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A novel function of adenovirus E1A is required to
overcome growth arrest by the CDK2 inhibitor

p27K|p1

Konstantinos Alevizopoulos, required for DNA replication (e.g. DHFR, DNA pm)

Barbara Catarin’ Jaromir Vlach and (fOI’ reviews, see Weinberg, 1995; Helin, 1998).

Bruno Amati’ The enzymes catalyzing phosphorylation and inactiva-
tion of pRb-family proteins are cyclin-dependent kinases

Swiss Institute for Experimental Cancer Research (ISREC), (CDKs), including CDK4 or CDKe6 (associated with D-

CH-1066 Epalinges, Switzerland type cyclins) and CDK2 (associated with cyclins E or A)

ICorresponding author (reviewed in Sherr, 1994, 1995; Weinberg, 1995;

e-mail: bruno.amati@isrec.unil.ch Mittnacht, 1998). The activities of these CDKs are regu-

) ) lated by various mechanisms including association with
We show here that the adenovirus E1A oncoprotein  cyclins, phosphorylation/dephosphorylation, as well as

prevents growth arrest by the CDK2 inhibitor [)27!(ipl association with two families of inhibitory proteins (CKIs)
(p27) in rodent fibroblasts. However, E1A neither binds  (\Morgan, 1995; Sherr and Roberts, 1995). The Cip/Kip
p27 nor prevents inhibition of CDK2 complexesin vivo. family of CKls includes p2%Pl, p27Pl and p5¥ir?,

In contrast, the amount of free p27 available to inhibit which bind to all G—cyclin/CDK complexes. The second
cyclin E/CDK2 is increased in E1A-expressing cells, family includes the INK4 proteins pl¥a p1gNKap,

owing to reduced expression of cyclins D1 and D3. p1gNK4e and p18¥4d which bind to CDK4 and CDK6.
Moreover, E1A allows cell proliferation in the presence  Ectopic expression of both classes of CKls causes cell-
of supraphysiological p27 levels, while c-Myc, known  ¢ycle arrest in G (Guanet al, 1994; Polyalet al., 1994:

to induce a cellular p27-inhibitory activity, is only Toyoshima and Hunter, 1994; Hirat al, 1995; Quelle
effective against physiological p27 cpncentrations..ElA et al, 1995; Vlachet al, 1996; Alevizopouloset al,
also bypasses @ arrest by roscovitine, a chemical  1997) CKis play key roles in the response of cells to
inhibitor of CDK2. Altogether, these findings imply growth-inhibitory signals, such as induction of differenti-
that E1A can act downstream of p27 and CDK2. 45y 53 activation (e.g. in response to DNA damage),

Retinoblastoma (pRb)-family proteins are known CDK  1Gpp freatment, contact-inhibition, senescence and others
substrates; as expected, association of ELA with these (Sherr and Roberts, 1995; Harper and Elledge, 1996).

proteins (but nothwith p3(t))O/C'BhP) iszrequirﬁd for Elﬁ Several lines of evidence suggest that the major role of
to prevent gr,ﬁmta arrest by either p27 or the CDK4/6 cyclin D/CDK4 complexes is to inactivate pRb-family
|nh|bgg_rp16| ¢ .BypasfsglgAC.ZDhKZ 'nh'b't'oglrquggs proteins and thereby derepress E2F/DP-dependent tran-
ggg itional function 027. d't edmutant e ithinds  Scription. For example, pRb-negative cells become insensi-
oes notovercome p27-induced arrest, while itbinds o'+ expression of p16 or microinjection of antibodies
pRb-family proteins, prevents p16-induced arrest, and neutralizing cyclin D/CDK4 (Lukast al, 1994, 1995a
alleviates pRb-mediated repression of E2F-1 transcrip- 19951 Kohet al. 1995: Medemat al 19’95) and ectopié
tional activity (although E1A A26-35 f_alls to restore expreésion of E’2F/DP’proteins prev’entﬁtﬂbck by p16.
expression of E2F-regulated genes in p27-arrested allowing cells to enter S phase (DeGregetial.,, 1995;

fa?rllse)t.svgeepc)irfci)g%?; é,[‘oart(st))eosf'dceség?npgfsfi?:%blElA Lukaset al., 1996; Mann and Jones, 1996; Alevizopoulos
9 P ' et al, 1997). Although CDK2 complexes are clearly

ipl i
Keywords CDK2/E1A/E2F/p2 ¥ /retinoblastoma involved in pRb phosphorylation (Kellyet al, 1998;

Lundberg and Weinberg, 1998; reviewed in Weinberg,
1995; Mittnacht, 1998), these complexes appear to have
at least one additional role in &S progression. First,
inducible expression of cyclin E in fibroblasts accelerates
In vertebrate cells, the commitment to complete a round G;—S progression without affecting the kinetics of pRb
of mitotic division takes place during the initial phase of phosphorylation (Resnitzky and Reed, 1995). Secondly,
the cell cycle (G), at a stage called the restriction (R-) G; arrest induced by dominant-negative (DN-) CDK2 in
point, preceding the onset of DNA synthesis (S phase) transfected U20S cells is not relieved by the SV40 large
(Pardee, 1989; Zetterbeegal., 1995). The best-character- T antigen (LT), although LT blocks pRb and rescues E2F
ized molecular event required for passage through the R-function in this system (Hofmann and Livingston, 1996).
point is inactivation of the retinoblastoma protein (pRb) Thirdly, unlike D-type cyclins, cyclin E is essential for
by phosphorylation. pRb and the related proteins p107 cell-cycle progression in pRb-deficient cells (Ohtsubo
and p130 are negative growth-regulators. In their active et al, 1995). Fourthly, ectopic expression of E2F-1
form, they associate with various cellular targets, and in bypasses growth arrest by pl16, but not by p27, which
particular with transcription factors of the E2F/DP family, inhibits cyclin E/CDK2 (Mann and Jones, 1996;
repressing their target genes, which include regulators of Alevizopoulos et al, 1997), although elevated E2F1
S-phase entry (e.g. Bwh cyclin E, p107) and genes expression can also bypass p27 (DeGregbrl., 1995).

