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Summary

The Ras GTPase is a critical transducer of mitogenic mouse embryo fibroblasts (MEFs) depend on ERK
signals ultimately leading to inactivation of the activation to enter the cell cycle, Rb-deficient (R MEFs
retinoblastoma (Rb) protein, but the molecular basis have a reduced requirement for ERK signalling. Indeed in
underlying Ras-dependent control of cell cycle kinetics the presence of U0126 we found that Rb-null MEFs can exit
remains to a great extent unknown. In an effort to further GO, make the G1/S transition and proliferate. Analysis of
elucidate the role of Ras activation in cell cycle control, we Rb-deficient tumour cell lines also revealed a reduced
have studied the role of the downstream Mek-ERK requirement for ERK signalling in asynchronous growth.
pathway in facilitating exit from the quiescent GO state and We discuss the molecular mechanism that may underlie
passage through the G1/S transition. We have adopted a this escape from MAP kinase signalling.

genetic approach in combination with U0126, an inhibitor

of Mek activation to study the role of Mek in cell cycle

progression. Here we report that whereas wild-type (Wt) Key words: Ras, MAP kinase, ERK, Retinoblastoma

Introduction The key event that regulates the G1/S transition is

Ras proteins function as a molecular switch cycling betweelffactivation of the retinoblastoma (Rb) protein via
the inactive GDP and active GTP bound state. In the GTPhosphorylation mediated by cyclin dependent kinases. In its
bound state Ras binds to and leads to the activation ®fypo-phosphorylated state Rb is bound to the E2F transcription
downstream effectors. A number of potential effectors of Rafactor (reviewed in  Weinberg, 1995). This represses
have been described including the Raf family of proteirfranscription of target genes that are required for progression
kinases, the Ral-GDS family of guanine nucleotide exchangirough S phase of the cell cycle. Phosphorylation of Rb leads
factors, Pl 3-kinase (Marshall, 1996) and Phospholipase o its inactivation and de-repression of E2F facilitating DNA
epsilon (Kelley et al., 2001; Lopez et al., 2001; Song et alreplication. Inactivation of Rb by phosphorylation is mediated
2001). Since many of these studies are based on ovdly the sequential activation of the cyclin dependent kinases
expression studies, which of these molecules are true effectdgslks) (Sherr, 1996; Weinberg, 1995). The D-type cyclins
remains to be determined. However genetic evidence from ®@hich bind cdk4 or cdk6 and cyclin E and cyclin A which bind
elegans and D. melanogaster model systems strongly suppottik2 are implicated in this process (Sherr, 1996; Weinberg,
a role for Raf and thereby the ERK-MAP kinase pathway as £995).
downstream effector of Ras (Dickson and Hafen, 1994; Many studies link cyclin D1 expression to Ras signalling.
Marshall, 1996). The use of inducible Ha-Ras expression constructs has
In mammalian cells, entry into the cell cycle is controlled ademonstrated that overexpression of Ha-Ras in the rat
the G1/S boundary (reviewed in Sherr, 1996). The requiremerpithelial cell line IEC (Filmus et al., 1994) and BalbC-3T3
for Ras in cell cycle regulation and proliferation is now wellcells (Winston et al., 1996) leads to the induction of cyclin D1
established (Cai et al., 1990; Feig and Cooper, 1988; Mulcatgxpression. Conversely expression of dominant negative Ras
et al., 1985; Stacey et al., 1991; Dobrowolski et al., 1994; Aktagutants has been demonstrated to inhibit expression of cyclin
etal., 1997). These studies also show that Ras activity is requirBd following serum stimulation (Aktas et al., 1997). An
at multiple points in cell cycle entry. Following growth factor acceleration of G1 progression and shorter cell doubling times
stimulation of quiescent non-proliferating cells, Ras activity isn asynchronously growing Ha-Ras transformed NIH3T3 cells
required for cells to exit GO and pass through the G1/S transitidras been shown to correlate with overexpression of cyclin D1
of the cell cycle (Dobrowolski et al., 1994; Feig and Cooper(Albanese et al., 1995; Liu et al., 1995). These reports make a
1988; Mulcahy et al., 1985). In contrast to growth factorclear link between Ras expression and the induction of cyclin
stimulation of quiescent cells, studies in exponentially growind1 expression in cell cycle control. Activation of ERK-MAP
cells indicate that Ras is required in the G2 phase of thdnase appears to be a key event in mediating Ras-dependent
preceding cycle and not during G1 (Hitomi and Stacey, 2001)regulation of cyclin D1 expression as well as cdk complex
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formation (Lavoie et al., 1996; Weber et al., 1997; Cheng edtimulated with 10% (v/v) serum. U0126 (Promega) was used at 20
al., 1999). PI 3-kinase and Ral-GEF have also been postulatglll, with DMSO as the vehicle control. LY294002 (Biomol Research
to regulate cyclin D1 expression and stability (Diehl et al.Laboratories) was used at B with ethanol as the vehicle control

1997: Muise-Helmericks et al.. 1998: Gille and Downward.For growth curve experiments cells were plated at a density of
1999- Henry et al., 2000). ' ' '10,000/plate in 5 cfplates in DMEM containing 10% FCS.

