggesting that kinase activity is essential for the anti-proliferative effects.

?r\éirt(rarfgr?taiignthgfs;mélef?éctlts induction by cytokine Interestingly, JNK1 was as effective as Rb in repressing
Next we examined whethér INK1 and T&lFhad colony formation in Saos-2 cells. To assess whether p38

a similar effect on endogenous E2F activity. Transient k'”‘?‘s‘? had any effec_t on the prollferatlon of Saos-2 ce_IIs,
- a similar co-transfection experiment was performed using

transfection of higher amounts (32y) of an E2-CAT , : .
reporter showed a measurable degree of transcriptionalCdC42 anq p_3.8 kinase. As shown in Table_ Il, p38 kinase
had no significant effect on the proliferation of Saos-2

activity (Figure 1B, lane 2); in contrast, transfection of )
an equal amount of a reporter that carried mutations in C€llS, unlike JNK1. ,

the E2F site exhibited no detectable transcriptional activity . SiNcé p38 kinase was found to reverse Rb-mediated
(Figure 1B, lane 1). This suggests that transcription from inhibition of E2F, we examined whether p38 could affect
the E2-CAT is dependent on a functional E2F site; hence the anti-proliferative effects of Rb. In a stable co-transfec-
the observed transcription could be taken as a measure ofion experiment (Table 1), p38 could efficiently rescue
endogenous E2F activity. Co-transfection of JNK1 with Rb-mediated suppression of colony formation. The
the E2—CAT reporter efficiently inhibited the transcription reversal was almost total, indicating p38 is as efficient as
mediated by endogenous E2Fs (Figure 1B, lane 5). A Viral oncoproteins, such as adenovirus E1A or SV40 large
similar effect was observed by treating the transfected T-antigen, in inactivating Rb. The results above point to
cells with TNFa (lane 8). In contrast, JNK1 overexpression a direct correlation between the effects of the two kinases
as well as TNE treatment had only minor effects on on E2F activity and their ability to induce or restrict cell
AP1-CAT or c-fos—CAT vectors under the same conditions proliferation: INK1, which inhibits E2F activity, abrogates
(Figure 1B, lanes 9 and 10). This experiment suggests cell proliferation whereas p38 kinase, which inactivates
that the repression of E2F activity by JNK1 is a specific Rb, reverses Rb-mediated suppression of cell proliferation.
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Fig. 1. Differential regulation of E2F function by JNK1 and p38 kinask) Saos-2 cells were transiently transfected withg2of E2—CAT reporter
alone (lane 1) or along with pDCE2F1 (lane 2). Co-transfection ofgpSRK1 along with pCMVcdc42 could repress E2F activity (lane 3) but
pSR1INK1-Mut could not (lane 4). Lane 5 shows Saos-2 cells treated with 10 ng/ml ofi 48 h after transfecting with E2—CAT and E2F1.
JNK1 co-transfection or TNE treatment had no effect on a pB\gal vector. B) Saos-2 cells were transfected with 1§ of E2—-CAT vector with
mutated E2F sites (lane 1) or intact E2F sites (lanes 2, 5 and 8)ugret an AP1-CAT (lanes 3, 6 and 9) or c-fos—CAT (lanes 4, 7 and 10). INK1
was co-transfected in lanes 5-7, and cells were treated withoTafer transfection in lanes 8—10C) A co-transfection experiment using p8p38
along with E2F1 (lane 4) or E2F1 and Rb (lane 5). INK1 could repress E2F1-mediated transcription (lanes 6 and 7), whereas p38 reversed

Rb-mediated repression of E2F (lane 5).

JNK1 can phosphorylate E2F1 and inhibit its 35S-labeled JNK1 to bind to glutathion&transferase
DNA-binding activity (GST) fusions of E2F1, DP1 and DP2 was analyzed

Attempts were made to elucidate the mechanisms by in vitro. JINK1 could bind to DP1 as well as c-Jun very
which JNK1 regulates E2F activity. First, the ability of efficiently, but there was no binding to E2F1 or DP2
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Table I. Suppression of colony formation by JNK1

Vectors transfected No. of colonies

Experiment 1 Experiment 2

pSV-Neo (2ug) 215 195
pBabe-Puro (3.9) 198 209
pSV-Neo+ pCMV-INKIWT (1 pg) 35 39
pSV-Neo+ pCMV-INKIWT (2 ug) 22 16
pSV-Neo+ pCMV-IJNK1Mut (1 ug) 189 179
pSV-Neo+ pCMV-IJNK1Mut (2 ug) 212 215
pBabe-Purot+ Rb (2 ug) 45 42

Approximately 10 000 Saos-2 cells were stably transfected with the
indicated vectors. After selection in 4@/ml of G418 or 1ug/ml of
puromycin for 14 days, colonies 6£20 cells were counted.