Introduction
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Fifthly, ectopic expression of cyclin E bypasses pl6-
or pRb-mediated cell-cycle arrest independently of pRb
phosphorylation (Alevizopoulost al., 1997; Lenget al,
1997; Lukaset al., 1997). Sixthly, adenovirally expressed
Myc and Ras induce S-phase entry in REF52 cells via
activation of cyclin E/CDK2, but without concomitant
activation of cyclin D1 or phosphorylation of pRb (Leone
et al, 1997). Finally, inDrosophila cyclin E and E2F/
DP reciprocally activate each other, but each also has a
non-redundant function required for S-phase entry
(Duronio and O’Farrell, 1995; Duroniet al., 1995, 1996,
1998; Duet al, 1996), a conclusion which most likely
applies also to mammalian cells (for review, see Amati
et al, 1998).

Early gene products of DNA tumour viruses, such as
large T of SV40, E7 of human papilloma viruses and E1A
of adenoviruses, are involved in stimulating entry of
quiescent or differentiated cells into S phase, allowing
replication of viral genomes. These proteins have conver-
gently evolved to interact with key components of cellular
growth-regulatory pathways, including pRb-family pro-
teins and, in the case of E1A and LT, the transcriptional
coactivators p300 and CBP. Either type of interaction
suffices for the induction of S-phase entry by E1A,
but both are necessary for cellular immortalization and
transformation (for reviews, see Dyson and Harlow, 1992;
Moran, 1993; Bayley and Mymryk, 1994; Eckner, 1996).

In this work, we show that the 12S E1A protein of
Adenovirus 5 overcomes growth arrest by p27. Strikingly,
we find that p27 remains functional and inhibits CDK2
activity in E1A-expressing cells. These and other data
indicate that E1A can promote;&S progression with low
CDK2 activity. This function of E1A requires both its
pRb-binding domain and an additional region (residues
26-35), distinct from the p300/CBP-interaction domain.
We propose that E1A promotes growth by targeting two
sets of cellular proteins which act downstream of cyclin
E/CDK2: the pRb-family and an as yet unidentified
component(s) of a pRb-independent pathway. Deregulating
both pathways may reduce the requirement not only for
CDK4 and CDK®, but also for CDK2 in S progression.

Results

E1A prevents p27-induced cell-cycle arrest, but

does not bind p27 in fibroblasts

The ability of E1A to overcome p27-induced growth arrest
was investigated in rodent fibroblasts using serial retroviral
infections as described previously (Vla&t al, 1996;
Alevizopouloset al.,, 1997). Ratl cells were infected with
pBH2 (control vector) or pBH2-E1A viruses (INF.1,
Figure 1A), expanded under hygromycin selection, super-
infected with pBP or pBP-p27 viruses (INF.2) and seeded
in puromycin-selective medium. Expression of p27 in
control cells (pBH2) induced (Garrest and prevented
colony outgrowth (Figure 1A) (Vlacket al, 1996). In

INF.1
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Fig. 1. E1A overcomes growth arrest by p2A)(p27 prevents colony
outgrowth in Ratl cells, but not in E1A-expressing cells. Serial
infections were performed as described previously (Viechl, 1996;
Alevizopouloset al., 1997; see text). Cells were infected first (INF.1)
with a retrovirus expressing E1A or with the empty control vector
(pBH2), followed by a pBP retrovirus with or without p27 (INF.2).
Colonies were fixed and stained on dishes after 6 days in puromycin-
selective medium.R) Percentage of S phase cells in Ratl and

(C) NIH 3T3 populations infected with retroviruses expressing E1A
and/or p27 (INF.1, INF.2, as defined in A). A 30 min pulse of BrdU
incorporation was applied after 48 h of puromycin selection, and S
phase cells were visualized by immunocytochemical detection of
incorporated BrdU (Alevizopoulost al.,, 1997). The decrease in the S
phase fraction upon expression of p27 alone was due to accumulation
of cells in the G phase (Vlactet al., 1996). Lower panels:

immunoblot analysis of retrovirally expressed p27. Cells were
harvested after 48 h of puromycin selection.

blot:

IP: cyc.E E1A =

- 1'% 34

- p27

- -4 PpRb
INF1:E1A+ - + +
INF.2:p27 + - - +

Fig. 2. E1A does not associate with p27 in Ratl cells. Cells were
infected as indicated at the bottom (see Figure 1) and harvested after
48 h of puromycin selection. E1A or cyclin E (cyc.E) were
immunoprecipitated (IP) from cell lysates, followed by immunoblot
(blot) analysis of co-precipitated p27 or pRb, as indicated.

fibroblasts (data not shown). Thus, E1A prevents growth
arrest by p27.

contrast, E1A-expressing cells entered S phase and formed A previous report suggested that ELA may associate

colonies with similar efficiencies in the presence or absence
of p27 (Figure 1A and B). Immunoblot analysis showed
that exogenous p27 was expressed at similar levels in
control or E1A cells (Figure 1B, bottom) and did not
affect E1A levels (data not shown). The same results were
obtained with NIH 3T3 cells (Figure 1C) and rat embryo
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with p27 and inactivate it in TGE-treated epithelial cells
(Mal et al., 1996). However, when E1A was immunopre-
cipitated from Ratl cells expressing E1A and p27, no p27
was detectable in the precipitate (Figure 2, lane 4). As
controls, pRb was associated with E1A (lanes 2—4) and
p27 with cyclin E (lane 1). In the reciprocal experiment,
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Fig. 3. E1A does not overcome inhibition of CDK2 activity by p27. D1~ p27 -
Cells were infected as indicated below each graph (Figure 1).
(A) Cyclin E, cyclin A or CDK2 as indicated (IP) were D3 - p27 -

immunoprecipitated from cell lysates. Histone H1-kinase activities
were measured in the immunoprecipitates and normalized to the
activities in control cells (100%).B) Same as A, using a purified GST
pRb protein as substrate in the kinase asdayHistone H1-kinase
activity was measured in E1A immunoprecipitates. All values are the
average of at least three independent experiments.

Fig. 4. Expression of endogenous cyclins and CDKs, and composition
of cyclin/CDK/p27 complexes in infected cells. Cells were infected as
indicated at the top (Figure 1). Cell lysates were analysed by
immunoblot (blot), either directly (using 20—-4@ of total cellular
proteins), or following immunoprecipitation (IP), as indicated on the
left. (A) Expression levels of cyclins A, E and CDK3B)(Interactions

. .. . between p27, CDK2 and cyclins A or ECY Expression of cyclins D1
p27 immunoprecipitates contained CDK2 but not E1A and D3 and their interaction with p27.

