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Previous work has demonstrated the important role of E2F transcription activity in the induction of S phase

during the transition from quiescence to proliferation. In addition to the E2F-dependent activation of a

number of genes encoding DNA replication activities such as DNA Pol a, we now show that the majority of

genes encoding initiation proteins, including Cdc6 and the Mcm proteins, are activated following the

stimulation of cell growth and are regulated by E2F. The transcription of a subset of these genes, which

includes Cdc6, cyclin E, and cdk2, is also regulated during the cell cycle. Moreover, whereas overall E2F

DNA-binding activity accumulates during the initial G1 following a growth stimulus, only E2F3-binding

activity reaccumulates at subsequent G1 / S transitions, coincident with the expression of the

cell-cycle-regulated subset of E2F-target genes. Finally, we show that immunodepletion of E2F3 activity

inhibits the induction of S phase in proliferating cells. We propose that E2F3 activity plays an important role

during the cell cycle of proliferating cells, controlling the expression of genes whose products are rate limiting

for initiation of DNA replication, thereby imparting a more dramatic control of entry into S phase than would

otherwise be achieved by post-transcriptional control alone.
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N um erous genes have been ident ified that cont rol the

t ransit ion of cells through the cell cycle, including those

encoding proteins that are crit ical for the in it iat ion of

DN A replicat ion . The elucidat ion of the events associ-

ated with the cont rol of DN A replicat ion is largely the

resu lt of the com binat ion of genet ic and biochem ical

analyses in budding and fission yeast . These studies have

ident ified a series of proteins that assem ble a funct ional

origin of replicat ion (for review, see St illm an 1996; Dut ta

and Bell 1997; N ewlon 1997). At the core of the func-

t ional origin is the six-com ponent origin recognit ion

com plex (ORC) that in teract s with origin sequences

throughout the cell cycle and is crit ical for DN A repli-

cat ion . Other work has defined a second com plex of six

proteins known as the Mcm proteins, that associate with

the DN A-bound ORC and are also essen t ial for replica-

t ion . Finally, the cdc6 gene, in it ially ident ified in genet ic

screens as a crit ical cell cycle regulatory gene govern ing

the G 1 / S t ransit ion , encodes a protein that appears to

facilit ate the associat ion of the Mcm com plex with ORC

(Donovan et al. 1997; Tanaka et al. 1997). The addit ional

observat ion that the level of the Cdc6 product varies in

the cell cycle suggests that the G 1 / S accum ulat ion of

Cdc6 m ay cont ribu te to the regulat ion of origin funct ion .

In tensive effort s devoted to the analysis of m am m a-

lian cell growth cont rol has com plem ented and extended

the studies in yeast . Although basic aspects of the G 1

regulatory events are conserved in yeast and higher eu-

karyotes, it is clear that the requirem ents of cell growth

cont rol that couple proliferat ion with cell differen t iat ion

have added addit ional com plexity. This work has re-

vealed a pathway cont rolling the progression of cells out

of quiescence, th rough G 1, and in to S phase that involves

the act ion of G 1 cyclin-dependent k inases (cdks) to inac-

t ivate the Rb tum or suppressor and related proteins,

which then leads to the accum ulat ion of E2F t ranscrip-

t ion factor act ivity (for review, see N evins 1992; Helin

and Harlow 1993; Hunter and Pines 1994; Weinberg

1995; Sherr 1996). The im portance of th is pathway for

m am m alian cell growth cont rol is indicated by the fact

that disrupt ion of the pathway, either the act ivat ion of

posit ive-act ing com ponents such as the G1 cyclins or the
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inact ivat ion of negat ive com ponents such as p53, Rb,

and the cdk inhibitors, can lead to the loss of cell growth

cont rol that underlies the developm ent of virtually all

form s of hum an cancer (Weinberg 1995; Hunter 1997).

In som e respects, the role of the E2F t ranscript ion fac-

tors appears sim ilar to the Saccharom yces cerev isiae

t ranscript ional regulatory proteins SWI4/ 6 / MBF and the

Schizosaccharom yces pom be Cdc10 protein . In part icu-

lar, E2F regulates t ranscript ion of a large num ber of

genes that encode DN A replicat ion act ivit ies including

DN A polym erase a (Pol a) PCN A, ribonucleot ide reduc-

tase, and others. Many of these genes are cont rolled by

the SWI/ MBF/ Cdc10 proteins in yeast . This sim ilarity

now extends to the cont rol of cdc6 gene t ranscript ion

based on our recent work (Yan et al. 1998). Consisten t

with the role for the E2F t ranscript ion factors in the

regulat ion of genes encoding DN A replicat ion act ivit ies

(N evins 1992; Helin and Harlow 1993), E2F can induce

DN A replicat ion in otherwise quiescent cells (Johnson et

al. 1993; Qin et al. 1994; Shan and Lee 1994; DeGregori

et al. 1995b).

Although m any of the m olecular events involved in

the cont rol of m am m alian cell growth have been well

characterized, part icu larly the various signal t ransduc-

t ion pathways that are act ivated when quiescent cells

are st im ulated to grow, the role of these act ivit ies in the

cont rol of cell cycle t ransit ions in proliferat ing cell popu-

lat ions is m uch less clear. Because proliferat ing cells

m ain tain a defined G1 phase, the t im ing of in it iat ion of

DN A replicat ion m ust be subject to t igh t cont rol during

each cell cycle. Although m uch of the understanding of

origin funct ion has derived from yeast , it is clear that

hom ologs of m any, if not all, of these act ivit ies can be

found in m am m alian cells. Each of the ORC com ponents

is h ighly conserved as are the Mcm proteins. In addit ion ,

recent work leading to the isolat ion of clones of m am -

m alian (William s et al. 1997) and Xenopus Cdc6 (Cole-

m an et al. 1996) has revealed a significan t conservat ion

in the st ructure of th is protein .

Recent work that has revealed E2F cont rol of several of

the genes encoding in it iat ion proteins such as Orc1

(Ohtani et al. 1996) and Cdc6 (Yan et al. 1998) suggests a

cent ral role for E2F in the cont rol of DN A replicat ion . In

ligh t of th is, and given the fact that cont rol of in it iat ion

of DN A replicat ion is crit ical in proliferat ing cells as

well as during the t ransit ion out of quiescence, we have

invest igated the role of E2F in t ranscript ion cont rol dur-

ing the cell cycle of proliferat ing cells.