Table Il. p38 can reverse Rb-mediated suppression of colony
formation

Vectors transfected No. of colonies

Experiment 1 Experiment 2

pSV-Neo (2ug) 209 221
pBabe-Puro (3.9) 215 229
pSVNeo+ pBabePuro 211 225
pBabe-Purot+ Rb (2 ug) 31 43
pSRup38 (2pg) + pCMV-cdc42 (2ug) 164 161
pSRap38 (4ug) + pCMV-cdc42 (2ug) 215 159
Puro+ Rb + p38 (2ug) + Cdc42 (2ug) 208 191
Puro+ Rb + p38 (4pg) + Cdc42 (2ug) 199 195

Transfections were done as in Table | using the indicated vectors.
pBabe-Puro was co-transfected with Rb in the indicated lanes. pCMV-
cdc42 vector had a Neomycin resistance marker. Cells transfected with
Rb and p38 were subjected to double selection.

under the same conditions (Figure 2A, left panel). We
next examined whether JNK1 associates with Ddivo.

This question was addressed by performing an immuno-
precipitation—Western blot experiment. U937 whole-cell
extracts (10Qug) were immunoprecipitated with antibodies
to c-Myc (as control) or to DP1; a Western blot analysis
of the immune complexes could detect INK1 only in the
DP1 immunoprecipitate (Figure 2A, right panel). This
indicates that DP1 can associate with JNK1 in mammalian
cells, and this interaction can be detected without over-
expressing any component. Since JNK1 was found to bind
to DP1, we examined the ability of JINK1 to phosphorylate
E2F1 or DP1in vitro. Lysates from NIRT3 cells transi-
ently transfected with expression vectors for HA-JNK and
cdc42 were immunoprecipitated with an anti-HA antibody,
and in vitro kinase reactions were performed (Minden
et al, 1994a,b, 1995; Lenczowsldgt al, 1997) using
GST-E2F1 or GST-c-Jun as a substrate. JNK1 could

examined whether JNK1 can be found in association with
E2Fsin vivo. E2F1 to -5 were expressed in U937 cells,
as well as DP1, as detected using a direct Western blot
analysis (Figure 2C, lower panel). A co-immuno-
precipitation experiment was used to determine whether
JNK1 is associated with all E2Fs; whole-cell extracts from
the human pro-monocytic U937 cells were immunoprecipi-
tated with antibodies against the five different E2Fs as
well as DP1, and the presence of JNK1 in the immuno-
precipitates examined by Western blot analysis. As shown
in Figure 2C (upper panel), JNK1 could be detected in
the immunoprecipitates of all five E2Fs as well as DP1,
but not in a control immunoprecipitate where an anti-c-
Myc antibody was used. Thus, JNK1 can be detected in
association with E2F family members without over-
expressing any component. Since JNK1 could not bind to
E2F1in vitro, the association of JNK1 with the different
E2Fsin vivo is probably indirect and via its interaction
with DP1.

If indeed JNK1 is regulating E2F function through
the mediation of DP1, it should be able to affect the
transcriptional activity of all the E2Fs, since DP1 binds
to all transcriptionally active E2F family members. A
transient transfection experiment was conducted in Saos-2
cells to verify this possibility. As shown in Figure 2D,
E2F1 to -5 could induce transcription from the E2—CAT
vector; co-transfection of JNK1 efficiently repressed the
transcriptional activity of the five E2F family members.

Experiments were designed to elucidate precisely how
JNK1 represses E2F-mediated transcription. As a first
step, we examined whether an increase in the levels or
activity of INK1 affects the DNA-binding activity of E2F
using an electrophoretic mobility shift assay (EMSA).
Saos-2 cells were transiently transfected with E2F1 alone
or with JNK1; alternately, E2F1-transfected cells were
treated with TN, and the DNA-binding activity of E2F1
present in the whole-cell extracts was assessed by EMSA
(Figure 2E). There was increased E2F binding activity in
extracts prepared from cells after transfecting with E2F1
(lane 2) compared with untransfected control cells (lane 1).
This band was abolished by an E2F1 monoclonal antibody,
confirming its identity (Figure 2E, right panel). It was
found that co-transfection of JNK1 could significantly
reduce the DNA binding activity of transfected E2F1
(Figure 2E, compare lanes 2 and 3) to levels comparable
to those found in untransfected control cells. A similar
reduction was also observed in the cells treated with
TNFa (lane 4). The DNA-binding activity of E2F in these
cells correlates well with transcriptional activity observed
(Figure 1A). A Western blot analysis of the extracts shows
that the levels of E2F1 in cells transfected with INK1 do
not change (Figure 2F, lanes 2—-4, which correspond to
the EMSA lanes above), suggesting that the reduced DNA

phosphorylate E2F1 efficiently but there was no detectable binding activity is due to protein modification rather than

phosphorylation of DP1 (data not shown). Nevertheless,

a reduction in the level of E2F1. It may be concluded that

E2F1 phosphorylation was enhanced in the presenceJNK1 inhibits the transcriptional activity of E2F1 by

of DP1 (Figure 2B). Extracts from untransfected cells

repressing its DNA binding activity, probably through

possessed no kinase activity. It appears possible that INK1phosphorylation.