(data not shown). Thus, E1A does not appear to interact
with p27 in Ratl cells.

(data not shown). Finally, we measured H1-kinase activity
p27 inhibits CDK2 in the presence of E1A in E1A immunoprecipitates. This activity most likely
In Ratl cells, exogenous p27 associated with cyclin E/ stems from cyclin A or E/CDK2 complexes associated
CDK2 and cyclin A/ICDK2 complexes, and inhibited their with E1A via their interaction with p107 and p130
kinase activity. In addition, cyclin A levels were decreased, (reviewed by Bayley and Mymryk, 1994). Expression of
resulting in an overall suppression of CDK2 activity p27 resulted in suppression of kinase activity (Figure 3C)
(Vlach et al.,, 1996) (Figures 3A, 4A and B). Since E1IA and concomitant loss of E1A associated CDK2 protein
did not associate with p27, it might have indirectly (data not shown). Taken together, our results suggest that
prevented CDK?2 inhibition in order to promote cell-cycle E1A does notact by suppressing p27 function or preventing
progression. Surprisingly, however, p27 still suppressed inhibition of CDK2.
cyclin E, cyclin A and CDK2-associated histone H1- p27 expression in Ratl cells induced accumulation of

kinase activities in the presence of E1A as efficiently as
in p27-arrested cells (Figure 3A). Similar results were
obtained when CDK2 activity was measured using pRb
as a substrate (Figure 3B). Although cyclin A expression
was restored in E1Ap27 cells (Figure 4A), cyclin A/
CDK2 complexes were associated with p27 (Figure 4B).
Likewise, p27 associated with cyclin E/CDK2 in
E1A+p27 cells, to similar or even greater extents than in

cyclins D1 and D3, and a large fraction of p27 associated
with these cyclins (Vlactet al., 1996). E1A counteracted
this effect, and thus decreased the fraction of p27 bound
to cyclins D1 and D3 (Figure 4C). Although the underlying
mechanism remains to be understood, this effect of E1A
would be predicted to increase the amount of p27 bound
to endogenous cyclin E/CDK2 and cyclin A/ICDK2 (as
apparent in Figure 4B) as well as the intracellular pool of

p27-arrested cells (Figure 4B). The same observationsfree p27 (Reynisdottiret al, 1995; Reynisdottir and

were made in NIH 3T3 cells, or in Ratl cells expressing

Massaglgel997). To measure the CDK-inhibitory activity

human cyclin E, which forms active complexes with of this pool, we mixed lysates of p27-expressing cells
endogenous CDK2 (Vlackt al, 1996); in the presence (inhibitory lysate, Figure 5) with a target lysate from

or absence of E1A, p27 associated with human cyclin E/ cells expressing human cyclin E. In this assay, free p27
rat CDK2 complexes and inhibited their kinase activity associates with human cyclin E/CDK2 and decreases its
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Fig. 5. CDK-inhibitory activity of p27 in native A) and boiled B) lysates from cells expressing E1A, Myc and/or p27. The activity of a target

human cyclin E/CDK2 complex (from Ratl cells expressing human cyclin E) was measured by selective immunoprecipitation of human cyclin E. In
parallel, the target was co-incubated prior to immunoprecipitation with either native (A) or pre-boiled (B) inhibitory lysates from infected Ratl cells
expressing E1A or Myc (INF.1), with or without p27 (INF. 2). The kinase activity of the target following the co-incubation step (black bars) was
normalized to that of the target alone (100%, grey bars). Note that cells which do not express exogenous p27 contain no significant CDK-inhibitory
activity in this assay (A and B, lanes 2). Note also that, although this particular series of experiments showed an apparent increase of the target's
activity upon incubation with Myc-cell extracts (A, lane 6), this effect is neither reproducible nor significant (#tiath 1996).

kinase activity (Figure 5A, lanes 1-3) (Vlaehal,, 1996). A 1 2 3 4
As predicted above, E1Ap27 cells contained elevated INF.1: E1A - - + +
levels of inhibitory activity compared with p27-arrested INF2: pB7 ~ % = &
cells (Figure 5A, lanes 3 and 5). Boiling of the lysates

released similar amounts of inhibitory activity in the PROIT e W e
presence or absence of E1A (Figure 5B, lanes 3 and 5),

showing that E1A did not modify the intrinsic activity of p130 ﬁ“ﬁ -
p27. In conclusion, the net effect of E1A is to increase

the amount of free inhibitory p27 in cells, consistent with B

the observations that E1A does not bind p27 (Figure 2) INF.1: E1A

and that CDK2 complexes remain associated with p27 INF.2: f 27
and inactive (Figures 3A and B, and 4B). . [ P

Collectively, our data indicate that E1A does not over- Pass. 1 2
come cell-cycle arrest by inactivating p27. Instead, E1A ;
allows cell proliferation with sustained inhibition of cyclin Days: 2234579
E/CDK2 and cyclin A/ICDK2 (comparable to the inhibition - e -

, , p27

found in p27-arrested cells), suggesting that p27 can act
downstream of CDK2 function.

H1-kin. - -
E1A does not prevent p27-induced He
dephosphorylation of CDK2 substrates in vivo PRO W[ IS = =
Although cells expressing E1A and p27 grow in the =
absence of detectable E1A-p27 interaction and CDK2 % S 42 38 36 39 35 40 41

activity, it could still be argued that E1A binds p27 in _ '
cells but releases it after lysis, leading to an inhibition of Fig. 6. p27 prevents phosphorylation of pRb in the presence of E1A,

. S and remains active over several division cycles. Cells were infected as
CDK2 that does not reflect the real situatianvivo. Thus, indicated and analysed aftek) our standard time-point of 2 days or

as a simple readout of CDK2 inhibition by p27 vivo, (B) after prolonged periods of time. p27, pRb and p130 were analysed
we examined the phosphorylation state of two natural by immunoblot. The slower-migrating, hyperphosphorylated forms of