Levels of the cdk inhibitor p2<'}pl are high in quiescent Following an overnight incubation cells were treated with inhibitor(s)

cells. Re-entry into the cell cycle is accompanied by a declin® described above.

in the levels of p2¥Pl facilitating activation of cyclin E/cdk2

complexes (Sherr and Roberts, 1999). Expression of oncoger@ell cycle analysis

Ras had also been shown to regulate the levels dff327 To monitor proliferation, following treatment with inhibitor(s) cells
(Aktas et al., 1997; Takuwa and Takuwa, 1997). Studiegere pulsed with bromodeoxyuridine (BrdU) (Amersham Pharmacia
indicate that regulation of pfP! expression by the Raf-ERK Biotech) at the time of serum stimulation for 12-16 hours. Cells were
pathway and Pl 3-kinase is mediated by regulating the rate #fed and stained for immunofluorescence as follows. Cells were
translation and protein stability (Aktas et al., 1997; Kerkhofffinsed once in phosphate-buffered saline (PBS) and fixed in 4%

. araformaldehyde for 15 minutes at room temperature. After rinsing
2ggtri|§35§ﬁ jiggiheTalr(;\ig? gpdpg%lirnvf\:?ﬁiti]c-)???g% édfkuzrtheglvice in PBS cells were permeabilized in 0.2% Triton X-100/0.1 mM

. ... glycine for 30 minutes at room temperature. Cells were rinsed several
complexes is made by the Mek-ERK pathway fac'I'tat'ngtimes in PBS and then blocked by incubation in 5% FCS in PBS

cyclin  Dl/cdk4 complex formation which results in (pgs/FCS) for 30 minutes at room temperature. The cells were then
sequestration of pXPL onto this complex and allows treated with RNase free DNase | (Roche) at 1-2 it 60
activation of cdk2 complexes (Cheng et al., 1998). minutes at 37°C. After washing three times in PBS/FCS cells were
Microinjection studies using the neutralising Y13-259incubated with anti-BrdU rat monoclonal antibody (diluted to 5

antibody (Furth et al., 1982) against Ras show that thgg/mL in PBS/BSA) for 1 hour at room temperature. After washing
requirement for Ras signalling to promote cell cycle entry icells three tim_es in PBS/BSA cells were incubated with _quorescent
altered in Rb- cells (Mittnacht et al., 1997; Peeper et a|_'.secondary antibody (Jackson Immunoresearch Laboratorles.).to detect
1997). Interestingly these experiments defined a differend corporated BrdU and DAPI (Sigma) to detect total nuclei in each

. Id. In addition a Texas-Red-X-conjugated phalloidin stain

Eetwegn cells tgat ?jre a.synChranlés% gro;ngt] 3nd _;:hells th olecular Probes) was used to detect cells. Secondary antibodies and
ave been renaered quiescent an en freated with growtnigin were diluted at 1:200, DAPI was diluted to a working
factors to stimulate cell cycle entry. Regardless of whether theyycentration of ug/ml in PBS/FCS. Cells were then incubated for

express Rb or are Rb null, cells require Ras activation in ordarnour at room temperature in a light-proof container. After rinsing
to leave GO. In contrast microinjection of the Y13-259three times in PBS and once in water, coverslips were mounted onto
antibody into asynchronously growing cells revealed that inylass slides by inverting onto 5-L0of moviol mountant containing
comparison to wild-type MEFs, Rb-null MEFs have a reduce®.1% para-phenylenediamine as an antiquenching agent. Stained
requirement for Ras activity (Mittnacht et al., 1997; Peeper direparations were examined with a Bio-rad MRC confocal imaging
al., 1997). This reveals two interesting points. Ras activity i§yStem in conjuction with a Nikon Diaphot epifluorescence
critical for both exit from GO and for cells to make the G1/SMICrOSCOPE.

transition. However with the loss of Rb, cells are released from

the requirement for Ras for the G1/S transition. Theantibodies

observation that proliferation of asynchronously growingRb s ERk:2 rabbit polyclonal antibody generated against a C-terminal
MEFs is much less affected by blocking Ras function raisesrk2 peptide (no. 122) was used for immunoprecipitation
the question whether Rb cells have a reduced requirement experiments (Leevers and Marshall, 1992). A phospho-specific
for Ras dependent signalling pathways such as the ERK-MA&htibody to ERK1 and 2 (clone MAP-YT) was purchased from Sigma.
kinase signalling pathway. We find thatRixells no longer The antibody that detects the hypo and hyper phosphorylated forms
depend on ERK signalling for re-entry into the cell cycle fromof the Retinoblastoma protein (14001A), was purchased from
GO,or for asynchronous growth. Consistent with this phenotypBharMingen. Anti-cyclin D1 (72-13G), cyclin E (M20) and cyclin A

is the observation that the main role of ERK-MAP kinas H-432) antibodies were purchased from Santa Cruz Biotechnology.

) antibe ; (
pathway is to regulate cyclin D1 expression and associated c@gb%r:gtgﬁ:: (clone 57) antibody was purchased from Transduction
activity rather than the regulation of cyclin E and cyclin A '

expression.
Preparation of cell extracts
. Cells were washed twice in ice-cold PBS and lysed in ELB buffer (50
Materials and Methods mM NaCl, 100 mM HEPES pH 7.0, 10 mM EDTA and 0.2% Triton-
Cell culture X-100) containing 20 mMB-glycerol phosphate, 20 mM sodium

Mouse embryo fibroblasts (MEFs) were prepared from embryos dtuoride, 10 mM sodium vanadate, 1 mM DTT, 1 mM
12.5 days post-coitus (dpc) as described by D’Abaco and Olsaphenylmethylsulfonyl fluoride, 1Qug/ml aprotinin and 10ug/ml
(D’Abaco and Olson, 2000). Cell lines were maintained in Dulbecco’deupeptin. Cell debris was cleared by centrifugation at 18g0fa®
modified Eagle’s medium (DMEM) containing 10% fetal calf serum10 minutes. Protein concentrations were determined using the BCA
(FCS) and all experiments were conducted using early passage (4Bptein assay reagent (Pierce).