tethers to DP1 and phosphorylates E2F1 in a fashion

analogous to AP1, where it tethers to one component andp38 kinase mediates Fas-induced inactivation of

phosphorylates other constituents (Kalluekial., 1996).
Since JNK1 was found to associate with components
of the E2F complex and phosphorylate EZARYitro, we
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Fig. 2. Mechanism of JNK1-mediated repression of E2F1 activity). The binding of3°S-labeled JNK1 to unprimed GST, or GST fusions of DP1,
DP2, E2F1 and c-Jun was assessedlitro (left panel). RL is one-fifth of the JNK1 used for binding. JNK1 could bind to DP1 as well as c-Jun,
which was the positive control. (Right panel) U937 whole-cell extract {@g0was immunoprecipitated with antibodies to c-Myc (as control) and
DP1. The immunoprecipitates along with the whole-cell extract were probed for the presence of JNK1 by WesterB)bAaisn (vitro kinase assay

for INK1. Lysates from untransfected 3T3 cells or those transfected with 3d#d42 were immunoprecipitated with an anti-HA antibody, and

in vitro kinase reactions were performed usingUdof GST—c-jun or 2Qug of GST-E2F1. The combined lane had 1§ each of E2F1 and DP1.

Lane marked ‘None’ had no substrat€) (JNK1 can be detected in association with E2Fs. Whole-cell extracts from U937 cells were immuno-
precipitated with antibodies to different E2Fs and DP1 or a c-myc antibody as control, and the precipitates Western-blotted with anti-JNK1 antibody
(upper panel). Levels of the different E2Fs and DP1 in U937 extracts is shown in the lower pn#llK1 can inhibit the transcriptional activity

of all the five E2Fs. A transient transfection experiment was performed on Saos-2 cells ygingf £2Fs 1, 2 and 3, or ig of E2Fs 4 and 5

(lanes 2-6). Co-transfection of &y of JNK1 inhibits their transcriptional activity (lanes 7-11f) JNKZ1 inhibits DNA binding activity of E2F1.

Saos-2 cells were transfected with E2—CAT (lane 1) along with E2F1 (Lanes 2—4). JNK1 was co-transfected in lane 3, or cells were treated with
TNFa (lane 4). The DNA binding activity of E2F1 is reduced to the levels of untransfected cells (lane 1) when JNK1 is co-transfected or induced
by TNFa (lanes 3 and 4). Equivalent amounts of the same extracts were treated mithf 2n E2F1 antibody prior to the shift reaction (right

panel). F) The same whole-cell extracts were Western blotted to examine the levels of E2F1 protein.

by Fas-mediated signaling, we examined whether Faswith Rb and E2F1 with 50 ng/ml of anti-Fas antibody led
receptor activation had any effect on E2F activity. In to the complete reversal of Rb-mediated repression of
transient transfection experiments on the human T-cell E2F1 (Figure 3A, lane 4). This reversal occurred within
line Jurkat, Rb could totally repress E2F1-mediated trans- 30 min and Fas stimulation for longer periods had no
cription (Figure 3A, lane 3); stimulation of cells transfected further effects. Thus, co-transfection of p38 kinase or its
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Fig. 3. Reversal of Rb function by stimulation of Fas receptér) Jurkat cells were transfected with E2—CAT and E2F1 (Lanes 1 and 2);
E2F1-mediated induction of transcription is blocked by co-transfecting Rb (lane 3). Stimulating the transfected cells with 50 ng/ml of anti-Fas
antibody reverses Rb-mediated inhibition of E2F within 30 min (lanes 4B§)A(similar co-transfection experiment where the cells were stimulated
with an anti-Fas antibody fa2 h (lanes 4); stimulation was done in the presence of chemical inhbitors of p38VXd§ SB203580; lane 5) cdks
(olomoucine, 20QuM and roscovitine, 5M; lanes 6 and 7) and MEK1 (PD98059, 10M; lane 8).

induction by the appropriate agent could prevent Rb- major and probably the exclusive intermediary between
mediated repression of E2F activity. It is a possibility Fas signaling and Rb inactivation.
that Fas-induced apoptotic pathways may lead to an

inactivation of Rb function, since it has been demonstrated gaq induced phosphorylation of Rb correlates with
that Rb has anti-apoptotic properties. E2F activation

_ To examine whether the inactivation of Rb by Fas gince release of E2F from Rb leads to E2F transcriptional
involved the p38 kinase, Jurkat cells transiently transfected gctivation (Chellappaet al, 1991; Hieberet al.,, 1992),

with Rb and E2F1 were stimulated with a Fas antibody \ye examined whether the association of E2F with Rb
in the presence or absence of the p38 inhibitor SB203580, changes upon Fas stimulation. Extracts from Jurkat cells
a pyridinyl imidazole inhibitor specific to p38 (Kumar treated with an anti-Fas antibody for different periods of
et al, 1997; Younget al, 1997). It was observed that the  time were immunoprecipitated with an anti-Rb antibody.
p38 inhibitor could totally prevent the inactivation of Rb  The bound proteins were recovered on protein A—
(Figure 3B), suggesting that the abrogation of Rb function Sepharose beads, dissociated with deoxycholate, and the
by the Fas pathway occurs through the mediation of the levels of E2F assessed by EMSA (Chellappetnal.,