CDK?2 substrates, pRb and p130, in infected Ratl cells. PRb and p130 and their faster-migrating, hypophosphorylated forms
Expression of p27 induced loss of the slower-migrating are_lndlcated_(H and h, respectlvely_). C‘DKZ-assomated H1-kinase
hyperphosphorylated forms, with the ensuing accumula- activity (Hl-km.) Wa% measu_red asin Figure 3A, and the percentage
h : ) ] ) ! of cells in S phase (%S) as in Figure 1B.
tion of these proteins in their faster-migrating hypophos-
phorylated forms (Figure 6A, lanes 1 and 2). This effect
of p27 was not altered by E1A, even though E1A increased However, p27 did not block phosphorylation of p107
pRb and p130 levels in the presence of p27 (Figure 6A, (Alevizopouloset al, 1997; data not shown), which is
lanes 2—4). Thus, p27 still prevents phosphorylation of a substrate of CDK4/6 but most likely not of CDK2
pRb and p130 in the presence of E1A. These data confirm(Beijersbergenet al, 1995; Xiao et al, 1996). This
that p27 inhibits CDK2 activity in E1A-expressing cells. observation, together with IP-kinase assays (Vlathl,

It should be noted here that expression of p16 in Ratl 1996; unpublished data) suggests that p27 acts as a
cells prevented phosphorylation of pRb, p130 and p107. selective inhibitor of CDK2n vivo, and not—at least in
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p27. -
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tet-p27
+E1A

tet-p27
+Myc

Fig. 7. E1A and Myc confer differential resistance to p27 overexpression. A Ratl cell clone expressing a tetracycline-regulatable p27 gene (tet-p27;
see text) was infected with retroviruses expressing E1A or Myc (as indicated to the left). Cells were seeded in medium containing decreasing
concentrations of tetracycline, to induce gradually p27 (as indicated at the top; see text). Colonies were stained after 6 days. Note that in the various
tet-p27 clones screened, as well as in cells expressing E1A or Myc, p27 induction never caused any signs of apoptosis, in contrast to what has been
proposed recently (Katayosg al., 1997; Wanget al.,, 1997).

those cells—of CDK4 and CDK®6. Others have reached assay described above (Figure 5): while kinase-inhibitory

similar conclusions (Blairet al., 1997). activity increased in lysates of EXp27 cells, it was
masked in Mye-p27 cells (Vlachet al., 1996; Figure 5A,

E1A allows long-term proliferation with lanes 4-7; see legend). However, both lysates released

p27-inhibited CDK2 active p27 upon boiling (Figure 5B). Based on these

All the biochemical experiments presented so far were observations, one would predict that E1A, but not Myc,
performed 2 days after infection with the p27 retrovirus. should render cells resistant to increased, supraphysio-
To rule out a transient effect, by which E1A-expressing |ogical p27 levels. To test this hypothesis, we subcloned
cells might have inactivated p27 shortly after our standard 27 in the tetracycline-regulatable retroviral vector
time of analysis, we followed E1Ap27 cell pools for  BPSTR1 (Paulust al, 1996), infected Ratl cells with
several days. The percentage of cells in S phase, asyjs retrovirus and selected clones showing tight growth
measured by BrdU incorporation, was comparable at all 4rrest and elevated p27 levels upon removal of tetracycline
time points to that of control proliferating cells (Figure 6B, o the culture medium (J.Viach, unpublished data). One
bottom). Over a period of 5 days (or ~6-7 generations) q¢ yeqe clones (tet-p27) was infected with retroviruses
p27 I'evel§ were maintained, CDK2 Hl-k]nase activity expressing E1A or Myc. Infected cells were pooled and
;irggigetgén(rggterg %réd;)n%b d?ar:g ﬁé?gggvrcsng%gx%mgf'seeded either with 5000 ng/ml tetracycline (to maintain
X : . p27 fully repressed), no tetracycline (to induce maximal
passaging of the cells, however, p27 levels declined, p27 levels) or intermediate amounts of the drug (to induce

concomitant with a partial recovery of CDK2 activity and )
re-appearance of phosphorylated pRb (Figure 6B, pass.p27 at lower levels; data not shown). Control tet-p27 cells

2), indicating that some selective pressure remained agains{e?u'r_ed trlf max;ma:vlamou?lt ofhtetre(\jcychne to fgrm
elevated p27 levels in these cell pools. Nevertheless, thesé0lonies (Figure 7). Myc cells showed a strong dose

results altogether show that E1A allows cell proliferation dépendence, growing normally at 50 ng/ml tetracycline,
in the presence of active p27, which inhibits CDK2 over but not at lower concentrations. Although a slight growth

a sustained period of time. inhibitory effect of p27 was still apparent in E1A cells,
these cells proliferated well under all conditions. Neither

E1A, unlike Myc, confers resistance to E1A nor Myc affected induction of p27 upon tetracycline

supraphysiological p27 levels removal. Furthermore, in agreement with our previous

The finding that E1A overcomes p27-induced arrest with- data, cyclin E/CDK2 was totally inhibited by p27 in the
out rescuing CDK2 activity is in sharp contrast with the presence of E1A (data not shown). In summary, Myc
effect of Myc, which prevents CDK2 inhibition by induc- overcomes p27-induced arrest by a mechanism sensitive
ing sequestration of p27 within cells into a form unable to p27 overexpression, while E1A allows cell growth with
to associate with CDK2 (Vlachkt al., 1996; Amatiet al., supraphysiological p27 levels and maximally inhibited
1998). This can be illustrated with the vitro mixing CDK2.
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Fig. 8. Gy-arrest induced by roscovitine is bypassed by E1A. Control p400, others 7
Ratl and E1A-expressing cells (Rat1l-E1A) were arrested by contact g0 S-phase
inhibition (2 days), trypsinized and re-seeded in fresh medium
containing serum and BrdU, in the presence of increasing
concentrations of roscovitine. After 14.5 h, the fraction of S phase
cells was visualized by immunocytochemical detection of incorporated
BrdU. The values presented are the average of five independent
experiments.