Results

The transcript ion of a large num ber of genes encoding

DN A replicat ion act iv it ies, including Cdc6

and the Mcm proteins, is regulated by cell grow th

and dependent on E2F

Previous work has docum ented the role of E2F in the

growth-regulated expression of genes encoding proteins

such as DHFR, DN A Pol a, thym idine kinase, and vari-

ous other genes that encode act ivit ies im portan t for

DN A replicat ion (N evins 1992). These genes are ex-

pressed at low or undetectable levels in quiescent , non-

dividing fibroblast s and are induced following growth

st im ulat ion . Recent experim ents have extended th is

group of growth-regulated genes to those encoding pro-

teins that m ediate the in it iat ion of replicat ion , including

Orc1 (Ohtani et al. 1996), one of six com ponents of the

ORC, and Cdc6 (William s et al. 1997; Yan et al. 1998), a

protein that is essen t ial for the form at ion of a funct ional

in it iat ion com plex. In addit ion to the role of Cdc6 and

ORC in facilit at ing origin funct ion , a num ber of experi-

m ents now poin t to the role of a second com plex, involv-

Figure 1. Growth regulated expression of

genes encoding DN A replicat ion proteins.

(A ) Quiescent Ref 52 cells (Q) were st im u-

lated with m edia contain ing 10% serum .

Cells were harvested at the indicated t im es,

processed for N orthern analysis as described

in Materials and Methods, and hybridized

with the indicated probes. The posit ion of

the cell with respect to cell cycle is indicated

below based on FACS analysis of sim ilarly

t reated sam ples. (B) Quiescent cells were in-

fected with recom binant adenoviruses ex-

pressing either E2F1, E2F2, or E2F3 proteins,

or with a cont rol virus contain ing an em pty

expression casset te (m .o.i. of 100, 100, 200,

and 100, respect ively). Cells were harvested

18 hr post infect ion and processed and ana-

lyzed as in A . A port ion of the cells that were

infected with the cont rol virus were st im u-

lated with m edia contain ing 10% serum for

an addit ional 18 hr (Con +).
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ing the 6 Mcm proteins (Mcm 2–Mcm 7), as crit ical for

in it iat ion of DN A replicat ion . In ligh t of the fact that

Orc1 and Cdc6 have been found to be t igh t ly regulated

by cell proliferat ion and dependent on E2F, and tak ing

advantage of the cloning of each of the genes encoding

m am m alian Mcm proteins (Holthoff et al. 1996; Kiyono

et al. 1996; Tsuruga et al. 1997), we have invest igated the

poten t ial cell growth-dependent cont rol of expression of

these genes.

As shown in Figure 1A, analysis of RN A from quies-

cent cells and from growth-st im ulated cells revealed a

large induct ion of each of the m cm genes. The pat tern of

accum ulat ion of the Mcm transcript s paralleled that of

genes encoding E2F1 as well as PCN A, cyclin E, and

Cdc6, which were shown previously to be regulated by

cell growth . Only very low levels of the RN As were de-

tected in the quiescent cells which then increased 10- to

20-fold following growth st im ulat ion . Clearly, a large

num ber of genes encoding DN A replicat ion act ivit ies are

t igh t ly regulated by cell growth . We also note dist inc-

t ions in the pat tern of accum ulat ion of these t ranscript s

as cells pass through S phase. For instance, whereas E2F1

and Mcm 7 RN As clearly rem ained constan t following

the in it ial accum ulat ion , cyclin E, PCN A, and Cdc6

were consisten t ly observed to decline as cells m oved

through S phase.

Given the role of E2F in the cont rol of t ranscript ion of

m any growth-regulated genes including cdc6, and the

observat ion that the m cm 6 gene prom oter contains se-

quences that m atch E2F consensus sites (Tsuruga et al.

1997), we assayed the effect of E2F overproduct ion on the

expression of each of the m cm genes. Quiescent REF52

fibroblast s were infected with recom binant adenoviruses

that express the E2F1, E2F2, or E2F3 products. RN A was

prepared and then assayed for expression of each of the

Mcm s. As shown in Figure 1B, expression of E2F1, E2F2,

or E2F3 resu lted in a large induct ion of each of the m cm

genes, sim ilar to the induct ion of the cdc6 and orc1

genes, and equivalen t to that ach ieved following serum

st im ulat ion . We thus conclude that the m cm genes are

indeed regulated as a funct ion of cell growth and that

they are also subject to cont rol by E2F, coincident with

the cont rol of m any other genes encoding DN A replica-

t ion act ivit ies.

A subset of E2F targets, including Cdc6, cyclin E,

and Cdk 2 are cell cycle regulated in proliferat ing cells

Mechanism s that cont rol the in it iat ion of DN A replica-

t ion are im portan t not only at the in it ial G 1 / S t ransit ion

as cells re-en ter a cell cycle from a quiescent state, bu t

also at each subsequent G 1 / S as cells proliferate in the

presence of growth factors. Although num erous experi-

m ents have docum ented the role of E2F act ivity in the

induct ion of the in it ial S phase, following exit from qui-

escence, coincident with the act ivat ion of a variety of

genes that encode DN A replicat ion proteins, including

Cdc6 (William s et al. 1997), lit t le is known of the role of

E2F in t ranscript ion regulat ion following th is in it ial

G1 / S t ransit ion , when cells cont inue to proliferate.

Given the observat ion that m any of the proteins that

determ ine in it iat ion of replicat ion are subject to E2F

cont rol, together with the fact that in it iat ion m ust be

regulated during each cell cycle, we have explored the

possible role of E2F-dependent t ranscript ion regulat ion

during a cell cycle in proliferat ing cells.