p38 kinase. Interestingly, two different cdk inhibitors, 1991). As shown in Figure 4A, there was a considerable
olomoucine and roscovitine, had no effect on the amount of E2F associated with Rb in extracts from
Fas-mediated inactivation of Rb, suggesting that the p38- untreated cells (lane 2). In contrast to the untreated Jurkat
mediated reversal of Rb function may not involve cdks cells, there was very little E2F bound to Rb after 30 min
(Figure 3B). Furthermore, a specific inhibitor of MEK1 of Fas stimulation; there was no detectable E2F associated
kinase which can block the MAP kinase pathway had no with Rb after 2 h (Figure 4A, lanes 3-6). Thus, the
effect on Fas-mediated inactivation of Rb. In conclusion, kinetics of dissociation of E2F from Rb correlates very
this set of experiments indicate that p38 kinase is the well with its transcriptional activation, as described earlier
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Fig. 4. Modulation of Rb function by Fas receptoA)Y Whole-cell extracts from untreated Jurkat cells (O h) or those treated with anti-Fas antibody
were immunoprecipitated with an anti-Rb antibody (lanes 2-5) or a c-myc antiltgydgs(control (lane 1). The presence of E2F in the
immunoprecipitates was assessed by EMSA. There is a marked reduction in the amount of E2F associated with Rb upon Fas stimulation, and there
is no E2F associated with Rb aft2 h (lanes 3-5). The specificity of the immunoprecipitated band was established by treating the eluate from the

Rb IP of the untreated extract with antibodies to E2F1, DP1 or c-Myc (as control) prior to the mobility shift analysis (lanes 6-9). The
immunoprecipitate eluate was incubated with an oligonucleotide carrying a wild-type E2F binding site or one with a mutated site in lanes 11 and 12.
(B) The status of the Rb protein in the same extracts (as in lanes 2-5) was assessed by Western blotting. Rb-P and RB-H indicates the
phosphorylated and hypo-phosphorylated forms of RY).The levels of E2F1 remain constant upon Fas stimulation as seen by Western blotting.

(D) The kinase activity of p38 in the same extracts was meadureiro using immunoprecipitated p38 and g of GST-ATF2 as substrate.

(E) A Western blot analysis of the Rb protein af2h of Fasstimulation of Jurkat cells in the presence or absence of the inhibitor SB203580.

(F) In vitro kinase assays using Rb protein as a substrate. 3T3 cells were transfected vaiB3Rd immunoprecipitated with an anti-HA

antibody (lanes 1 and 2), or Fas-stimulated Jurkat extracts were immunoprecipitated with an anti-p38 antibody (lahesieXinase reactions

were performed in the absence of substrate (lanes 1, 3 and 5), or in the preseneg of Rb (lanes 2, 4, 6 and 7). The reaction in lane 7 had 10

UM of SB203580.

(Figure 3A). The specificity of the observed band in caused the dissociation of E2F. This conclusion is sup-
the Rb immunoprecipitation was confirmed by adding ported by the fact that there was no change in the levels
antibodies to E2F1, DP1 and c-Myc to the EMSA; while of the E2F protein during this period (Figure 4C). There
E2F1 and DP1 antibodies could abolish the immuno- appeared to be a decrease in the levels of the Rb protein
precipitated band, the control c-Myc antibody had no after 6 h, probably by proteolysis, as has been reported
effect (Figure 4A, lanes 7-9). Further, an oligonucleotide previously (Janickest al., 1996; Douet al., 1997).

carrying wild-type E2F binding sites could compete with Although Rb phosphorylation is brought about by cyclin
the binding of the observed band, whereas an oligonucleo-D/cdk4 kinase during normal cell cycle progression (Sherr,
tide carrying a point mutation in the E2F binding site 1994), it is possible that other kinases can phosphorylate
could not compete with the binding (Figure 4A, lanes Rb; indeed, Rb has multiple sites that can be potentially
10-12). phosphorylated by different kinases (Leesal., 1991).

A Western blot analysis of the extracts from The fast kinetics of the Rb phosphorylation, along with
Fas-stimulated cells showed a marked increase in the levelthe observations that Fas actually represses cdk activity
of Rb phosphorylation within 30 min of Fas stimulation (Oguri et al., 1995; Deet al., 1997), raise the possibility
(Figure 4B, lane 2) and this phosphorylation probably that p38 is inactivating Rb directly. To verify this possibil-
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ity, we first examined whether the phosphorylation of Rb city, the immunoprecipitates were probed with an anti-
correlates with an increase in p38 activity. p38 kinase was ERK2 antibody; there was no ERK2 associated with either
immunoprecipitated from the same extracts and used incyclin. This suggested that the kinase activity we observe
anin vitro kinase assay using GST-ATF2 as a substrate in the cyclin IPs is due to the appropriate cdk (Figure 5B,
(Xia et al,, 1995; Whitmarsh and Davis, 1996). There is lower panel). Given this scenario, it maybe concluded that
a 2- to 3-fold increase in the p38 kinase activity within increase in Rb phosphorylation upon Fas stimulation is
30 min of Fas antibody stimulation which correlates with brought about by a kinase(s) other than those associated
the phosphorylation of Rb (Figure 4D). We then stimulated with cyclin D and E, probably p38.