INF.1: pBH2  E1A  2R->G A2-11 A64-68 38-44A ACR1 124,135A 38-44A

E1A bypasses G; arrest by a chemical inhibitor of C 124,135A
CDKZ 60 % S-phase INF. 2:
If E1A acted downstream of p27 and CDK2, it might be m e
expected to bypass,@rrest induced by chemical inhibitors ;6

of CDK2. We thus tested whether E1A allows S-phase
entry in the presence of roscovitine, a specific inhibitor
of CDK2 and CDC2 (Meijer, 1996). To offset the problem
of CDC2 inhibition at mitosis, contact-inhibited Ratl and
E1A-expressing cells were trypsinized and re-seeded in
fresh medium with or without roscovitine. S-phase entry Fig. 9. Two distinct domains of E1A are required for bypassing p27-
was monitored over a period of 14.5 h by measuring BrdU induced arrest.X) Schematic representation of the E1A mutants used
incorporation (Figure 8). In the absence of roscovitine in this work. The mutanACR1 carries a deletion of residues 38-67.
~90% of cells in both 0 lations had entered S hasé ‘Binding’: summary of the_ experir_nent_ally determined ability of E1A

0 I populau p - mutants to bind pRb-family proteins (indicated as pRb) and p300
In control Ratl cells, roscovitine suppressed S-phase entry(Howe and Bayley, 1992; Waret al, 1993; Barbeaet al., 1994;
in a dose-dependent manner. In contrast, the drug hadBayley and Mymryk, 1994; Trouche and Kouzaride_s, 1996; data not
very little effect on E1A-expressing cells. Roscovitine shown). ‘Rescue’: summary of the data presented in parts B and C on

. . . . rescue of p27- and pl6-induced growth arreBtafd C) Percentage
was functional in those cells, since it prevented phos- of S phase cells in Ratl populations infected with retroviruses

phorylation of pRb, indicating that CDK2 was effectively expressing E1A mutants and p27 or p16, as indicated. Note that the
being inhibitedin vivo (data not shown). This result measurements shown in B and C are from different series of
reinforces the notion that E1A largely reduces the require- experiments, which yielded slightly different efficiencies of cell-cycle

ment for CDK2 activity in S-phase entry arrest. In all experiments, however, cells expres€éiag—35 were as
’ effectively arrested by p27 as control cells, as also confirmed by

) i ; colony assays (data not shown). All shown values are averaged from a
Two functional domains of E1A are required for series of 3-6 independent measurements. E1A proteins were expressed

bypassing CDK2 inactivation from the pBH2 vector (INF.1), followed by p27 or p16 in pBP

In Ratl cells, retroviral expression of either p27 or p16 (INF.2). BrdU incorporation was measured as in Figure 1B. As for _

induces activation of pRb-family proteins (Vlaat al., ngZ’eltlzemd‘é?anIZii'zls plhase induced by p16 was due to accumulation

. . pouloset al., 1997).

1996; Alevizopoulost al., 1997). We thus predicted that

the rescue of p27- or p16-induced &trest by E1A should

depend upon its pRb-binding domain. Furthermore, if mutant 38-44A/124,135A are defective in their interaction

E1A acted downstream of CDK2, it might also be expected with pRb-family proteins, wherea&CR1 is defective in

to target the pRb-independent pathway(s) regulated by both interactions. All mutants were expressed as efficiently

CDK2 (see Introduction). If this were true, additional as 12S E1A in Ratl cells (data not shown). The mutants

domain(s) of E1A might be required for overcoming defective in p300/CBP-binding were capable of overcom-

p27-, but not pl6-induced arrest (the latter being only ing p27- and pl6-induced arrest, whereas the pRb-inter-

dependent upon binding to pRb-family proteins). action mutants were not, as shown by BrdU incorporation
To map the domains of E1A required for rescuing p27- and colony assays (Figure 9A and B; data not shown).

and pl6-induced arrest, a series of E1A mutants were Thus, neutralization of pRb-family proteins, but not of

expressed in Ratl cells. These mutants were previouslyp300/CBP, is a prerequisite for E1A to bypass growth

characterized for their ability to interact with cellular arrest by either p27 or p16.

proteins, as summarized in Figure 9A (see legend). Mutants  While searching for the existence of additional func-

2R- G, A2-11 andA64-68 are defective in binding to tional sequences in E1A, we found that the E1A mutant

p300/CBP. Mutants 38-44A, 124,135A and the combined A26—-35 (Howe and Bayley, 1992; Barbeatial., 1994)

0
INF.1: pBH2 E1A  A26-35
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Fig. 10. Effect of ELAA26-35 on E2F activity.A) E2F A26-35 is
functional in relieving pRb-mediated repression of E2F transcriptional
activity. 293T cells were transfected with an E2F-responsive cyclin E
promoter—luciferase reporter gene (Ohtahal, 1995) together with
plasmids encoding E2F-1, DP-1, pRb or E1A proteins (12S or mutants
2R- G, A26-35, 124,135A), as indicateflex22: a pRb mutant

deleted in exon 22, which does not associate with E2F @Dial.,

1992). Relative luciferase units are expressed in fold-activation relative
to the reporter alone. The data shown are from one out of six
independent experiments, which yielded the same res8J<E2F

A26-35 fails to re-induce E2F-target genes in p27-arrested cells.
mRNA levels for the genes indicated to the left were measured by
Northern blot analysis of total RNA from infected Ratl cells (as
indicated at the top; Figure 1). TK: thymidine kinase; GAPDH:
glyceraldehyde-phosphate dehydrogenase, used as a loading control.

Action of E1A downstream of p27 and CDK2

Effect of E1A A26-35 on E2F activity

The above observations suggested that B28—35 should

be functional in sequestering pRb-family proteins and
preventing repression of E2F. To address this question, we
transiently transfected 293T cells with an E2F-responsive
cyclin E promoter-luciferase reporter gene (Figure 10A).
Consistent with previous data (Ohtagti al., 1995; Geng

et al, 1996), co-expression of E2F-1 and DP-1 strongly
transactivated this reporter. Activation was suppressed by
co-expression of pRb, but not by a mutant defective in
binding to E2F fex22; Qinet al, 1992). Co-expression

of 12S E1A or of the p300-interaction mutant 25
relieved pRb-mediated suppression. As expected, the pRb-
interaction mutant 124,135A was ineffective in reactivat-
ing E2F. In contrastA26—35 was active in this assay. All
E1A proteins were expressed at comparable levels and
none of them affected the basal activity of the reporter
(data not shown). We conclude that residues 26-35 are
not required for inactivation of pRb and derepression
of E2F.

We also monitored expression of several E2F-target
genes in infected Ratl cells using Northern-blot analysis.
Cyclin A, Cdc6, thymidine kinase (TK), Mcm3 and Mcm?7
mRNA levels, which all respond to E2F (Helin, 1998;
Leoneet al.,, 1998; Yaret al.,, 1998), were down-regulated
in p27-arrested cells (Figure 10B). Expression of 12S
E1A prevented this effect while, as expected, the pRb-
interaction mutant 124,135A did not. Surprisingly, p27
still suppressed expression of E2F-target genes in the
presence ofA26-35. It remains to be addressed whether
this result reflects a specific defect 42635, or is an
indirect consequence of p27-induced arrest in those cells.
These data, however, raise the possibility that the pRb-
independent function of ELA may be selectively required
for E2F function in the presence of p27 (see Discussion).