We in it ially exam ined the cell cycle expression of a

series of genes, shown previously to be targets for E2F

cont rol and that are regulated by cell growth signals (De-

Gregori et al. 1995a; DeGregori et al. 1997). Because cell

synchrony is rapidly lost as quiescent cells re-en ter the

cell cycle and proceed to the next cell cycle, we have

used hydroxyurea (HU) to achieve a G 1 / S block and thus

cell cycle synchronizat ion , as an alternate approach to

exam ine cell cycle progression . Growth-arrested cells

were st im ulated to grow in the presence of HU, resu lt ing

in a cell cycle arrest at the first G 1 / S. The block is readily

reversed by rem oval of the HU, generat ing a populat ion

of cells that m ove synchronously through S phase, G 2 /

M, the next G1, and a following S phase (Fig. 2A). The

use of an inhibitor such as HU to achieve cell cycle syn-

chronizat ion does not appear to have secondary effect s,

because upon rem oval of the drug, cells cont inue to pro-

liferate with norm al k inet ics of t ransit ion through the

cell cycle. RN A was prepared from these cultures at vari-

ous t im es during the experim ent and analyzed by N orth-

ern blot t ing, using a variety of probes that detect RN As

known to be E2F-regulated. As seen in the data presen ted

in Figure 1 as well as in previous work , each of these E2F

target genes was t igh t ly regulated by cell growth , with

lit t le or no expression in quiescent cells and a large in-

crease in cells that had accum ulated at G 1 / S (Fig. 2B,

lanes 1,2). Analysis of the expression of these genes as

cells m oved in to and through the cell cycle following

release from the HU arrest revealed two categories of

genes. One group, typified by the genes encoding E2F1,

E2F2, and E2F3, as well as thym idine kinase and three of

the genes encoding Mcm s (Mcm 4, Mcm 5, Mcm 7), were

constan t ly expressed, without sign ifican t fluctuat ions

following cell cycle re-en t ry. Thus, these genes appear to

be growth regulated but not cell cycle regulated. In con-

t rast , a second group of genes, which includes those en-

coding Cdc6, PCN A, Cdk2, and cyclin E, as well as two

of the Mcm proteins (Mcm 2 and Mcm 6), were cell cycle

regulated in addit ion to being growth regulated. In each

case, the RN A declined as the cells progressed through S

phase and in to G 2 / M and then began to rise as the cells

progressed towards the next G1 / S.

To further verify the cell cycle-regulated expression of

E2F t arget genes, we have assayed the expression of these

genes in HeLa cells, a hum an epithelial cervical carci-

nom a cell line. Although growth regulat ion is largely

lost in these cells, in part because of the expression of the

papillom avirus oncoproteins, one would expect basic as-

pects of cell cycle regulat ion to be m ain tained in any cell

type, including tum or cells. Indeed, as shown in Figure

2C, N orthern assays for Cdc6 reveal a very sim ilar pat -

tern of accum ulat ion during the cell cycle as observed in

the REF52 cells. Moreover, at least for Cdc6, the cell

cycle fluctuat ion of RN A levels appears to be a resu lt of
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t ranscript ional cont rol as seen by nuclear run-on m ea-

surem ents in synchronized HeLa cell populat ions (Fig.

2D).

The cont rol of cyclin E and cdk2 expression was also

reflected in the accum ulat ion of each of the proteins dur-

ing the cell cycle, as m easured by Western blot assays

(Fig. 3A). In each case, the protein declined as cells left

the G1 / S arrest and passed through S phase and then

reaccum ulated as cells en tered the next G 1. We have also

m easured Cdc6 protein accum ulat ion during the cell

cycle although because of an t ibody specificit ies, we have

not been able to assay for Cdc6 protein in Ref52 cells.

However, assays of HeLa cell fract ions yielded a resu lt

that paralleled that of cyclin E and cdk2 and closely

m atched the accum ulat ion of Cdc6 RN A during the

HeLa cell cycle (Fig. 3B).

Cell cycle control of E2F act iv ity

Many previous experim ents have detailed the changes in

E2F DN A-binding act ivit ies in relat ion to growth st im u-

lat ion . As shown in Figure 4A, th is includes the pre-

dom inance of an E2F4,5–p130 com plex in quiescent

Figure 2. A subset of E2F targets, including

Cdc6, Cyclin E, and Cdk2, are regulated during

the cell cycle. (A ) Quiescent REF 52 cells were

st im ulated with m edia contain ing 10% serum in

the presence of 2 m M HU. After 21 hr, the G 1 / S-

arrested cells were washed free of HU and then

grown in m edium contain ing 10% serum . At the

indicated t im es following the release from the HU

block , cells were harvested, stained with prop-

idium iodide, and processed for flow cytom et ry as

described in Materials and Methods. (B) Quies-

cent REF52 cells (Q) or sam ples harvested at the

indicated t im es following the release from the HU

block were processed for N orthern analysis as de-

scribed in Materials and Methods. N orthern blots were hybridized with the indicated probes. N otably, two E2F3-specific RN As are

consisten t ly detected by N orthern analysis; the slower-m igrat ing species represen ts the growth-regulated RN A that coincides with the

accum ulat ion of E2F3 protein (see Fig. 5A; data not shown). (C ) HeLa cells were arrested at G 1 / S by incubat ion with 2 m M thym idine

for 16 hr, washed, and released in m edia contain ing 10% fetal calf serum . At the indicated t im es, cells were harvested and prepared

for FACS analysis as described in Materials and Methods. (D ) At the indicated t im es following release from the thym idine block , HeLa

cells were harvested and processed for N orthern analysis. The blot was probed with a hum an specific Cdc6 probe. Blots were stained

with m ethylene blue to confirm equal loading. (A) Asynchronous cells. (E) At the indicated t im es following the release of HeLa cells

from a thym idine block , nuclei were isolated and used for nuclear run-on t ranscript ion assays as described in Materials and Methods.

The Cdc6-specific t ranscript ion rate is presen ted relat ive to the t ranscript ion rate of the b-act in cont rol. Data are presented as a m ean

of six independent determ inat ions.
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cells, the disappearance of th is com plex as cells are

st im ulated to grow, and the appearance of free E2F4 and

E2F5 act ivit ies as well as an E2F4,5–p107 com plex,

which also contains cyclin A and cdk2, as cells progress

in to S phase. During G 1, the accum ulat ion of the regu-

lated E2F act ivit ies (E2F1, and E2F3) was also observed in

parallel with an increase in Rb–E2F com plexes that

likely reflect s the overall accum ulat ion of E2F act ivity

during th is t im e period. We were aided in these assays by

the use of gel elect rophoret ic condit ions that allowed the

separat ion of individual E2F–DN A com plexes (Ikeda et

al. 1996). As such , it was possible to ident ify gel-sh ift

bands represent ing the accum ulat ing E2F1 and E2F3 ac-

t ivit ies, confirm ed by ant ibody supersh ift (Fig. 4A, righ t ),

as well as by overexpression of individual E2F proteins

(data not shown) as cells progressed through G1 / S.