Jurkat cells with anti-Fas-antibody in the presence of The above results were verified in two functional assays.
the p38 inhibitor SB203580 (Figure 4E). Fas-mediated In the first experiment, attempts were made to determine
phosphorylation of Rb was effectively blocked by the whether dominant-negative forms of cdk2, cdk4 and cdk6
p38 inhibitor, and the hypo-phosphorylated form of Rb could block Fas-/p38-mediated reversal of Rb function.
persisted, suggesting that p38 is directly involved in the The logic of this experiment was that if cdks are indeed
process. Attempts were then made to evaluate whetherinvolved in the inactivation of Rb, negation of the endogen-
p38 can phosphorylate Rim vitro. First, HA-p38 was ous cdk activity by overexpressing dominant-negative
transfected into 3T3 cells, immunoprecipitated with an proteins should prevent Fas-mediated reversal of Rb
anti-HA antibody and was used for dn vitro kinase function (Figure 5C). It had been demonstrated that the
assay using Rb as substrate (Figure 4F, lanes 1 and 2)dominant-negative cdks could block the inactivation of
Similarly, p38 was immunoprecipitated from Rb by cyclins D and E. We confirmed that overexpression
Fas-stimulated Jurkat cells using an anti-p38 antibody of a combination of dominant-negative cdk4 and cdk6
(Figure 4F, lanes 3 and 4); in both the cases, p38 could could block cyclin D-mediated inactivation of Rb in Jurkat
effectively phosphorylate Rb. When the vitro kinase cells (Figure 5C, lane 5). Similarly, overexpression of a
reaction was performed in the presence of SB203580, dominant-negative cdk2 could inhibit cyclin E-mediated
there was a total inhibition of Rb phosphorylation (Figure reversal of Rb function (lane 7). In contrast, co-transfection
4E, lanes 5-7), suggesting that the effects seen wereof a combination of dominant-negative cdk4 and cdk6, or
mediated by p38. Furthermore, SB203580 could block cdk2 alone had no effect on the Fas-mediated reversal of
Fas-mediated dissociation of E2F from Rb (data not Rb function (Figure 5C, lanes 8-10). These results again
shown), suggesting that the observed functional effectsillustrate that the Fas/p38 mediated phosphorylation and
involved the p38 kinase. These results when viewed in inactivation of Rb occurs through pathways independent
conjunction with the fast kinetics of Rb inactivation by of cyclins D and E and the kinases associated with them.
Fas suggest that Rb is probably a direct downstream target The involvement of p38 kinase in Fas-mediated inactiva-

of p38 kinase. tion of Rb was verified in a similar transient transfection
experiment (Figure 5D). Jurkat cells transiently transfected

p38-mediated inactivation of Rb is cdk with E2CAT, E2F1 and Rb were stimulated with Fas

independent antibody in the presence of increasing amounts of a

Although the data so far suggested a direct role for p38 dominant-negative p38 kinase. As shown in Figure 5D
in inactivating Rb, the possibility exists that p38 is (lanes 5-8), the dominant-negative p38 kinase construct
activating cdks which in turn inactivate Rb. Additional could block Fas-mediated reversal of Rb function in a
experiments were conducted to verify this possibility. It dose-dependent manner. This experiment confirms that
had been observed earlier that Fas-stimulation of cells Fas-mediated inactivation of Rb occurs through the medi-
does not increase cdk activity; furthermore, in certain ation of the p38 kinase, independent of cyclin D and
cases there is a repression of cdk activity. As a first cyclin E associated kinase activities.

step, we attempted to determine whether Fas stimulation

induced cdk activities. Jurkat cells were treated with an .

anti-Fas antibody for 2 h and lysates were prepared. Discussion

Antibodies to cyclin D and cyclin E were used to immuno- The central role for Rb in maintaining the integrity of the
precipitate the associated cdk activities. iarvitro kinase R-point has been well documented, and the Rb-mediated
assay using Rb protein or histone H1 as substrates showednhibition of G,—S transition involves a downregulation
that there was no increase in the kinase activities associatef E2F activity (Beijersbergen and Bernards, 1996).
with either cyclin D or cyclin E upon Fas stimulation Although it has been suggested that Rb molecules that
(Figure 5A, lanes 2). Since the p38 inhibitor SB203580 cannot bind to E2F can prevent cell cycle progression
could block Fas-mediated phosphorylation of Rb, a similar (Sellerset al., 1998), it is very likely that under normal

in vitro kinase assay was performed to see whether thecircumstances Rb exerts its growth regulatory function at
p38 inhibitor had any effect on the cdk activities. As least in part by inhibiting the activity of E2F. The finding
shown in Figure 5A, lane 3, SB203580 had no effect that many different signaling cascades can target either of
on cdk activities, suggesting that the inhibition of Rb these molecules or their interaction suggests that the
phosphorylation is not due to a reduction in the kinase Rb—E2F interaction is a very convenient and sensitive
activity associated with cyclins D and E. To confirm that modulator of cell proliferation. Indeed, complexes con-
the immunoprecipitations bring down the specific cdks, taining the E2F transcription factor are known to be altered
immunoprecipitates of cyclin D and cyclin E were probed in response to a wide array of signals ranging from
for the presence of cdk4 or cdk2 (Figure 5B). cdk4 and cytokines, growth factors, cyclic AMP, TPA and other
cdk2 could be detected in the cyclin D and cyclin E agents that can induce DNA damage or differentiation
immunoprecipitates, respectively. As a control for specifi- (Chellappan, 1994; Corbeit al, 1995; lkedaet al.,
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Fig. 5. Stimulation of the Fas receptor does not induce cyclin D- and E-dependent kinase adiyity.\tro kinase assays were performed on

extracts from untreated Jurkat cells (lane 1), cells stimulated with anti-Fas antibo@yhfdane 2) or treated with anti-Fas in the presence of