MEFs. For BrdU experiments cells were seeded at 2500 cells/well on

13 mm coverslips in DMEM supplemented with 10% FCS. The

following day, cells were washed once in DMEM supplemented with/Vestern blots

0.5% FCS and then maintained in this medium for 24-48 hourdmmunoblotting was performed using 25439 of cleared lysate. For
Subsequently cells were treated with inhibitor(s) for 60 minutes thedetection of the Rb protein 25@ of cleared lysate was loaded. Prior
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Fig. 1.Rb null but not
wild-type MEFs enter
the cell cycle in the
presence of the Mek
+ o F inhibitor U0126.
Primary MEFs were
plated at a 2500
cells/13 mm coverslip.
The following day cells
were placed in medium
containing 0.5% (v/v)
fetal calf serum (FCS) for 16-20 hours to render the cells quiescent.
For cell cycle re-entry MEFs were stimulated with medium
containing 10% FCS (v/v) for 16-20 hours. Cells were treated with
U0126 at a final concentration of @M, or vehicle control (DMSO)
or LY294002 at a final concentration of @M, or vehicle control
(ethanol; ETOH) for 60 minutes prior to the addition of serum.
(A) Immunofluorescent images of cells treated with U0126 stained
with antibody against BrdU and Texas-Red-X-phalloidin.
(B) Histogram of percentage BrdU-positive cells that have been
treated with U0126, LY294002 or a combination.
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to loading Laemmli buffer was added to each sample, followed bphenylmethylsulfonyl fluoride, 10ug/ml aprotinin, 10 pg/mi
heating to 100°C for 3-5 minutes. Samples were resolved bieupeptin and 1 mM protein kinase inhibitor (Sigma). For cyclin
electrophoresis through denaturing SDS-polyacrylamide geldD1/cdk4 associated kinase assays a GST-fusion construct encoding a
Proteins were transferred to polyvinylidene difluoride (PVDF)C-terminal fragment (amino acids 763-928) of Rb (Zarkowska and
(Millipore) membrane for western blotting. Membranes were probedMittnacht, 1997) was used at QU per reaction. For cyclin E/cdk2
with an appropriate dilution of primary antibody for 1-2 hours at roonkinase assays histone H1 was used as the substrate (a gift from G.
temperature followed by incubation with a horseradish peroxidas&oodwin, ICR) at 21g per reaction. Kinase reactions were conducted
(HRP) conjugated secondary antibody (Bio-Rad) for 45 minutes &h a final volume of 2%l kinase buffer containing 50M ATP and 5
room temperature. Proteins were visualised using the enhancedi[y-32P] ATP. After a 15 minute incubation at 30°C reactions were
chemiluminescence (ECL) reagent (Amersham). stopped by the addtion of SDS-PAGE sample buffer. Proteins were
then transferred to PVDF membrane and kinase activity was detected

ERK2 assay by Phospholmager.

Cells were lysed in lysis buffer as described above. For each sample

50pug of cleared lysate was immuopprecipitated with the 122 antibod esults

coupled to protein-A-Sepharose beads for 90 minutes at 4°§| . . N

Immuno-complexes were washed twice in lysis buffer and twice il/AP kinase signalling is uncoupled from the G1/S

kinase buffer (30 mM Tris pH 8.0, 20 mM MgGind 2 mM MncC#)  transition in Rb-null cells

containing 10 mM B-glycerol phosphate, 1 mM DTT, 1 mM The Ras-neutralising antibody Y13-259 (Furth et al., 1982) has

phenylmethylsulfonyl fluoride, 1Qug/ml aprotinin and 10ug/ml  peen shown to have little effect on proliferation when

leupeptin. Kinase reactions were conducted in a final volume pf 30 microinjected into asynchronously growing Rb-null cells

/I;masehbuffer cgnéaér;mg 1Q¢/| ATT (i'gma)' 5t“.c' [\g. PIATP nSuggesting that these cells have a reduced requirement for Ras
mersham) and 0.25 mg of myelin basic protein (Sigma) as ignalling (Mittnacht et al., 1997; Peeper et al., 1997). Itis well

substrate per reaction. After a 30 minute incubation at 30°C reactio - S .
were stopped by the addition Laemmli buffer followed by heating thStabI'Shed that activation of ERK-MAPK pathway is Ras-

100°C for 3-5 minutes. Proteins were then transferred to PvDfE€pendent (Marshall, 1995). Therefore we compared the

membrane and ERK2 activity was detected by Phospholmagébility of serum growth factors to drive quiescent Wt and"Rb
(Molecular Dymamics). MEFs into S-phase in the presence of U0126, an inhibitor of

Mek activation (Favata et al.,, 1998). Following serum
starvation for 20-24 hours cells were rendered quiescent as
Cells were lysed in lysis buffer as described above. For each samﬂ dged by their failure to lncorporate'BrdL_J .(F'g' 1A,B). Serum
500 pg of cleared lysate was immuoprecipitated with antibodies® imulation for _16'.20 hOl‘!rs resulted in efficient cell cycle entry
coupled to protein-A-Sepharose beads for 90 minutes at 4°c@Nd DNA replication (Fig. 1A,B) whereas treatment of Wt
Immuno-complexes were washed twice in lysis buffer and twice iMEFs with U0126 blocked cell cycle entry. Treatment of/Rb
kinase buffer (50 mM HEPES pH 7.4, 10 mM MgQlo mM MnCp)  MEFs with U0126 did not result in a block of cell cycle entry
containing 10 mM B-glycerol phosphate, 1 mM DTT, 1 mM (Fig. 1A,B). Similar results were obtained with PD098059

Cell-cycle-associated kinase assays
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o serum starved entry had altered signalling requirements. Fig. 2 shows that
igf’ serum +UOL26 MEFs that do not express the cyclin dependent kinase
100 210 saim S DME0 inhibitor(s) (CDKi) p2Wafl/Cipl n27Kipl or p16nk4 all required

ERK activation for cell cycle entry. Thus it is only the loss of
Rb that alleviates the requirement for ERK signalling.