Discussion

Action of E1A downstream of p27 and CDK2
Using a retroviral expression system, we show that the
12S E1A protein of adenovirus 5 overcomes the proliferat-
ive arrest induced by p&P! in rodent fibroblasts. Consist-
ent with this finding, DeGregoret al. (1995) observed
that E1A permits S-phase entry in REF52 cells upon
transient transfection with a p27-expressing plasmid.
Another report suggested that E1A can associate with p27
and prevent CDK2 inhibition in transfected epithelial cells
(Mal et al. 1996). Here, we characterize the mechanism
underlying growth restoration by E1A. Strikingly, E1A
does not interfere with the molecular action of p27 but,
instead, allows cell proliferation with inhibited CDK2.
Retrovirally expressed p27 associates with cellular
cyclin E/CDK2 and cyclin A/ICDK2 complexes and
inhibits their activityin vivo, preventing phosphorylation
of CDK2 substrates (pRb and p130). All of these molecular

was defective in preventing p27-induced arrest (Figure 9A changes still occur upon introduction of p27 in E1A-
and C, see legend; data not shown). This mutant wasexpressing cells and are not merely transitory, but instead
expressed as well as 12S E1A, associated efficiently with persist over several division cycles. In contrast with the

all pRb-family proteins (Howe and Bayley, 1992; Barbeau

et al, 1994; data not shown) and was capable of overcom-

conclusions of Malet al. (1996), E1A clearly does not
interact with p27 in infected Ratl cells. In fact, there is a

ing pl6-induced arrest. Thus, the p27-antagonizing activity larger pool of free p27 in the presence of E1A, owing to

of E1A requires a function distinct from pRb- (or p300-)
binding, mediated by residues 26-35.

decreased expression of cyclins D1 and D3 and to the
ensuing release of p27 from these cyclins. Thus, E1A
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indirectly increases the amount of p27 capable of inhibiting best-characterized ligands of 12S E1A are pRb-family
CDK2. The differences between our findings and those proteins (pRb, p107 and p130) and the transcriptional

of Mal et al. (1996) may be due to the use of distinct cell
types, to different E1A and/or p27 expression levels, or

coactivators p300/CBP. Both types of interactions are
involved in the growth-promoting activities of E1A

to other experimental parameters. In any case, our data(reviewed by Dyson and Harlow, 1992; Bayley and

unravel a novel level of action for E1A in cell-cycle
control and reveal that E1A can promote proliferation
with inhibited CDK2 activity. Consistent with this finding,
E1A also prevents Garrest by roscovitine, a chemical
inhibitor of CDK2. Taken together, these results suggest
that E1A can rescue cell growth by acting downstream
of CDK2.

Mymryk, 1994). We therefore tested mutants of E1A
defective in either interaction for their ability to overcome
p27-induced arrest. As a control, we also used the CDK4-
and CDK6-specific inhibitor p1Bx42 (p16), since the
ability of E1A to bypass pl6-induced arrest was expected
to correlate with its ability to neutralize pRb (see Introduc-
tion). Our data show that E1A mutants that do not associate

Using the same experimental system, we have shownwith pRb, p107 and p130 are unable to overcome arrest

previously that Myc also overcomes p27-induced arrest
(Vlach et al, 1996). Myc suppressses p27 function by

by either p27 or pl6 (summarized in Figure 9A), con-
firming that both inhibitors block the cell cycle via pRb-

inducing its sequestration into a form unable to associate family proteins. In contrast, E1A mutants defective in

with CDK2 complexes (Vlaclet al., 1996; Miller et al,,
1997; Peez-Rogeret al., 1997; reviewed in Amatet al,
1998). Therefore, unlike E1A, Myc prevents inhibition of
cyclinE/CDK2 and cyclin A/ICDK2. We further show here
that supraphysiological p27 levels arrest Myc- but not
E1A-expressing cells. Thus, the effect of Myc is saturable
by p27in vivo, whereas the effect of E1A is not, supporting
the notion that E1A acts downstream of CDK2. Finally,
in contrastto E1A, Myc-induced cell-cycle entry is blocked
by roscovitine (Rudolptet al., 1996; Prallet al,, 1998).

In summary, Myc is fully dependent upon CDK2 function

interaction with p300/CBP bypass arrest by either inhibitor
as efficiently as 12S E1A.

CDK?2 is believed to have a pRb-independent function
in G;—S progression (see Introduction). On the other hand,
our experiments suggest that E1A can act downstream of
CDK2 (see above). On this basis, we postulated that
binding to pRb-family proteins might not be sufficient for
E1A to prevent p27-induced arrest, and that a distinct
activity of E1A might be required. We thus searched for
new mutants of E1A capable of binding pRb and bypassing
pl6-induced arrest, but ineffective against p27. We found

in order to induce S-phase entry, whereas E1A can reduceinat a previously described mutant, EN26-35 (Jelsma

the requirement for CDK2 activity.

Would E1A-expressing cells be resistant to a total loss
of CDK2 activity? Two lines of evidence argue against
this idea. First, G arrest by DN-CDK2 (van den Heuvel
and Harlow, 1993) is not bypassed by E1A in U20S cells
(data not shown). Secondly, microinjection data suggest
that the cdc25A phosphatase is required for E1A-induced
S-phase entry (Spitkovskegt al., 1996). However, DN-
CDK2-induced arrest requires overexpression of the pro
tein (e.g. it does not occur with retroviral vectors), which
may block other regulatory pathways in a non-specific
manner. It also remains unclear whether cdc25A is critical
for CDK2 versus CDK4/6 activityin vivo (e.g. Terada
et al, 1995; lavarone and Massagu®97) and whether
it has additional cellular targets. Regardless of these

reservations, the above results suggest that E1A does no

totally bypass the requirement for CDK2 function. In
agreement with this, we see a residual growth-inhibitory
effect of high p27 expression or roscovitine treatment in
the presence of E1A. Finally, EIA may protect a minor
fraction of CDK2, which would remain able to phosphoryl-
ate critical substrates and induce cell-cycle progression.
We show, however, that E1A-associated H1-kinase activity
is suppressed by p27 in Ratl cells. In summary, it remains
to be established whether or not CDK2 function is entirely
dispensable in the presence of E1A; this will require
the availability of a conditional CDK2 knock-out allele.
Nevertheless, our data clearly demonstrate that E1A-
expressing cells can proliferate with very low levels
of CDK2 activity comparable to those found in p27-
arrested cells.