10 uM p38 inhibitor SB203580. A cyclin D antibody (upper and middle panels) or a cyclin E antibody (lower panel) was used for immuno-
precipitations, using Rb or histone H1 as subtratB¥.Rresence of cdks in the cyclin immunoprecipitation was assessed by a Western blot of the
untreated whole-cell extract or the cyclin D- and E-immunoprecipitated from the three extracts. cdk4 and cdk2 were present in cyclin D and cyclin E
immunoprecipitations, but ERK2 could not be detect&?). Transient transfection of cyclin D (lane 4) or cyclin E (lane 6) could reverse Rb-

mediated repression of E2F1 activity in Jurkat cells; this could be blocked by a combination of dominant-negative cdk4 and cdk6 (lane 5) or
dominant-negative cdk2 (lane 7). Fas stimulationZc could reverse Rb mediated repression (lane 8) and this was not affected by dominant-
negative cdk4/6 (lane 9) or cdk2 (lane 10p) (A similar co-transfection experiment where Fast stimulationZd (lane 4) was conducted in the

presence of increasing amounts of co-transfected dominant-negative p38 kinase (lanes 5-8). Fas-mediated inactivation of Rb function was effectively
blocked by the dominant-negative p38 in a dosage-dependent manner.
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1996). The results presented in this paper identify kinasesamount of free E2F present, as well as the cell cycle point
that are induced by such non-mitogenic pathways and canat which it encounters the signal.
modulate E2F activity directly or through the Rb protein.  The finding that Fas-mediated signaling can affect Rb
The finding that INK1 can target E2F1 may be signific- phosphorylation is novel and intriguing. Fas mediated
ant in the context that the proliferative status of the cells signaling has been demonstrated to induce proteolytic
may have to be adjusted in response to stress situationsleavage of Rb by caspases. In our experiments, the Rb
where JNK1 is induced. For example, it may be imagined levels remain high until at least 2 h post Fas stimulation,
that DNA damage might require the cell to attenuate cell and the overall Rb level reduces within 6 h. This could
cycle progression to make the necessary repairs to itsbe due to the cleavage and releasea® kDa fragment
genome. Repression of E2F activity would be an efficient from Rb as reported previously (Chest al, 1997).
way to pause the cell cycle in a timely fashion, especially As described earlier, the functional inactivation of Rb
if the stress occurs after Rb has been inactivated by cdks.correlates perfectly with release of free E2F. The kinetics
Our results indicate that JNK1 is capable of phosphorylat- Of these events suggests that they occur very early in the
ing E2F1 directly. Regulation of E2F1 activity by phospho- Fas signaling pathway. Although a role of caspases in
rylation mediated by cdks has been demonstrated inactivating Rb at later points during the apoptotic process
previously. Those studies indicated that the ability of E2F1 has been established, we believe that the inactivation of
to bind to Rb as well as to induce transcription was Rb by phosphorylation precedes that event. _
modulated by phosphorylation; similarly, DP1 itself has ~ The role of p38 kinase in mediating Fas-mediated
been shown to be a target for regulatory phosphorylation 8POPtosis is not yet clear. While it has been demonstrated
events. Supporting these findings, a role for the phosphat-that inducers of p38 kinase can augment Fas-mediated
ase PP2A in dephosphorylating and activating E2F1 and 2POPtOsis, inhibitors of p38 kinase have been generally
DP1 has been proposed (Altigk al, 1997). This was  inefficient at blocking the apoptotic process. We find that
based on the observation that a reduction in the DNA- SB203580 generally results in a 10-15% reduction in
binding and transcriptional activities of E2F1 correlated aPoptotic cells (data not shown). This supports the idea
with a decreased expression of PP2A in adipogenic cells that although p38 kinase could be playing a role in
responding to the PPARhuclear receptor. In this system, mediating Fas-induced apoptosis, its activation alone is

an increase in E2F phosphorylation correlated with a NOt sufficient to induce apoptosis. The studies on Fas-
reduced DNA-binding activity, as we are observing with induced signaling also reveals that p38 kinase can inactiv-

JINK1. Given these findings, we believe that it is quite ate Rb directly, independent of cdks. Furthermore, we find

plausible for kinases responding to stress signals to modu-that cdks are not activated at the time points when Rb is
late E2F function directly by modifying its DNA binding phosphorylated. Similarly, we also observe a Fas-mediated

properties. Interestingly, JNK1 was found to directly bind reversal of Rb function in' sergm-starved cells (data not
to the dimerization partner of E2F and not to E2F1 under S"OWn), where the cdk activity is expected to be very low.
similar conditions. The ability of JNK1 to interact with It appears re_asonable to speculate t_hat Inactivation of Rb
one partner of a dimeric transcription factor while modify- 2nd stimulation of E2F plays a role in Fas signaling and
ing the properties of the other partner is manifest in the may facilitate Fa_s-lnduced apoptosis, k_)ased on the_ earlier
case of E2F also, as has been reported previously forgeneral observations that overexpression of E2F1 induces