Regulation of ERK activity is comparable in Wt and Rb-
deficient MEFs

Lee et al. have shown that Rbcells have elevated levels of
Ras-GTP during the G1 phase of the cell cycle (Lee et al.,
1999). In addition, Alessi et al. have shown that PD098059
does not block ERK activation at high levels of growth factor
stimulation (Alessi et al., 1995). Higher levels of active Ras in
Rb~-cells might result in higher levels of ERK activation that
cannot be blocked by U0126. Hence the inability of U0126 to
Cell Line block cell cycle entry in Rii cells could be a consequence of
Fig. 2.Loss of expression of CDKIs does not result in escape from higher levels of ERK' activation following growth factor
requirements for MAPK activation. MEFs derived from ng/Cipj; stimulation. We therefore Investlgated whether ERK activity
p27KiPl or p18k4-knockout mice were plated at a density of was different in R~ compared with Wt MEFs. Analysis of
2.5x10%ml. The following day the cells were placed in medium ERK activation (Fig. 3) by in vitro kinase assays (Fig. 3a,c)
containing 0.5% (v/v) FCS for 24-48 hours. The cells were then and western blotting for (active) phospho-ERK (Fig. 3b,d)
treated with U0126 (2QM final concentration) or vehicle control revealed that the basal level of ERK activation was the same
(DMSO) 60 minutes a}nd then stimulated with 10% (v/v) FCS for 16-j, quiescent RE- and Wt MEFs and that it was stimulated to
20 hours followed by immunofiuorescence. the same degree with similar duration in both/RbBnd Wt
MEFs. Furthermore, Fig. 3 shows that U0126 inhibited ERK
activation to a similar degree in both cell lines. Thus the failure
(Dudley et al., 1995), another inhibitor of Mek activation (dataof U0126 to block cell proliferation of Rt cells is a
not shown). As RH- MEFs appear to have a reducedconsequence of a reduced requirement for ERK signalling
requirement for ERK signalling we went on to study the roleather than the inability of U0126 to block ERK activation in
of PI 3-kinase which has also been shown to be an effector tifese cells.
oncogenic Ras (Rodriguez-Viciana et al., 1994; Rodriguez-
Viciana et al., 1997; Rodriguez-Viciana et al., 1996; Kodaki et . .
al., 1994). Analysis of proliferation in the presence ofGrowth of Rb-null tumour cell lines is uncoupled from
LY294002, an inhibitor of PI 3-kinase activation (Davies et al. MAP kinase signalling
2000) revealed that unlike the Wt cells the’RMEFs are able  Since we observed a reduced requirement for ERK signalling
to enter the cell cycle (Fig. 1B). However, treatment with théen Rb-null MEFs, we were interested to investigate whether
combination of inhibitors results in a block in cell cycle entryhuman tumour cell lines lacking Rb had a reduced requirement
in both cell lines (Fig. 1B). for ERK signalling. We compared tumour cell lines, which are
Since the requirement for ERK activation for cell deficient for Rb expression to cells lines of similar origin,
proliferation was abrogated in Rb cells, we investigated which are wild-type for Rb. To facilitate these experiments we
whether cells lacking other negative regulators of cell cycleised two cell lines derived from glioma (SF295 Rb wild-type

% no Cells SPhase

7
Wt p16-/- p21-/- p27-/-

(a) - ' - - <+— MBP
Wt MEFs =
(b}" .y <«—— pp-ERK2
"--—--—--«-F 4_[Jp-ERK]
Fig. 3. ERK activation is similar in Wt and Rb-
null cells and is sensitive to inhibition by U0126.
Following overnight serum deprivation cells were
- RS - ) treated with U0126 at a final concentration of
(c) ? ? MBP 20 uM or vehicle control for 60 minutes. The
Rb -/- MEFs . cells were then stimulated with 10% serum for
—— —m—- <+— pp-ERK2 the indicated times. (a,c) Endogenous ERK
(d) "D D e - - ©ows 4 pp-ERK1  activity was analysed by in vitro kinase assay.
Equal amounts of cell lysates were subjected to
Serum/time course - 1030 1 2 4 1030 1 2 4 immunoprecipitation followed by kinase assay
S ~ ;e ~ - using myelin basic protein (MBP) as the

substrate. (b,d) Total cell lysates were analysed
U0126 DMSO by western blotting for active phospho-ERK.
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oSF295 Rb+ 0H1299 Rb+ Fig. 4. ERK signalling is uncoupled from
(A) = SF539 Rb- (B) = H2009 Rb- cell cycle progression in Rb tumour cell
90 100 lines. Asynchronously growing populations
s 80 w» 90 of tumour cells were plated at a density of
T 70 T 80 10%ml. The following day cells were treated
O O 70 with U0126 at a final concentration of
2 60 g 20 M, or vehicle control (DMSO). Growth
5 50 5 60 of cells was monitored by BrdU
£ 40 g o0 incorporation 48 hour post treatment
5 o5 40 followed by immunofluorescence.
T 30 T 30 (A) Proliferation of tumour cell lines derived
2 20 2 20 from gliomas treated with inhibitor(s):
S 10 S 0 SF295 (Rb wild-type) and SF539 (Rb
deficient). (B) Proliferation of tumour cell
0 0= lines derived from non-small lung
carcinomas treated with inhibitor(s): H1299
Serum  + * ¥ Serum  * ¥ " (Rb wild-type) and H2009 (Rb deficient).
(C) Inhibition of ERK activation by U0126.
u0126 - + - u0126 - +
DMSO - - + DMSO - - +
Inactivation of retinoblastoma
protein by phosphorylation is
(€ blocked by U0126 and LY294002 in
Wt MEFs
[T pe— +-— -ERK2
SF539(Rb-) e p— «— gg-ERK] The G1/S transition is facilitated by the
inactivation of the retinoblastoma protein.
At the molecular level, inactivation of
e e e e w4 PP-ERK2  pRKO5 correlates  with the hyper-
HARARE-) T e esesesss==_<4— pp-ERK1 phosphorylation of a number of Ser/Thr