The observat ion that several genes that have been

shown to be growth regulated by E2F are also regulated

during the cell cycle raises the possibility that E2F ac-

t ivity m ight be regulated in the cell cycle. To address

th is possibility, we analyzed nuclear ext ract s from the

sam e HU-block experim ent u t ilized for the N orthern

analyses (Fig. 2) and m easured E2F DN A-binding act ivity

as a funct ion of cell-cycle progression . Assay of the E2F

act ivity in nuclear ext ract s from the G 1 / S cells resu lt ing

from a HU arrest yielded a pat tern sim ilar to that seen in

the serum -st im ulated cell ext ract s (Fig. 4A and 4B, lane

20 hr and lane 2, respect ively). As the G 1 / S-arrested cells

were released from the block , allowing the cells to prog-

ress through the cell cycle, the accum ulated E2F1 and

E2F3 act ivit ies were seen to decline and then disappear

with in 6 hr of release, a t im e in which the cells had

passed through S and accum ulated in G2 (Fig. 2A). The

specific disappearance of E2F1 and E2F3 DN A-binding

act ivity was sim ilarly observed in cells that have been

st im ulated with serum for 24 hr (Fig. 4A, 24 hr lane), a

t im e in which m ost cells acquired a G2 DN A conten t

(data not shown). In cont rast , there was no change in the

abundance of the E2F4 or E2F5 act ivit ies in the nuclear

ext ract s during th is period of t im e (Fig. 4B). In addit ion ,

whereas E2F1 and E2F3 act ivit ies were exclusively

nuclear, >80% of the E2F4 and E2F5 act ivity was cyto-

plasm ic, and the level of these act ivit ies did not vary

during the cell cycle (Fig. 4B, righ t ). As cells passed

through G2 / M and entered the next G1, there was a re-

accum ulat ion of E2F3 act ivity that peaked as cells en-

tered the next S phase, coincident with the expression of

the various cell cycle-regulated E2F targets. In cont rast ,

there was lit t le or no reaccum ulat ion of the E2F1 act iv-

ity. We have not detected E2F2 DN A-binding act ivity in

these assays.

To ensure that the fluctuat ions in E2F act ivity were

not related to the HU-induced cell synchronizat ion , we

also assayed E2F accum ulat ion through two cell cycles

following the st im ulat ion of cell growth by serum addi-

t ion . REF52 cells were brought to quiescence by serum

starvat ion and then st im ulated to re-en ter the cell cycle

by serum addit ion . Sam ples were taken at various t im es

and assayed for DN A conten t by FACS analysis and E2F

DN A-binding act ivity. As shown in Figure 4C, the cells

m ain tained good synchrony as they passed from the in i-

t ial cell cycle and in to the second G1. Assays for E2F

DN A-binding act ivity (Fig. 4D) revealed a pat tern of ac-

cum ulat ion that closely reflected that seen in the HU-

synchronized cells. In part icu lar, E2F1 and E2F3 act ivity

accum ulated during the in it ial G1 / S, declined, and then

E2F3 but not E2F1 reappeared in the second G 1 phase.

Based on these resu lt s, we conclude that the cont rol of

E2F3 accum ulat ion is indeed linked to cell-cycle regula-

t ion and not the m ethod of synchronizat ion .

The decline in E2F1 and E2F3 DN A-binding act ivit ies

reflect s post -t ranscript ional regulat ion (Fig. 2B) and, at

least for E2F1 act ivity, is consisten t with previous work

that has dem onst rated an ability of cyclin A/ cdk2 to

bind to the am ino-term inus of the E2F1 protein , phos-

phorylate the associated DP1 protein specifically, and

resu lt in the inact ivat ion of the E2F1 DN A-binding ac-

t ivity (Krek et al. 1994; Xu et al. 1994; Krek et al. 1995;

Dynlacht et al. 1997). The fact that the E2F3 protein

shares the cyclin A/ cdk2-binding m ot if suggests that

th is E2F act ivity m ay be regulated sim ilarly. Indeed, the

kinet ics of the decline of E2F1 and E2F3 DN A-binding

act ivity as cells pass through S phase coincides with the

accum ulat ion of cyclin A-dependent k inase act ivity, and

the reappearance of E2F3 act ivity in the next G 1 follows

the decline in cyclin A-dependent k inase act ivity after

cells pass through G2 / M (Fig. 5B).

Addit ional work has shown that the E2F1 protein is

subject to ubiquit in -dependent degradat ion (Hateboer et

al. 1996; Hofm ann et al. 1996). Analysis of endogenous

E2F1 and E2F3 protein levels by Western blot assays re-

vealed a cyclic accum ulat ion of these proteins (Fig. 5A)

Figure 3. Cell cycle regulat ion of Cyclin E,

Cdk2, and Cdc6 protein accum ulat ion . (A )

Protein lysates (10 µg per lane) derived from

REF52 cells t reated as in the HU arrest / re-

lease experim ents decribed in Fig. 2A were

subjected to 10% SDS-PAGE, Western blot -

ted, and probed with either cyclin E- or

cdk2-specific an t ibodies as indicated. (B)

Protein sam ples (60 µg per lane) from HeLa

cells t reated as in the thym idine arrest / re-

lease experim ent described in Fig. 2C were

subjected to 10% SDS-PAGE, t ransferred to

nit rocellu lose, and probed with ant ibodies

specific to hum an Cdc6 protein .
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that , at least for E2F3, coincides with the pat tern of ac-

cum ulat ion of DN A-binding act ivity. In terest ingly, al-

though there was no reaccum ulat ion of E2F1 DN A-bind-

ing act ivity in the second cell cycle, the E2F1 protein did

reaccum ulate. Based on these resu lt s and previous ex-

perim ents, we conclude that the accum ulat ion of E2F1

and E2F3 DN A binding act ivity during a cell cycle m ay

be governed by at least two events—the cyclic accum u-

lat ion of cyclin A/ cdk2 that affect s DN A-binding act iv-

ity and the cont rol of protein stability by the ubiquit in -

dependent proteasom e pathway. Moreover, addit ional

cont rol m ust provide specificity in prevent ing the reac-

cum ulat ion of E2F1 DN A-binding act ivity during G 1 / S

of proliferat ing cells.