AP1. Additional experiments are in progress to identify apoptosis (Qiret al, 1994; Hseihet al, 1997), whereas

) X X Rb is anti-apoptotic.
the potential JNKl phosphorylapon sites on EZFl' In conclusion, we believe that our results show Rb and
Our observation that p38 kinase can inactivate Rb

in vivo is intriguing, although it is known that Rb can be E2F to be regulated by various signaling cascades, often
guing, gn! . independent of cyclins and cdks. Further characterization
phosphorylateéh vitro by a variety of kinases (Leex al.,

. . . of the actual mechanisms involved in the inactivation
t1h991)."Rb hlasirt]m;en sr:]ownt tonbﬁ Il’lrl\i{[()lvegi In Tﬁdlulatn;% would throw light on how precisely the cell cycle
e cell cycle esponse to no Ogenic sSIgnals, and y,chinery responds to various extracellular stimuli.
p38 kinase appears to be one such kinase that can target
Rb in response to such signals. We believe that our studies
describe for the first time a kinase outside the cdk family
regulating Rb function in aim vivo situation. One salient
observation is that the growth regulatory properties of Transfections
JNK1 and p38 appear tightly linked to their effects on Saos-2 osteosarcoma cells were transfected by calcium phosphate precip-
E2F activity. JNK1, which can repress E2F activity. itation method and Jurkat cells were electroporated using a Bio-Rad
trict ”' lif ’t. fficientl Rb. | t ,E Gene Pulser. Cells were harvested after 72 h and assays for CAT and
res ”C_ S cell prolireration as € 'C'_en y as - In con ras_* B-galactosidase performed using standard protocols. A [fggV-vector
p38 kinase can reverse Rb-mediated growth suppression2 ng) was included in all transient transfections as internal control.
effectively, despite not having a direct effect on cell Constructs pDCE2F1, pE2CAT and pSVRb (Zhang and Chellappan,
proliferation by itself. This emphasizes further the central ;?g\%ugi E?Ivﬁg diie??fangliacgciggg;]dTvF\)/ggm?c?\égr:ﬁino deZCCFK’TEd
role of the R_b_EZF pathway In regmatmg cell pl’0|l_feratIQI’_l, E2F1 and Rb were used in all tly'ahsfections unless mentioned other\l\}ise.
and underlines how agents .that can affect their aCtW'FV The dominant-negative p38 construct was a kind gift of Dr JiaHuai
brings about effects on proliferation that parallels their Han, Scripps Research Institute, La Jolla, CA. The kinase inhibitors
regulation of E2F. The situation may be complicated by were added at the time of Fas stimulation at the following concentrations:

; : p38 inhibitor SB203580, 1@M; cdk inhibitors olomoucine, 20QM,
the fact that many extracellular signals can induce JNK1 %4 roscovitine, 5QuM: MEK. inhibitor PD98059, 100uM. Stable

as well as p38; it may be imagined that the reSponse_Of transfections were performed on 35 mm dishes, each having 10 000
the cell could depend on other factors such as the relativecells, and selection in ug/ml of puromycin, 40ug/ml neomycin or

Materials and methods
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both commenced after 48 h. Colonies havirgO cells were counted capacity to disrupt the interaction between transcription factor E2F
after 14 days. and the retinoblastom&roc. Natl Acad. Sci. USA9, 4549-4553.

Chen,W.D., Otterson,G.A., Lipkowitz,S., Khleif,S.N., Coxon,A.B. and
In vitro binding assays Kaye,F.J. (1997) Apoptosis is associated with cleavaga 6 kDa

GST fusion proteins of DP1, E2F1 and DP2 as well as GST—-cJ carrying  fragment from RB which mimics dephosphorylation and modulates
a c-jun fragment were prepared using standard protocols as described E2F binding.Oncogenel4, 1243-1248.
previously (Zhang and Chellappan, 1995). pSRNK1 vector was Cobrinik,D. (1996) Regulatory interactions among E2Fs and cell cycle

digested wittBgllll and transcribedn vitro using SP6, and JINK1 protein control proteinsCurr. Top. Microbiol. Immuno| 208 32-63.
was synthesized in rabbit reticulocyte lysate in the presence of Corbeil,H.B., Whyte,P. and Branton,P.E. (1995) Characterization of
[3%S]methionine. An aliquot of §il of the synthesized polypeptide was transcription factor E2F complexes during muscle and neuronal

incubated with beads carrying equal amount of GST fusion proteins in  differentiation.Oncogene11, 909-920.