sites (Mittnacht, 1998; Weinberg, 1995)
mediated by the G1 cyclin dependent
: 8 2448 kinases (cdks) (Sherr, 1996; Weinberg,
T Clomess PREE RS L I 1995). Using a pan Rb antibody in a
western blot we were able to probe for
Treatment U0126 DMSO endogenous hypo (active) and hyper
(inactive) forms of pRb as judged by
and SF539 Rb deficient) and two cell lines derived from nonaltered electrophoretic mobility (Fig. 5). Upon serum deprivation
small cell lung carcinoma (H1299 Rb wild-type and H2009 Rlonly the active faster migrating (hypo-phosphorylated) form of
deficient). Analysis of SF295 and H1299 (Rb wild-type)pRb®> was detected (Fig. 5, lane 1) correlating with the
revealed that treatment with U0126 blocked proliferation ofjuiescent state of the cells. On serum stimulation the inactive
asynchronously growing cells (Fig. 4A and B, respectively). Irslower — migrating  (hyper-phosphorylated)  form  of
contrast the Rb-deficient tumour cell lines, SF539 and H2009etinoblastoma was also detected (Fig. 5, lane 2). In contrast,
continued to proliferate in the presence of U0126. Westerwhen cells were treated with U0126 prior to serum stimulation
blotting for phospho-ERK (Fig. 4C) showed that U0126we did not detect the hyper-phosphorylated of Rb (Fig. 5, lanes
inhibited ERK activation in SF539 and H2009 (Fig. 4C). These). When the cells were treated with either LY294002 or the
data show that human tumour cell lines that lack Rb, like MEFsombination of both inhibitors we were also unable to detect the
that are deficient for Rb expression, have a reducebyper-phosphorylated form of Rb (Fig. 5, lanes 4,5).
requirement for ERK signalling.

Levels of cyclin D1 but not cyclins E or A are regulated

‘ b S Rb . .
- .*‘ > m— - by ERK signalling
- - s The G1/S boundary is marked by expression of cyclin D1 and

oo Ll Fig. 5.Inactivation of the Rb protein is blocked by U0126 and

V0126 i m o oas e om e e LY294002 in Wt MEFs. After plating cells were placed in growth
medium containing 0.5% FCS overnight, rendering the cells
quiescent. Cells were then treated with U0126 at a final

concentration of 2Q(M or LY294002 at a final concentration of

20 uM or vehicle control for 60 minutes followed by stimulation

with 10% (v/v) FCS. An equal amount of total cell lysate was then
subjected to western blotting for Rb using a pan-antibody that detects
ETOH = B & & s o W both the hypo and hyper phosphorylated forms of the protein.

LY294002 -

L}
L}
+
+
L}
L]
L}

DMSO I L
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WT MEFS RB-/- MEFS Fig. 6. Expression of cyclins is regulated
differentially by ERK and PI 3-kinase signalling.
Expression pattern of cyclins was assessed

A -
(a) Cyclin D1 ™ - e -m “ : following serum starvation (-) or following 16

e hour restimulation with 10% (v/v) FCS (+). For
lin E inhibitor experiments cells were first pre-treated
(b) Cyclin E . - ....-“. with inhibitors for 60 minutes prior to serum

stimulation. An equal amount of cell lysate was
subjected to western blotting for (a) cyclin D1,

(c) Cyclin A e e .-“ (b) cyclin E expression and (c) cyclin A

~— expression. (dp-Tubluin was used as marker for

loading control.

() Belubulin S ——— —————— — — ———

Serum -+ + 4+ A+ A+ -+ + o+ _
The G1-S phase of the cell cycle is
V0126 - -+ -4+ - - - -=- 4+ -+ - - - regulated by cyclin E and cyclin A associated
cdk2 activity (Sherr, 1996). We therefore
LY294002 - = =+ 4+ - = = = - -+ o+ - - - investigated whether inhibition of ERK
activation using U0126 would inhibit the
DMSO - = = = = 4 = 4 = = = = = 4+ = 4 expression of cyclin E and cyclin A (Fig.
6b,c). In Wt MEFs expression of cyclin E and
ETOH i e e e e e 4 2 m e ea e+ + Awas unaffected by inhibition of the ERK