Two distinct functions of E1A are required for
bypassing p27-induced arrest

E1A is known to bind several cellular proteins through
separable, but also overlapping functional domains. The
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et al, 1988; Howe and Bayley, 1992; Barbeat al.,
1994), exactly fulfils these expectations. Thus, residues
26-35 of E1A define a novel function that is required to
allow cell-cycle progression with low CDK2 activity.

One possible interpretation of the above results was that
E1AA26-35 might be defective in preventing repression of
E2F activity by pRb-family proteins. Compatible with this
notion, A26-35 fails to restore expression of several
E2F-target genes in p27-arrested cells (see also below).
However, transient transfection experiments show that
A26-35 is functional in derepressing E2F-1 activity in the
presence of pRb. Although a defect&##6—35 in relieving
pl07- or p130-mediated repression cannot be ruled out at
the moment, several lines of evidence render this hypo-
hesis unlikely. E1LAA26—35 binds avidly to p130, as well

sto p107 and pRb (data not shown) and is fully functional
in preventing growth arrest by pl6, which induces
dephosphorylation and activation of all pRb-family pro-
teins (Alevizopoulost al.,, 1997). Moreover, p107 is not
a CDK2 substrate (Beijersberge al, 1995), does not
appear to be activated by p27 in Ratl cells (Alevizopoulos
et al, 1997) and is thus probably not involved in p27-
induced arrest (see Results). It remains formally possible
that residues 26—35 of E1A are specifically required for
neutralization of p130 or pRb when these proteins are
unphosphorylated at CDK2-specific sites (i.e. in p27-
arrested cells). None the less, it appears more likely that
amino acids 26-35 of E1A target a cellular protein(s)
distinct from pRb-family proteins.

The major question raised by our data is whether the
pRb-independent pathway targeted by E1A and CDK2
regulates a rate-limiting step in;&S progression distinct
from E2F activity, or whether it is required for E2F
function. The failure of ELAA26-35 to restore expression
of E2F-target genes in p27-arrested cells is not conclusive



per se this result is consistent with a requirement of
CDK2 either for E2F activity (independently of pRb-
family proteins) or for some other step in the regulation
of E2F-target genes. In addition, the failure to re-express

Action of E1A downstream of p27 and CDK2

whether CDK2 substrates such as NPAT (Zhetoal.,
1998) are targets of E1A.

The inability of ELAA26-35 to overcome p27-induced
arrest is the most dramatic phenotype attributed so far to

E2F-target genes could also be a secondary consequencthis mutant. ELAA26-35 is capable of transforming

of p27-induced arrest, not related to the specific defect of

primary baby rat kidney (BRK) cells or rat embryo

E1A A26-35. Previous experiments have suggested thefibroblasts in cooperation withas (Jelsmaet al., 1989;

existence of an E2F-independent function for CDK2 in data not shown) but is defective in morphologically
G;=S control. In transiently transfected U20S cells, DN- transforming an established BRK derivative (Dorsman
CDK2 induces G arrest and suppressses E2F activity; et al, 1995).A26-35 is also active in induction of DNA
co-expression of SV40 LT, which inactivates pRb, rescues synthesis in quiescent BRK cells, but this assay is equally

E2F function, but does not alleviate; @rrest (Hofmann
and Livingston, 1996). In addition, cyclin E overexpression
can bypass @Garrest by a DN-DP1 mutant which blocks
E2F function (Lukat al.,, 1997). Reciprocally, however,

permissive for individual pRb- and p300-interaction
mutants (Howeet al, 1990). Thus, additional work is
required to re-evaluate the specific biological defects of
the A26—-35 mutant. It is worth recalling here that E1A

E2F-1 Overexpression can promote S-phase entry in thehas evolved in the context of the |yt|C CyCle of adenovirus.

absence of CDK2 activation (DeGregast al, 1995),

Its main functions are to regulate transcription of viral

although moderate expression of E2F-1 cannot bypassdenes and promote S-phase entry in infected, quiescent
p27-induced arrest (and thus CDK2 inhibition) (Mann and Cells (reviewed by Bayley and Mymryk, 1994). The
Jones, 1996; Alevizopoulost al, 1997). Thus, while it mteractlon Wlth pRb-family prote_lns fulfils both functions,
is clear that E2F and cyclin E/CDK2 activities reciprocally Since the viral early gene E2 is regulated by E2F and
up-regulate each other (via pRb/E2F-mediated regulation SiNce inactivation of pr (as well as p300/CBP) contributes
of cyclin E transcription and cyclin-E-mediated phospho- 0 cell-cycle promotion by E1A. We propose that the
rylation of pRb; e.g. Ohtanet al, 1995; Genget al., _novel func_tlon un_covere;d in this work can be equally
1996: Herreraet al, 1996: Hurfordet al, 1997 Helin, important in the viral Iytic cyr_;le. By relga}smg the strict
1998; Mittnacht, 1998), their precise hierarchical relation- requirement for CDK2 activity, in addition to CDK4
ship in G=S control remains to be elucidated. The best 21d CDKG6, E1A liberates cells from upstream signals,
model at present is that both have independent arw|abrogates R-pqmt control and promotes unrestrained cell-
non-redundant downstream functions, as is evident in CYCl€ progression.
Drosophila(Duronio and O’Farrell, 1995; Duroniet al.,
1995, 1996) Finally, CDK3 rather than CDK2 may be
rgquired for E2F functipn ina pr-_in_dependent manner, p . it expression vectors
since LT can restore neither E2F activity nor S-phase entry tpe retroviral vectors pBabe-Puro (pBP), -Neo2 (pBN2) and -Hygro2
in the presence of DN-CDK3 (Hofmann and Livingston, (pBH2) have been described previously (Morgenstern and Land, 1990;
1996). We have been unable to detect CDK3-specific Vlachet al, 1996), as well as pBPSTR1 (Paulesal,, 1996). cDNAs
activity in Rat1 cells and ignore whether CDK3 inhibition ~enceding adenovirus 12S E1A, E1A mutants (see legend to Figure 9),
L . F . Myc a_nd human cyclin E were subcloned in pBH2 or pBNZ. cDNAs
is involved in p27-induced ar'feslt and/or. repression of encoding the human CKIs p16 and p27 were subcloned in pBP (Vlach
E2F-target genes. Altogether, it is most likely—but not et al, 1996; Alevizopoulot al, 1997).
yet proven—that the pathway targeted by E1A downstream
of CDK2 is both pRb- and E2F-independent. It is also
possible that multiple pRb-independent functions of E1A
are required to prevent Garrest by p27, one of these
being the reactivation of E2F; it will thus be interesting
to address whether additional mutations in E1A confer
the same p27-sensitive phenotype/A26—35. More work
is needed to unravel the cellular targets by which E1A
allows cell-cycle progression with low CDK2 activity, and
whether their activities converge on E2F function. In
particular, we will need to identify the cellular protein(s)
which associate with 12S E1A but not wit6—35.