200ul of a buffer containing [20 mM Tris pH 7.5, 50 mM KCI, 0.5 mM De Luca,A., De Maria, R., Baldi,A., Trotta,R., Facchiano,F., Giordano,A.,
EDTA, 1 mM dithiothreitol (DTT), 0.5% Nonidet P-40 (NP-40), 3 mg/ Testi,R. and Condorelli,G. (1997) Fas-induced changes in cdc2 and
ml bovine serum albumin (BSA)] at 4°C for 2 h. The beads were washed  cdk2 kinase activity are not sufficient for triggering apoptosis in
six times and eluted with 10 mM glutathione. Eluates were separated HUT-78 cells.J. Cell Biochem.64, 579-585.

on a 10% SDS—polyacrylamide gel and visualized by autoradiography. DeGregori,J., Leone,G., Ohtani,K., Miron,A. and Nevins,J.R. (1995)
The protein amount in control input lane is one-fifth of the total used in E2F-1 accumulation bypasses a&@rest resulting from the inhibition

binding assay. of G; cyclin-dependent kinase activitgenes Dey.9, 2873-2887.
DeGregori,J., Leone,G., Miron,A., Jakoi,L. and Nevins,J.R. (1997)
Immunoprecipitations, Western blots and kinase assays Distinct roles for E2F proteins in cell growth control and apoptosis.

Antibodies to E2F1-5, JNK1, p38 kinase, ERK2 and cyclins D and E Proc. Natl Acad. Sci. US4, 7245-7250.
were obtained from Santa Cruz Biotechnologies; anti-Fas antibody Dou,Q.P., An,B., Antoku,K. and Johnson,D.E. (1997) Fas stimulation

(CH11) was from MBL; anti-HA antibody from Boehringer Mannheim; induces RB dephosphorylation and proteolysis that is blocked by
anti-Rb and anti-c-Myc antibody from Oncogene Science-Calbiochem. inhibitors of the ICE protease family. Cell Biochem.64, 586-594.
Whole-cell extracts prepared by hypotonic shock (Chellapptal., Dyson,N. (1994) pRB, p107 and the regulation of the E2F transcription
1991) were used for immunoprecipitations, EMSAs, Western blots and  factor. J. Cell Sci. Supp) 18, 81-87.

in vitro kinase assays. For immunoprecipitations, 50—-260f whole- Fiers,W.et al. (1995) TNF-induced intracellular signaling leading to gene
cell extracts were treated with|8 of the appropriate primary antibody induction or to cytotoxicity by necrosis or by apoptosisinflamm, 47,

in a volume of 100ul at 4°C for 1 h. Three milligrams of protein 67-75.

A-Sepharose or protein G—Sepharose in fiDGlume was then added Helin,K., Lees,J.A., Vidal,M., Dyson,N., Harlow,E. and Fattaey,A. (1992)
and incubated for additional 1 h. The binding was performed in a buffer A cDNA encoding a pRB-binding protein with properties of the
containing 20 mM HEPES pH 7.9, 40 mM KCI, 1 mM Mgg{D.1 mM transcription factor E2FCell, 70, 337-350.

EGTA, 0.1 mM EDTA, 0.1 mM DTT, 0.1 mM NaF, 0.1 mM N¥O,, Hibi,M., Lin,A., Smeal,T., Minden,A. and Karin,M. (1993) Identification

0.5% NP-40 and 3 mg/ml BSA. The beads were washed six times, of an oncoprotein- and UV-responsive protein kinase that binds and

boiled in 20l of SDS sample buffer and proteins separated on 8 or potentiates the c-Jun activation domaBenes Dey 7, 2135-2148.

10% polyacrylamide gels. After semi-dry transfer to supported nitro- Hiebert,S.W., Chellappan,S.P., Horowitz,J.M. and Nevins,J.R. (1992)

cellulose membrane the proteins were detected using an ECL system The interaction of RB with E2F coincides with an inhibition of the

from Amersham. EMSA following immunoprecipitation was performed transcriptional activity of E2FGenes Dey 6, 177-185.

as described previously (Chellappat al, 1991). For JNK1 kinase Hiebert,S.W., Packham,G., Strom,D.K., Haffner,R., Oren,M,,

assays, 3T3 cells were transfected with HA-JNK1 and cdc42, and Zambetti,G. and Cleveland,J.L. (1995) E2F-1:DP-1 induces p53 and

immunoprecipitation was performed using an anti-HA antibody under  overrides survival factors to trigger apoptodidol. Cell. Biol, 15,

stringent conditions in a buffer containing 20 mM Tris pH 7.5, 1% 6864—6874.

Triton X-100, 0.5% deoxycholate and 0.5 M LiCIThe beads were Hseih,J.-K., Fredersdorf,S., Kouzarides,T., Martin,K. and Lu,X. (1997)

washed six times in the same buffer and a kinase assay was performed E2F1-induced apoptosis requires DNA binding but not transactivation

as described previously (Mindest al., 1994b). An HA antibody was and is inhibited by the retinoblastoma protein through direct interaction.

used to immunoprecipitate p38 from p&RA-p38-transfected 3T3 cells Genes Dey 11, 1840-1852.

for kinase assays on Rb protein, or p38 was immunoprecipitated from Ikeda,M.A., Jakoi,L. and Nevins,J.R. (1996) A unique role for the Rb

Fas-stimulated Jurkat cells using an anti-p38 antibody and used for protein in controlling E2F accumulation during cell growth and

kinase assay reactions on GST—ATF2 or qudof bacterially produced differentiation.Proc. Natl Acad. Sci. USA3, 3215-3220.

human Rb protein (QED Biotechnologies, CA). Janicke,R.U., Walker,P.A., Lin,X.Y. and Porter,A.G. (1996) Specific

cleavage of the retinoblastoma protein by an ICE-like protease in
apoptosisEMBO J, 15, 6969-6978.
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