Figure 4. Cell cycle cont rol of E2F act ivity. (A )

N uclear ext ract s prepared at various t im es following

the st im ulat ion of quiescent REF52 cells (Q) were

assayed for E2F DN A-binding act ivity by elect ro-

phoret ic m obility-sh ift assays (EMSA) using an E2F-

specific 32P-labeled DN A probe (left ). Cells sim ilarly

st im ulated were incubated with BrdU (10 µ M), fixed

at the indicated t im es, subsequent ly im m uno-

stained with BrdU-specific an t ibodies, and visual-

ized by im m unofluorescent m icroscopy. The per-

centage of BrdU-posit ive cells at each t im e poin t is

indicated below the DN A-shift gel. The nuclear ex-

t ract sam ple from the 20-hr t im e poin t presen ted at

left (G 1 / S sam ple) was incubated with either IgG-,

E2F1-, E2F2-, or E2F3-specific an t ibodies prior to be-

ing subjected sim ilarly to EMSA (righ t ). The E2F4-

and E2F5-specific bands indicated on the DN A gel-

sh ift have been ident ified sim ilarly using specific

an t ibodies against the respect ive proteins (data not

shown). We have been unable to ident ify an E2F2-

specific DN A-binding act ivity in these assays. (B)

N uclear ext ract s prepared at various t im es following

the release of cells from an HU block as described in

Fig. 2A, as well as from quiescent (Q) REF52 cells,

were assayed for E2F DN A-binding act ivity by

EMSA using an E2F-specific 32P-labeled DN A probe

(left ). The posit ion of the cells with respect to cell

cycle is indicated below based on the FACS analysis

shown in Fig. 2A. Cytoplasm ic ext ract s prepared

from the sam e t im e poin t sam ples were assayed for

E2F-binding act ivity by EMSA using the sam e E2F-specific probe (righ t ). (C ) Ref52 cells were brought to quiescence by serum starvat ion

and then st im ulated to grow by addit ion of fresh m edium with serum . Sam ples were taken at the indicated t im es and processed for

FACS analysis as described in Materials and Methods. (D ) N uclear ext ract s prepared at various t im es following serum st im ulat ion and

assayed for E2F DN A-binding act ivity by EMSA using an E2F-specific 32P-labeled DN A probe.
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E2F3 is required for S phase in cycling cells

The data shown thus far dem onst rate that a specific sub-

set of E2F act ivity, nam ely E2F3, is cell cycle regulated,

coincident with the regulat ion of several E2F targets that

are crit ically im portan t for in it iat ion of replicat ion . To

provide direct evidence for a role for E2F3 in allowing S

phase in cycling cells, we have m ade use of an t ibodies

that specifically recognize the E2F3 protein to determ ine

whether the in ject ion of these ant ibodies in to cells re-

leased from a G1 / S block would prevent en t ry of these

cells in to the next S phase. Specificity of the ant ibodies

was indicated by their ability to specifically recognize

the cognate E2F act ivit ies in gel-sh ift assays (Fig. 4A;

data not shown). As an addit ional test for funct ion of the

ant ibodies, as well as a test for specificity, we have m ea-

sured the effect of an t ibody m icroin ject ion on the ability

of either E2F1 or E2F3 to induce S phase when these

proteins are expressed in quiescent REF52 cells. Our pre-

vious experim ents have shown that infect ion of quies-

cent fibroblast s with recom binant adenoviruses express-

ing either E2F1 or E2F3 (Ad–E2F1 and Ad–E2F3, respec-

t ively) resu lt s in an induct ion of S phase as m easured by

BrdU incorporat ion (DeGregori et al. 1997). As shown in

Fig. 6A, in ject ion of the E2F3 ant ibody blocked the in-

duct ion of S phase by Ad–E2F3 but did not affect Ad–

E2F1-induced S phase. Conversely, in ject ion of an E2F1-

specific an t ibody blocked the induct ion of S phase by

Ad–E2F1, without affect ing Ad–E2F3-induced S phase.

In ject ion of cont rol an t ibodies (IgG) in to fibroblast s had

no effect on S-phase ent ry relat ive to unin jected cells.

We thus conclude that the ant ibodies are capable of

blocking the funct ion of their respect ive subst rate pro-

teins and that there is specificity in th is act ion .

Given the ability of the E2F1 and E2F3 ant ibody to

specifically block funct ion of the cognate protein , we

then assessed the role of these E2F proteins in regulat ing

S-phase ent ry in fibroblast s that were synchronized at

G1 / S by HU treatm ent and then released in to the cell

cycle by rem oval of HU. When cells were in G2 (5–7 hr

following HU release), several hundred cells were then

m icroin jected with either the E2F1-or the E2F3-specific

an t ibody together with fluorescein-labeled dext ran as a

m arker. The ent ry of cells in to the subsequent S phase

was m onitored by labeling with BrdU for 3 hr start ing in

late G1 (14 hr following HU release). Sam ples were then

fixed and stained for incorporat ion of BrdU. As shown in

Figure 6B, in ject ion of the E2F3-specific an t ibody consis-

ten t ly led to a threefold decrease in the num ber of BrdU-

posit ive cells as com pared to the in ject ion of the cont rol

an t ibody or cells that were not in jected. In cont rast , in -

ject ion of the E2F1-specific an t ibody was without effect .

Based on these resu lt s, we conclude that E2F3 act ivity,

bu t not E2F1 act ivity, is indeed im portan t for S-phase

ent ry during a cell cycle.

Discussion

Previous work has provided st rong evidence for a role of

E2F act ivity in cell growth cont rol. The work we de-

scribe here now defines a role for E2F in the cont rol of

t ranscript ion during the cell cycle. In part icu lar, these

experim ents dem onst rate that a subset of the E2F act iv-

ity is regulated during the cell cycle and that th is accu-

m ulat ion coincides with the expression of several genes,

including cdc6, cyclin E, and cdk 2, each previously iden-

t ified as E2F-regulated genes. Most im portan t ly, our re-

su lt s indicate that E2F act ivity is required for the effi-

cien t induct ion of S phase in proliferat ing cells and re-

veal a specific role for the E2F3 fam ily m em ber in th is

process.

Dist inct roles for E2F fam ily m em bers in cell grow th

and cell cycle

A key poin t evident from the data presen ted here is the

evidence for dist inct behavior and roles for the indi-

vidual E2F proteins during the cell cycle. N um erous ex-

perim ents have detailed the regulat ion of E2F1 accum u-

lat ion during G1 (10- to 20-fold induct ion), dist inct from

the relat ively constan t level of E2F4 or E2F5 (2- to 3-fold

induct ion). This accum ulat ion resu lt s at least in part

Figure 5. Cell cycle cont rol of E2F protein accum ulat ion . (A )