E1A A26-35 is defective in interacting with p400, a

Materials and methods

Retroviral infections, cell-cycle analysis and biochemical

analysis

High-titer retroviral supernatants were generated as described before
(Vlach et al,, 1996). Infected Ratl or NIH 3T3 cells were selected with
the appropriate drug: G418 (Calbiochem, 10@@/ml), hygromycin
(Calbiochem, 150ug/ml) or puromycin (Sigma, 2.5ug/ml). Serial
infections of cell pools, preparation of cell lysates and biochemical
analysis (immunoblots, immunoprecipitations, kinase assays, mixing and
boiling experiments) were as described previously (Vlathl., 1996).

For cell-cycle analysis, cells were labelled with |38 bromodeoxyurid-

ine (BrdU) for 30 min. and analysed by immunocytochemical detection
of BrdU, as described previously (Alevizopoulesal., 1997).

Northern (RNA) blot analysis
Total RNA was isolated from retrovirally infected Ratl cells using an

cellular E1A-binding protein which remains to be cloned RNeasy kit (Qiagen). Fifteeg of RNA were electrophoresed in
1% agarose-formaldehyde gels and transferred to Immobilon-N nylon

and CharaCteri??d (Howe ?—nd Bayle)_’a 1992;.53"@311’ membranes. Blots were hybridized witP?P]-labelled random-primed
1994). In addition, a region spanning residues 2—36 of cDNA probes from the indicated genes (Figure 10B). Hybridization was
E1A is involved in interaction with the transcriptional peg‘_orme?] Ovehmtlghg 6}} 65°ﬁ Igzl rg:\/lt EDTA, 7% iDaQ' a_ndt_0~5 M .
2 _ H sodium-phosphate burier p 2. ols were washed SIX times al
regulators Drl, YY-1 and AP-2, as well as with several o oo e cies reaching 8.8SC at 60°C (¥ SSC is 0.15 M
uncharacterized cellular proteins (Krmsa-l-!.1994’ White NaCl, 0.015 M sodium citrate), and exposed to autoradiographic film.
et al, 1994, Leeet al,, 1995a, 1995b; Lewist al., 1995; Blots were stripped by boiling for 5 min in 0.5% SDS, 1 mM EDTA
Somasundaranat al., 1996; Sang and Giordano, 1997). prior to reprobing.
It remains to be mvestlgayed V\_/hether_ any of these inter- Transient transfections
actions Is !‘elated to_the b|'o|o_g|cal .aC“V't)’_Of E1A unco- 2937 cells were transiently transfected with a standard calcium-phos-
vered in this work. Finally, it will be interesting to address phate-DNA precipitation procedure in 12-well plates. Transfection mixes
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contained 0.5ug of a cyclin E promoter—Luciferase reporter (Ohtani  Dyson,N. and Harlow,E. (1992) Adenovirus E1A targets key regulators

et al,, 1995), 0.5ug of CMV-E2F-1 and CMV-DP-1 expression plasmids, of cell proliferation.Cancer Sury.12, 161-195.
0.75ug of CMV-pRb, 1.25ug of CMV-E1A (12S E1A or mutants) and Eckner,R. (1996) p300 and CBP as transcriptional regulators and targets
0.2 pg of CMV-LacZ. Where CMV-pRb or CMV E1A were omitted, of oncogenic eventsBiol. Chem, 377, 685-688.

they were replaced by an equal amout of the empty CMV-promoter Geng,Y., Eaton,E.N., Picon,M., Roberts,J.M., Lundberg,A.S., Gifford,A.,
vector. Transfected cells were incubated in DMEM (Gibco-BRL 31966- Sardet,C. and Weinberg,R.A. (1996) Regulation of cyclin E
021) with 10% fetal-calf serum and harvested 24 h post-transfection.  transcription by E2Fs and retinoblastoma prote@ncogene 12,
Cells were lysed and Luciferase activity was measured following standard ~ 1173-1180.

procedures (Promega) using a Lumac Biocounter M2B@falactosidase Guan,K.L., Jenkins,C.W., Li,Y., Nichols,M.A., Wu,X., O’Keefe,C.L.,

activity was used to normalize Luciferase activity within each sample. Matera,A.G. and Xiong,Y. (1994) Growth suppression by pl8, a
p1l6INK4/MTS1- and pl4INK4B/MTS2-related CDK®6 inhibitor,
Antibodies correlates with wild-type pRb functiofGenes Dey.8, 2939-2952.

The following antibodies were used: against E1A: M73 (Santa Cruz, Harper,J.W. and Elledge,S.J. (1996) Cdk inhibitors in development and
sc025); p27: C19 (sc-528); CDK2: M2 (sc-163); cyclin A: H-432 cancer.Curr. Opin. Genet. Dey6, 56-64. o
(sc751); rodent cyclin E: M20 (sc-481); human cyclin E: C19 (sc198); Helin,K. (1998) Regulation of cell proliferation by the E2F transcription

cyclin D1: 72-13G (sc-450); cyclin D3: C16 (sc-182); pRb: 14001A factors.Curr. Opin. Genet. Dey8, 28-35. _
(Pharmingen); p130: C20 (sc-317). Herrera,R.E., Sah,V.P., Williams,B.O., Makela, T.P., Weinberg,R.A. and

Tyler,J. (1996) Altered cell cycle kinetics, gene expression apd G

restriction point regulation in rb-deficient fibroblastsol. Cell. Biol,

16, 2402—-2407.
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