pathway, whilst interestingly the level of

cyclin E/cdk2 activity was low. In contrast
cdk4 activity (Sherr, 1996). Therefore we examined expressianhibition of Pl 3-kinase blocked expression of cyclin E and A
of cyclin D1 and cdk4 activity in MEFs treated with U0126 (Fig. 6b,c) and activation of cyclin E/cdk2 activity in Wt
(Fig. 6a, Fig. 7A). Serum starved cells had low levels of cyclitMEFs. The lack of cdk4 and cdk2 activity that we observed in
D1 (Fig. 6a) that was induced upon serum stimulation (Fig. 6ayvVt MEFs upon treatment with either U0126 or LY294002
Treatment of cells with U0126 partially blocked induction ofcorrelates  with  the absence of the inactive
cyclin D1 expression in both the Wt and Rb-deficient MEFs. Tdwyperphosphorylated form of Rb and the growth arrest that we
determine whether this decrease in cyclin D1 expressioobserve. These data show that ERK signalling is required to
affected cdk4 activity, cdk4 was immunoprecipitated from MERegulate expression of cyclin D1 but does not impinge on the
cell lysates and assayed for in vitro kinase activity using a Gexpression of cyclin E or cyclin A. This is in contrast to PI 3-
terminal fragment of Rb (amino acids 763-928) fused to GSkinase signalling which our studies show impinges on all 3
as substrate (Zarkowska and Mitthacht, 1997). Serum starvé&ll/S regulating cyclins and associated cyclin D1/cdk4 and
MEFs had low cdk4 kinase activity (Fig. 7A), while serumcyclin E/cdk2 activity.
stimulation lead to an increase in cdk4 activity (Fig. 7A). As previously described (Herrera et al., 1996);"Reells
Treatment with U0126 resulted in a marked decrease in cdk#ave elevated levels of cyclin E and cyclin A both in serum
kinase activity in both the Wt and RbMEFs (Fig. 7A). In  starved and serum stimulated conditions (Fig. 6b,c). As was
agreement with previous studies, (Lavoie et al., 1996; Weber ebserved in Wt MEFs, treatment with U0126 had no effect on
al., 1997; Cheng et al., 1999), these results support the modbe levels of cyclin E or cyclin A in Rb cells (Fig. 7B,C).
that activation of ERK is required for cyclin D1 expression,Stimulation of R/~ cells with serum induces a higher level of
cdk4 complex formation and kinase activity. We consistentlycyclin E/cdk2 activity in comparison to the Wt MEFs. Whilst
observed that treatment with U0126 did not completelyreatment with U0126 had no effect on cyclin E expression in
abrogate serum stimulated cyclin D1 expression or cdk4 activitRb"~ MEFs, analysis of cyclin E/cdk2 activity by
although it did block entry into S-phase of WT cells (Fig. 1).immunoprecipitation of cyclin E from cell lysates indicated
Since the Pl 3-kinase pathway has also been shown to regul#ét@t treatment with U0126 had a small but consistent decrease
cyclin D1 expression at both the transcriptional (Gille andn cyclin E associated kinase activity (Fig. 7B). However, the
Downward, 1999), and postranslational level (Diehl et al., 1997 emaining kinase activity was greater than or equal to that
Diehl et al., 1998) we investigated how inhibition of Pl 3-kinaseobserved in serum stimulated Wt MEFs in the absence of
affected cyclin D1 expression and cdk4 kinase activity. Thesmhibitors. This high residual cyclin E/cdk2 activity in U0126-
experiments revealed that inhibition of PI 3-kinase withtreated R~ MEFs, coupled with the knowledge that Rb
LY294002 lead to a partial block of cyclin D1 expression (Figcells do not require cyclin D1 associated kinase activity for cell
6a) and cdk4 activity (Fig. 7A). Interestingly inhibition of both cycle progression (Lukas et al., 1995) may explain why-Rb
the ERK and PI 3-kinase pathways by treatment with U0126ells can proliferate when the ERK pathway is inhibited.
and LY294002 completely ablated serum stimulated cyclin D1 Analysis of Pl 3-kinase signalling in Rb MEFs revealed
expression (Fig. 6a) and cdk4 activity (Fig. 7A). These resultghat unlike Wt cells inhibition of Pl 3-kinase had no effect on
show that both the ERK and PI 3-kinase pathways contribute tyclin E or cyclin A expression levels (Fig. 6b,c). The
cyclin D1 expression and that complete inhibition of cyclin D1combination of U0126 and LY294002 lead to a small ihhibition
expression and associated cdk4 activity requires inhibition ah the level of both cyclin E and cyclin A. Interestingly, we did
ERK and PI 3-kinase signalling. not observe complete inhibition in expression levels (Fig.
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WT MEFS RB-/- MEFS Fig. 7. Levels of p2¥P! are regulated by both
W S - W o s MEK and PI 3-kinase pathways in Wt and Rb-
lA)_ (;DKd kinase e —— o ——— ——— R — deficient MEFs. Cyclin-dependent kinase
activity activity was assessed following serum

starvation (-) or following 16-20 hour
restimulation with serum (+). For inhibitor
experiments, cells were first pre-treated with

;E:i:‘:ii;:nm — 3 B - fd £ inhibitors for 60 minutes prior to serum
cpmx 102 80 200 110 100 70 140 230 140 100 480 190 90 60 340 460 350 stimulation. Complexes were
immunoprecipitated from 500g of cell
lysates and cdk activity was assayed by in vitro
kinase assay. (A) Endogenous cdk4 was
immunoprecipitated and assayed using a
(C) p27 - C-terminal fragment of Rb as substrate.
SR E T L - - (B) Endogenous cyclin E was
T S o immunoprecipitated and assayed using Histone
Serum b d R A H1 as substrate. (C) Expression of fe7was
U126 2 e o o E R R om ow o R R R assessed by western blotting.
LY294002- - -~ + + - - - = = = 4+ 4+ - - - U0126, treatment with LY294002 results
in complete loss of kinase activity. Due
PMSG = = = w0 umooh moen oo omoomoay owi o m e to this surprising result we were
interested to assess the capacity of'Rb
ETOH - = = = = = 4 4 = = = = =« « 4 4 cells to proliferate in a long term growth

assay in the presence of these inhibitors
(Fig. 8). As expected treatment of
6b,c). Analysis of cyclin E/cdk2 activity revealed that despiteasynchronously growing Wt MEFs with U0126 retarded
a negligible effect on the levels of cyclin E, treatment withproliferation over a 4 day period (Fig. 8a). In contrast;/Rb
LY294002 and the combination of inhibitors lead to a markedMEFs were capable of sustained growth over a 4 day growth
inhibition of kinase activityin the Rb- MEFs (Fig. 7B). period in the presence of U0126 (Fig. 8a), which was
comparable to the growth kinetics of untreated MEFs (Fig.