Quiescent REF52 cells (Q), or REF52 cells synchronized at G1 / S

by HU treatm ent as described in Fig. 2A, were harvested at the

indicated t im es following the release of the G 1 / S block , and

processed for Western blot analysis using either E2F1- or E2F3-

specific an t ibodies. For com parison , sam ples from quiescent

cells (Q) or quiescent cells st im ulated for 19 hr with 10% serum

(+serum ) were also included. (B) Aliquots from the sam e HU-

t reated sam ples, or from quiescent cells (Q) were processed for

cyclin A-, cyclin E-, or cyclin B1-dependent k inase act ivity by

im m unoprecipitat ion of k inase com plexes using the indicated

ant ibodies specific for the respect ive cyclin act ivit ies and using

histone H1 as a subst rate. The kinase react ions were analyzed

by 10% SDS-PAGE.
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from the t ranscript ional derepression of the E2F1 gene as

cells leave a quiescent state (Johnson et al. 1994). It is

also evident from the studies presen ted here that E2F3

behaves in a sim ilar m anner during the t ransit ion

through the in it ial G 1. Both E2F1 and E2F3 act ivit ies

then decline as cells pass through S phase, likely resu lt -

ing from cyclin A/ cdk2-m ediated phosphorylat ion . The

dichotom y of behavior of E2F1 and E2F3 as cells con-

t inue to cycle and enter the next G1 is part icu larly st rik -

ing since E2F3 DN A-binding act ivity reaccum ulates in

the succeeding G1, whereas E2F1 act ivity does not reap-

pear after the in it ial G 1. The underlying basis for th is

differen t ial cont rol is unclear, although it does not ap-

pear to involve differences in t ranslat ional or stability

cont rol since the steady-state accum ulat ion of E2F1 and

E2F3 proteins during the cell cycle is quite sim ilar. One

possibility m ight relate to cont rol by Rb, as our prelim i-

nary experim ents suggest that Rb associates preferen-

t ially with E2F1. Possibly, there is sufficien t Rb available

once cells have entered a cell cycle to t it rate the avail-

able E2F1 but , because of differen t ial affin it ies, th is level

of Rb is insufficien t to prevent the accum ulat ion of E2F3

act ivity.

The differen t ial regulat ion of E2F1 and E2F3 during

the cell cycle, whereby E2F3 cont inues to cycle but E2F1

does not reappear after the accum ulat ion during the in i-

t ial G 1 / S, is also in terest ing in ligh t of experim ents that

define a role for E2F1 as a signal for apoptosis. Previous

experim ents have shown that E2F1-m ediated induct ion

of S phase is frequent ly followed by apoptosis, largely

dependent on p53 (Qin et al. 1994; Shan and Lee 1994;

Wu and Levine 1994; Kowalik et al. 1995). In t rigu ingly,

our recent experim ents have shown that th is act ivity is

unique to the E2F1 protein , despite the fact that other

E2F fam ily m em bers also induce S phase (DeGregori et

al. 1997). Thus, the fact that E2F1 DN A-binding act ivity

accum ulates as cells are st im ulated to grow and re-en ter

a cell cycle, bu t does not accum ulate once cells are in a

cell cycle, suggests the possibility that E2F1 plays a role

as a growth checkpoin t , ensuring that cell cycle re-en t ry

has properly occurred. Once the cells are then growing in

the presence of growth factors, th is checkpoin t m ight no

longer be crit ical and only the cyclic accum ulat ion of

E2F3 act ivity represen ts the E2F requirem ent .

A central role for E2F in control of DN A replicat ion

act iv it ies

Based on a large volum e of work directed at understand-

ing E2F funct ion , it is now clear that th is t ranscript ional

act ivity plays a key and cent ral role in the act ivat ion of

genes that encode DN A replicat ion act ivit ies. Indeed,

considering the fact that the group of E2F-regulated

genes now includes those encoding deoxynucleot ide en-

zym es (DHFR, RR, TK, TS), DN A synthet ic enzym es

(DN A Pol a, PCN A), and proteins that m ediate the rec-

ognit ion and ut ilizat ion of replicat ion origins (Orc1,

Cdc6, Mcm s), it appears that E2F t ranscript ional act ivity

m ay coordinate the accum ulat ion of m ost if not all of the

essen t ial act ivit ies necessary for DN A replicat ion . The

resu lt s presen ted here also suggest that the role for E2F

goes beyond the coordinat ion of product ion of the act ivi-

t ies as cells re-en ter the cell cycle from a quiescent state

but also involves the coordinat ion of cont rol of several

rate-lim it ing act ivit ies that dictate G 1 / S cont rol during

the cell cycle of proliferat ing cells. In part icu lar, the fact

that various studies poin t to an essent ial role for Cdc6 as

well as cyclin E/ cdk2 in S-phase induct ion , together

Figure 6. Inh ibit ion of E2F3 act ivity inh ibit s

the cell cycle induct ion of S phase. (A ) Quies-

cent REF52 cells were infected with either

Ad–E2F1, Ad–E2F3, or Ad–Con (m .o.i. of 100,

200, and 100, respect ively). Cells were m icro-

in jected 4 hr post infect ion with IgG, or with

E2F1- or E2F3-specific an t ibodies (at an ant i-

body concent rat ion of 1 µg/ m l, contain ing

fluorescein-conjugated dext ran as a m arker

for detect ing in jected cells). BrdU was added

12 hr later (10 µ M) and cells were incubated an

addit ional 4 hr prior to fixat ion and im m uno-

stain ing with BrdU-specific an t ibodies. Mi-

croin jected cells were visualized by fluores-

cent m icroscopy and the percentage of cells

stain ing posit ively for BrdU is presented

above. Approxim ately 150–250 cells were m i-

croin jected in two separate experim ents, a

represen tat ive experim ent is shown. (−) The

quant itat ion of unin jected cells in the sam e

t issue-cu lture plate. (B) REF52 cells were syn-

chronized by HU treatm ent as described in Fig. 2A, and 5–7 hr following the release from the G 1 / S block , a t im e when cells are

predom inant ly in G2, cells were m icroin jected with IgG, or either with E2F1- or E2F3-specific an t ibodies. BrdU was then added to the

cells 14 hr after the HU release and incubated for a further 3 hr, after which cells were fixed, im m unostained, and quant itated for BrdU

incorporat ion as in A . Approxim ately 150–250 cells were m icroin jected for each condit ion , and a representat ive experim ent (sim ilar

resu lt s were obtained in five independent experim ents) is presen ted. (−) The quant itat ion of unin jected cells in the sam e t issue culture

plate.
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with the finding that the synthesis of these proteins does

indeed oscillate during the cell cycle coincident with

E2F3 act ivity, st rongly suggests that E2F cont rol is crit i-

cal for th is event .

Various lines of evidence poin t to roles for Cdc6, as

well as cyclin E/ cdk2, as rate-lim it ing act ivit ies for in i-

t iat ion of DN A replicat ion . Likewise, our previous work

has shown that the accum ulat ion of E2F act ivity in oth-

erwise quiescent cells can lead to an induct ion of S

phase. The fact that Cdc6, cyclin E, and cdk2 are E2F

targets, and that their expression is regulated during the

cell cycle in parallel with E2F3 accum ulat ion , suggests

that the E2F-dependent cont rol of Cdc6, together with

cyclin E and cdk2, m ay well represen t a rate-determ ining

event for in it iat ion of DN A replicat ion . Our prelim inary

experim ents have shown that whereas expression of

Cdc6 alone is not sufficien t to induce S phase, expression

of Cdc6 together with that of cyclin E/ cdk2 does induce

S phase in otherwise quiescent cells (G. Leone, J. DeGre-

gori, R.S. William s, Z . Yan, and J. N evins, unpubl.).

Im portance of t ranscript ional and post -t ranscript ional

control in the cell cycle

In principle, cell cycle cont rol of Cdc6 accum ulat ion , as

well as cyclin E/ cdk2 accum ulat ion , could be achieved

without t ranscript ion cont rol. A constan t level of the

m RN As, and thus constan t synthesis of the proteins,

coupled with protein degradat ion during m itosis, would

resu lt in oscillat ion of the act ivit ies during the cell cycle.

N evertheless, our observat ions suggest addit ional com -

plexity whereby a t igh t in terrelat ionsh ip in the cont rol

of E2F3, cyclin E/ cdk2, and cyclin A/ cdk2 is evident .

Based on the experim ents presen ted here, we suggest

that the expression of Cdc6, cyclin E, and cdk2, which is

seen to fluctuate during the cell cycle, is regulated, at

least in part , by the cyclic accum ulat ion of E2F3 t ran-

script ional act ivity. The accum ulat ion of cyclin A/ cdk2

during S phase would lead to the elim inat ion of E2F3

(and E2F1) DN A-binding act ivity. This, together with

the subsequent degradat ion of these proteins, would lead

to a decline in the expression of a subset of E2F target

genes. As cells progress through G2 and m itosis, degra-

dat ion of cyclin E and cyclin A, leading to the decline in

the associated kinase act ivit ies, would then reset the

clock . Cont inued synthesis of E2F3 resu lt s in a reaccu-

m ulat ion of E2F act ivity in the following G1, induct ion

of cyclin E and Cdc6 synthesis, and induct ion of S phase.

This process cont inues as long as the cell is growing in

the presence of growth factors. We suggest that t ran-

script ional regulat ion by E2F of the key in it iat ion act ivi-

t ies such as Cdc6 and cyclin E/ cdk2 provides an addi-

t ional level of cont rol of the accum ulat ion of these ac-

t ivit ies, enhancing the m agnitude that would resu lt from

post -t ranscript ional cont rol alone.

Materials and methods

Cells and v iruses

Viral stocks were created as described previously (Schwarz et al.

1995), and the virus was purified by CsCl density-gradien t cen-

t rifugat ion as described (N evins et al. 1997). Viral t it ers were

determ ined by an indirect im m unofluorescent assay specific for

the viral 72-kd E2 gene product as described (DeGregori et al.

1995a) and defined as focus form ing unit s (FFU) per m l. The

const ruct ion of the recom binant viruses Ad–E2F1, Ad–E2F2,

Ad–E2F3, and Ad–Con (a cont rol virus, previously term ed

AdMb or Ad–CMV, lacking a cDN A insert ) have been described

(DeGregori et al. 1997).

REF52 cells were grown in DMEM contain ing 10% serum

(5% fetal bovine serum and 5% calf serum ). To bring cells to

quiescence, cells were plated at ∼ 6500 cells / cm 2, or at 3000

cells / cm 2 for the HU-block / release experim ents, and incubated

overn ight . The next day, the cells were washed once with

DMEM and the culture m edium replaced with DMEM contain-

ing 0.25% serum . Cells were incubated further for 36 hr prior to

virus infect ion or serum st im ulat ion .

Where indicated, cells were subsequent ly serum st im ulated

by replacem ent with m edia contain ing 10% serum . For HU-

block / release experim ents, qu iescent cells were st im ulated for

21 hr with 10% serum contain ing 2 m M HU, washed twice with

DMEM, and refed with m edia contain ing 10% serum (t = 0).

For infect ions with recom binant adenoviruses, qu iescent

REF52 cells on plates were infected in DMEM with 20 m M

HEPES at pH 7.2 for 75 m in at 37°C at a cell-to-volum e rat io of

0.5 × 106 cells / m l (0.5 m l for a 35-m m plate, 2 m l for a 100-m m

plate, or 5 m l for a 150-m m plate). Following infect ion , four

volum es of m edia contain ing 0.25% or 10% serum (indicated as

+serum ) was added to each plate, and the cells were incubated at

37°C (DeGregori et al. 1995a).

HeLa cells were plated at a density of 1 × 106 cells / 100-m m

plate (N orthern and Western blot t ing analysis) or 3 × 106 cells /

150-m m plate (nuclear run-on assays) in DMEM supplem ented

with 10% fetal bovine serum (com plete growth m edium ) and

grown at 37°C, 5% CO 2, for 24 hr. To obtain synchronized cell

populat ions, cells were blocked by adding 2 m M thym idine to

com plete growth m edium for 16 hr. To release the cells from

G 1 / S arrest , cu ltures were washed three t im es and then incu-

bated in prewarm ed com plete growth m edium .

Flow cytom etry and BrdU incorporat ion assays

Cell synchrony was assessed by flow cytom et ry (Sm ith et al.

1996). BrdU incorporat ion was determ ined as described previ-

ously (DeGregori et al. 1995b).

N uclear and cy toplasm ic ex tract preparat ion

REF52 cells on t issue-cu lture plates were washed twice with

PBS and scraped (in PBS) in to m icrocent rifuge tubes placed in

ice. Cells were pelleted and resuspended in 10 volum es of hy-

potonic lysis buffer (10 m M HEPES at pH 7.5, 10 m M KCl, 3 m M

MgCl2, 0.05% N P-40, 1 m M EDTA, 10 m M N aF, 0.1 m M N aVO 4,

1 m M PMSF, 1 m M DTT, 1 µg/ m l aprot in in , 1 µg/ m l leupept in ,

10 m M b-glycerophosphate) by pipet t ing up and down 10 t im es,

and incubated on ice for 30 m in . N uclei were pelleted at 500g

for 5 m in at 4°C, and an equal volum e of 2× gel-sh ift lysis buffer

(90 m M HEPES at pH 7.9, 0.5 M KCl, 0.15% N P-40, 0.2 m M

EGTA, 20% glycerol, 10 m M N aF, 0.1 m M N aVO 4, 1 m M PMSF,

1 m M DTT, 1 µg/ m l aprot in in , 1 µg/ m l leupept in , 10 m M b-

glycerophosphate) was added, m ixed, and stored at −70°C (cy-

toplasm ic fract ion). The nuclei were washed once with 10 vol-

um es of hypotonic lysis buffer and repelleted. N uclei were then

lysed in 10 volum es of gel sh ift buffer (50 m M HEPES at pH 7.9,

250 m M KCl, 0.1 m M EDTA, 0.1 m M EGTA, 0.1% N P-40, 10%

glycerol, 10 m M N aF, 0.1 m M N aVO 4, 1 m M PMSF, 1 m M DTT,
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1 µg/ m l aprot in in , 1 µg/ m l leupept in , 10 m M b-glycerophos-

phate) on ice for 30 m in . Lysates were then spun at fu ll speed in

a m icrocent rifuge for 10 m in at 4°C. The supernatan ts were

then stored at −70°C (nuclear fract ion).