. o 8a,b). Quiescent Rr MEFs stimulated with serum in the
Regulation of p27iP1 is controlled by ERK and PI 3- presence of LY294002 entered DNA synthesis but after 24
kinase signalling . hours entered apoptosis. Furthermore treatment with
The level of the expression of the cdk inhibitor ¥P¥is  LY294002 led to inhibition of proliferation through
known to be important determinant for cell cycle entry at leasapoptosis of asynchronous ®bMEFs over a 4 day period
in part as a regulator of cdk2 activity (Sherr and RobertgFig. 8b)

1999). In an effort to study the mechanism by which cdk2
activity is regulated as a consequence of ERK and PI 3-kinase )
signalling, we examined how inhibition of these pathwaydPiscussion
would affect p2#P1 expression levels. Consistent with It is now well established that active Ras is required for
previous studies (Slingerland and Pagano, 2000) removal afitogenic signalling in a variety of systems (Feig and Cooper,
growth factors led to an accumulation of p2¥ (Fig. 7C) that  1988; Mulcahy et al., 1985; Dobrowolski et al., 1994; Stacey
was downregulated upon serum restimulation in both Wt andt al., 1991). Recently the role of Ras in cell cycle progression
Rb-deficient cells (Fig. 7C). Analysis of cells treated withhas been more clearly defined (Mittnacht et al., 1997; Peeper
either U0126 or LY294002 revealed that following serumetal., 1997). These studies showed that the requirement for Ras
stimulation, the levels of p&P1 were still downregulated in signalling is reduced in asynchrononously growing Rb-null
both Wt and R~ MEFs (Fig. 7C). However, in the presence MEFS (Mittnacht et al., 1997; Peeper et al., 1997). However
of both U0126 and LY294002 serum stimulation was unabl®eeper et al., showed that Ras signalling is still required for
lead to the downregulation of pgft in Wt and Rb/~ MEFs  quiescent Rb-null MEFs to exit GO and enter G1 (Peeper et al.,
(Fig. 7C). These results show that either ERK or Pl 3-kinas&997). The observation that Ras signalling is still required for
signalling can regulate the levels of 2¥ suggesting that quiescent Rb-null MEFs to enter the cell cycle is consistent
redundancy exists between these two signalling pathways farith the observation that these cells do not have a reduced
the regulation of p2¥P! levels. serum requirement for proliferation (Herrera et al., 1996).
These results imply that Ras signalling is required at two
_ _ points: first, to leave GO and second for the Rb-dependent G1-
Asynchronous proliferation of Wt MEFs but not Rb~/- S transition. The observation that the requirement for Ras
MEFs is reduced by inhibition of MEK signalling is still required for Rb-null cells to leave GO led us
We have shown that Rb MEFs are capable of cell cycle to investigate whether these cells require activation of the
entry in the presence of U0126 and LY294002 in &RK-MAPK pathway for cell cycle entry. This pathway is a
synchronised cell growth assay (Fig. 1). While we observenajor downstream effector of Ras (Marshall, 1995) and has
residual cyclin E/cdk2 activity in Rbr MEFs treated with been strongly implicated in cell cycle entry particularly for the
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Fig. 8. Asynchronous proliferation of Wt MEFs
but not R/~ MEFs is reduced by inhibition of
MEK. Asynchronously growing populations of
cells were plated at a density of*i@l. The
following day cells were counted (day 1)
followed by treatment with U0126 (2M final
concentration) or vehicle control (DMSO), or
LY294002 (20uM final concentration) or 20000 20000
vehicle control (ETOH). Growth of cells was

then monitored each day for four more days (day
2-5). On each day the cells’ media was changed o 1 2 3 4 5 0 1 2 3 4 5
and retreated with inhibitor(s) or vehicle control. Day Day
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induction of cyclin D1 expression (Cheng et al., 1998; Lavoiaffecting cyclin E expression), the serum stimulated level of
et al., 1996; Weber et al., 1997). E/CDK2 activity after U0126 treatment in RbMEFs was
When quiescent serum starved Wt MEFs were treated witbomparable to that in serum-stimulated untreated Wt MEFs.
the Mek inhibitor U0126, serum restimulation did not lead toThis suggests that this level of E/CDK2 activity is sufficient
S-phase entry. In contrast Rb-null MEFS were able to exit thior proliferation. Rb-null human tumour cell lines — unlike their
GO state, enter the cell cycle and proliferate when Mek activitRb Wt counterparts — also proliferated in the presence of
is inhibited. This inability of U0126 to block cell cycle entry U0126 despite complete inhibition of ERK activation. We
in Rb-null cells is not a consequence of the inhibitor failing taconclude that Rb-null cells do not depend on ERK signalling
block Mek1/2 and thereby ERK1/2 activation in these celldor proliferation because the requirement for cyclin D
because ERK1/2 activation was similarly inhibited in both Widependent kinase activity is abrogated by loss of Rb and cells
and Rb-null cells. U0126 and PD098059, another Melhave elevated cyclin E/Cdk2 activity. This increased activity
inhibitor, have been shown to also block Mek5 in theprobably results from deregulated cyclin E transcription caused
ERK5/BMK1 pathway (Kamakura et al., 1999). Since theby the de-repression of E2F that is associated with loss of Rb
ERK5/BMK1 pathway has been implicated in cell cycle(Herrera et al., 1996).
control (Kato et al., 1998) these results could imply that loss Like the ERK pathway PI 3-kinase signalling has been
of Rb may also abrogate the requirement for ERK5 activatiorshown to be required for quiescent cells to enter the cell cycle
However we have been unable to reproducibly measure ERK&ille and Downward, 1999; Jones et al., 1999; Jones and
kinase activity and therefore do not know whether it isKazlauskas, 2001). Furthermore PDGF dependent Pl 3-kinase
activated in the cell system we have used. These results sheignalling is known to occur at GO/G1 and mid to late G1,
that while Rb-null cells still require Ras signalling to exit GOinterestingly however entry into S-phase depends on PI 3-
they do not require ERK1/2 activation. The role of the ERK1/Xinase activity during the mid to late phase of G1 (Jones et al.,
pathway is to bring about the inactivation of Rb and the G1-8999; Jones and Kazlauskas, 2001). Therefore we were
transition rather than the Ras dependent step in GO exit. Whileterested to investigate the effect of inhibition of Pl 3-kinase
oncogenes have long been known to affect cell signallingignalling on cell cycle progression in Rb-null cells. In contrast
pathways, these results show for the first time that loss of ta Wt MEFS, treatment of quiescent Rb-null cells with serum
tumour suppressor gene can alter the requirement for the MAR the presence of the Pl 3-kinase inhibitor LY294002 did not
kinase signalling pathway. However the requirement for ERKnhibit S-phase entry. However unlike inhibition of the ERK
signalling was unaffected in MEFs null for p#f/Cirl pathway, cells could not proliferate long term when PI 3-kinase
p27<Pl or p1@8nk4 which are also tumour suppressor genesvas inhibited and died through apoptosis. At the molecular
linked to cell cycle control. Thus it is only the loss of Rb thatlevel treatment with LY294002 partially blocked induction of
alleviates the requirement for ERK signalling. cyclin D1 expression, cdk4 activity but in contrast to U0126
We were interested to try and understand the mechanism treso blocked expression of cyclin E, A and cyclin E/cdk2
abrogates the requirement for ERK signalling in Rb-null cellsactivity. Thus, cyclin D1 expression is responsive to both ERK
These cells do not depend on cyclin D1/cdk activity cdk (Lukaand Pl 3-kinase dependent signalling, but cyclin E and cyclin
et al.,, 1995) arguing that they no longer depend on ERHW only requires Pl 3-kinase signalling. Together these data are
signalling for cyclin D1/cdk activity. However Rb-null cells are consistent with a role for Pl 3-kinase in regulating the G1/S
known to require growth factor stimulation so they mighttranstion that is overcome in the absence of the Rb check-point.
require ERK signalling for other cell cycle events (Herrera eHowever Rb-null cells are still dependent on Pl 3-kinase
al., 1996). Although U0126 treatment reduced cyclin E/CDKXignalling for survival.
activity by approximately 50% in Rbb MEFS (without Downregulation of the CDKI p2! is a key element for
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the movement of cells out of GO and into S-phase (Malek @theng, M., Qlivier, P., Diehl, J. A., Fero, M., Roussel, M. F., Roberts, J.
al., 2001; Slingerland and Pagano, 2000). Our data show thai. and Sherr, C. J.(1999). The p21(Cip1) and p27(Kip1) CDK ‘inhibitors’

; 5 nl ; are essential activators of cyclin D-dependent kinases in murine fibroblasts.
in both Wt a?d.Rb _nullhcells pHip deg]](raqiltlonu%clczugs af'l[jr EMBO 118, 1571.1583,
serum stimulation in the presence of either to OC|5’Abaco, G. M. and Olson, M. F.(2000). Mouse embryo fibroblasts: a

ERK Signalling or LY294002 to.blc.)c.k Pl 3'!<ir]ase signalling  genetic model system for studying Rho- and Ras-dependent cell cycle
but not in the presence of both inhibitors. Similar results were progressionMethods EnzymoB25, 415-425. .
found with human tumour cell lines (data not shown). Thesgavies. S. P., Reddy, H., Caivano, M. and Cohen, [2000). Specificity and

results demonstrate that there is redundancy between thesg'if)zﬂirrf?;s’i%cé'figso‘( some commonly used protein kinase inhibitors.

signalli_ng pathways for regU|ati0n_ of p2. Cell cycle Dickson, B. and Hafen, E.(1994). Genetics of signal transduction in
analysis of MEFS revealed that in the presence of both invertebratesCurr. Opin. Genet. Dew, 64-70.
inhibitors, S-phase entry is inhibited regardless of Rb statu®iehl, J. A., Zindy, F. and Sherr, C. J.(1997). Inhibition of cyclin D1

Our data predicts that it is the block of ﬁ'mz degradation that phosphorylation on threonine-286 prevents its rapid degradation via the

occurs when both pathways are inhibited that underlies tr\gg‘ﬁ;qﬁftffpg’ﬁiﬁZ"Tf "S‘éﬁﬁeﬁsfiﬁ’s%seﬁgg'41998). Glycogen

block in cell cycle entry that we observe. The residual levels synthase kinase-3beta regulates cyclin D1 proteolysis and subcellular
of cyclin D1 and CDK4 activity that persist after treatment with localization.Genes Dev12, 3499-3511. N
either U0126 or LY294002 suggest that these low levels of thigobrowolski, S., Harter, M. and Stacey, D. W(1994). Cellular ras activity

; ; is required for passage through multiple points of the GO/G1 phase in
cyclin D1/CDK4 complex may be important to sequester BALBJc 373 cells.Mol. Cell Biol. 14, 5441-5449.

p27KiPL and permit C§|| Cydel entry in be cells (Cheng et 6}'-’ Dudley, D. T., Pang, L., Decker, S. J., Bridges, A. J. and Saltiel, A. R.

1998). The mechanism which underlies the accumulation of (1995). A synthetic inhibitor of the mitogen-activated protein kinase

p27KiP s still to be elucidated. However is has been shown cascadeProc. Natl. Acad. Sci. USB2, 7686-7689.

that Ras signalling pathways can control expression dfij27 FaXataF’e“é's'eFr"v'3°2“°3£{nK.5yY|;’ Manos, £ JWD?UIEg?f A Sﬁfgliy’,:Dé t

by reQU|atmg the rate of translation and protein Stablllty (Aktas aI.Y (1998).’ Identif’ication of’a novél inhi’bitor o’f mittJ’gen-az:tivated Yprotein

et al., 1997; Kerkhoff and Rapp, 1997; Takuwa and Takuwa, kinase kinasel. Biol. Chem273, 18623-18632.

1997). Feig, L. A. and Cooper, G. M(1988). Inhibition of NIH 3T3 cell proliferation
Since the Ras protein is a critical transducer of proliferative by a mutant ras protein with preferential affinity for GIMI. Cell. Biol.

. s .. . 8, 3235-3243.
rs]lgnals, it is not surprising that a high percentage of so fimus, J., Robles, A. 1., Shi, W., Wong, M. J., Colombo, L. L. and Conti,
uman cancers contain activating Ras gene mutations (Bos¢ (1994). Induction of cyclin D1 overexpression by activated ras.
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