E2F DN A -binding assays

E2F assays were perform ed as described previously (Ikeda et al.

1996). Supersh ift analysis was carried out as previously de-

scribed (Ikeda et al. 1996) using ant ibodies specific against E2F1

(SC-251x), E2F2 (SC-633x), E2F3 (SC-878x), or IgG as cont rol

(Santa Cruz Biotechnologies).

Kinase assays

Kinase assays were perform ed as described previously (DeGre-

gori et al. 1995) using histone H1 as a subst rate.

N orthern analysis

N orthern analysis of RN A from REF52 cells was perform ed as

described (DeGregori et al. 1995a). For HeLa cell experim ents,

total RN A was purified using Tri-Pure reagent (Boehringer Mann-

heim ) according to the m anufacturer’s protocol. Thirty m icro-

gram s of total RN A was separated by agarose gel elect rophoresis

under denaturing condit ions, t ransferred to nylon m em branes,

and probed under condit ion of h igh st ringency with Cdc6 cDN A

radiolabeled with 32P as described previously.

W estern analysis

REF52 cell lysates (nuclear or cytoplasm ic ext ract s) contain ing

equal am ounts of protein were boiled for 5 m in in protein

sam ple buffer and subjected to SDS-PAGE on 10% polyacryl-

am ide gels. Proteins were t ransferred onto PVDF m em brane as

described previously (Ikeda et al. 1996), and the PVDF m em -

brane was blocked in TBS (25 m M Tris at pH 7.4, 137 m M N aCl,

2.7 m M KCl) contain ing 10% skim m ilk for 2 hr. Blots were then

incubated with prim ary ant ibodies in TBS contain ing 5% skim

m ilk overn ight at 4°C, and washed subsequent ly in TBS con-

tain ing 0.1% Tween 20 for 30 m in . Blots were then incubated in

TBS contain ing 5% skim m ilk and secondary ant ibodies for 1 hr

at room tem perature, and then washed for 30 m in . Blots were

processed with Am ersham ’s ECL system as described by the

m anufacturer. Ant ibodies against E2F1 (SC-251), E2F3 (SC-879),

cyclin E (SC-481), and cdk2 (SC-163) were from Santa Cruz Bio-

technologies.

HeLa cells were lysed in buffer contain ing 50 m M HEPES at

pH 7.6, 50 m M N aCl, 0.1% SDS, 2 m M EDTA, 2 m M EGTA, and

1% N P-40. Whole-cell lysates were m ixed im m ediately with

protein gel-loading buffer and boiled for 3 m in . Sixty m icro-

gram s of total protein was separated on 10% SDS-polyacryl-

am ide gels, t ransferred to nit rocellu lose m em branes, and probed

with a polyclonal an t i-Cdc6 ant ibody (William s et al. 1997) or

an ant i-act in ant ibody (Boehringer Mannheim ).

N uclear run-on transcript ion assays

N uclei were prepared from HeLa cells by lysis in buffer contain-

ing 10 m M Tris at pH 7.4, 10 m M N aCl, 5 m M MgCl2, and 0.5%

N P-40, as described (Ferrell 1993). RN A transcript s from 1 × 107

nuclei were extended in the presence of [32P]UTP (Am ersham ),

purified with Tri-Pure reagent (Boehringer Mannheim ), and hy-

bridized to cDN A (Cdc6 or bact in) im m obilized on nylon m em -

branes. Cdc6 t ranscript ion rate was calcu lated as the rat io of

radioact ivity bound to Cdc6 cDN A relat ive to that bound to

b-act in cDN A, and values from cells synchronized at specific

stages of the cell cycle were com pared to values from asynchro-

nously growing HeLa cells.

Microin ject ion

REF52 cells were plated on 35-m m 2 plates, t reated as indicated

in the legend to Fig. 6, and HEPES (pH 7.9) was added to 30 m M

prior to m icroin ject ion . Ant ibodies at a concent rat ion of 1 µg/

m l, contain ing 1% fluorescein-conjugated dext ran (Pierce

Chem ical) were m icrocent rifuged for 15 m in (to rem ove aggre-

gates) and in jected in to the cytoplasm of ∼ 150–250 cells per

plate using an Eppendorf m icroin ject ion system with fem tot ips

needles (Eppendorf). Ant ibodies specific for E2F1 (SC-251L) and

E2F3 (SC-879L) were from Santa Cruz Biotechnologies, and rab-

bit an t i-m ouse IgG (as cont rol) was from Cappel Labs. Cells

were then incubated at 37°C and BrdU was added as indicated in

the legend to Fig. 6. Cells were washed once with PBS and fixed

first with 4% paraform aldehyde (in PBS) for 15 m in at room

tem perature and subsequent ly with m ethanol / acetone (1:1) for

10 m in . Fixed cells were washed once with PBS and incubated

with 2 N HCl for 20 m in , washed three t im es with PBS, and

further incubated in 1% BSA/ PBS (in 1% BSA/ PBS) for 10 m in .

Cells in jected with E2F1-specific an t ibodies were preblocked

with 100 µg/ m l rabbit an t i-m ouse IgG in 1% BSA/ PBS for 45

m in , washed extensively, and then incubated with1% BSA/ PBS

for an addit ional 5 m in . Cells were then incubated for 1 hr at

room tem perature with ant i-BrdU Solu t ion (Am ersham , cat . no.

RPN -202), washed three t im es with PBS and once with 1%

BSA/ PBS, and then incubated with rhodam ine-conjugated goat

an t i-m ouse IgG (1:75, Boehringer-Mannheim ), washed exten-

sively, and visualized by im m unofluorescence m icroscopy.
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