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Summary

Increased intracellular levels of cAMP, induced by
forskolin, lead to permanent G1 arrest of Reh cells. As
expected, we observed a rapid dephosphorylation of the
retinoblastoma protein (pRB) within 2 hours of forskolin
treatment concomitant with reduced activity of the
pRB-specific  kinases. Interestingly, however, the
dephosphorylation of pRB, as well as the inhibition of the
kinase activities, was only transient, despite the permanent
arrest of cells in G1. Importantly, although the pRB-
specific kinases were fully active after 48 hours, pRB
became only partially rephosphorylated.

The transient dephosphorylation of pRB could be
explained by the transient decrease in the activities of the
pRB-specific kinases, but to understand why pRB became
only partially rephosphorylated, despite fully activated
kinases, we postulated that cAMP could activate a pRB-

To understand how Reh cells expressing
hyperphosphorylated forms of pRB can remain arrested in
G1, we used three different methods to test for the ability
of pRB to form functional complexes with the family of
E2F transcription factors. As expected, we observed an
increased complex formation between E2F-1, E2F-4 and
pRB after 2 hours when pRB was in its most
dephosphorylated state. Surprisingly, however, prolonged
treatment with  forskolin, which induced partial
rephosphorylation of pRB, in fact further increased the
complex formation between the E2Fs and pRB, and
this also resulted in reduced E2F-promoter activity in
vivo. These data imply that in Reh cells, partially
phosphorylated forms of pRB retain the ability to inhibit
E2F-promoter activity, and thereby prevent cells from
entering into S-phase.

directed phosphatase. It was therefore interesting to find
that the phosphatase inhibitor, tautomycin, was able to
abolish the forskolin-mediated dephosphorylation of pRB,

without increasing the activities of the pRB-specific kinases. Key words: Forskolin, G1-arrest, pRB, E2F

Introduction (Hannon et al., 1993; Mayol et al., 1993). Together with pRB

Normal proliferation of eukaryotic cells depends on a preciselifself, these proteins regulate the activity of the E2F family of
controlled regulation of the cell-cycle machinery. Thetranscription factors (Dyson, 1998). The RB protein binds
uncontrolled proliferation characteristic of cancer cells igdirectly to E2F and represses E2F-mediated transcription, a
reflected by frequent mutations in genes that regulate the c&linction that is prevented by the phosphorylation of pRB by
cycle (for a review, see Bishop, 1987; Takahashi et al., 1991¢DKs (Hatakeyama et al., 1994; Lundberg and Weinberg,
The regulation of cells entering from the G1 phase of the celi998).  Transfection experiments have shown that
cycle into S phase is particularly important (Sherr, 1996), agverexpression of E2Fs or CDKs promote S-phase entry
the cells normally must pass through a restriction point in latJohnson et al., 1993), whereas overexpression of the pRB
G1 to progress to the S phase (Pardee, 1974; Pardee, 1988mily of proteins leads to G1 arrest (Goodrich et al., 1991,
The central event in this process is the phosphorylation of tHgin et al., 1992). The growth-inhibitory function of pRB, p107
retinoblastoma gene product, pRB, leading to E2F-mediate@nd p130 maps to the domain known to involve E2F binding
transcription of S phase genes (Weinberg, 1995). ThéMeintraub et al., 1992; Sellers et al., 1995), suggesting that
immediate upstream regulators of pRB phosphorylation are Ohe inhibitory effects of the pRB family proteins on
cyclins, cyclin-dependent kinases 4 and 6 (CDK4 and CDKe@proliferation are mediated by their suppressive effects on E2F-
respectively) and CDK inhibitors (CKI) of the INK4 family induced gene expression.
(Buchkovich et al., 1989; DeCaprio et al., 1992; Weinberg, Numerous studies have shown that inhibition of cell-cycle
1995). It appears that this ‘RB pathway’ is mandatory foprogression of both normal and malignant cells frequently
preventing neoplastic growth, as most if not all cancers harbowccurs in  G1, linking this to an inhibition of pRB
mutations in one of the genes involved in this pathwayhosphorylation (Miyatake et al., 1995; Li et al., 1997;
(Maelandsmo et al., 1996; Pokrovskaja et al., 1996; Sellers afwamata et al., 1998). Using normal human lymphocytes we
Kaelin, Jr, 1997; Easton et al., 1998). have previously shown that increased levels of cAMP lead to
The retinoblastoma protein is a member of a family ofinhibition of pRB phosphorylation and arrest of cells in G1
pocket proteins, including p107 (Ewen et al., 1991) and p13(Naderi et al., 2000). By contrast, we observed that cAMP-
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mediated G1 arrest of a cell line derived from an acuténcubation. The cells were then harvested and counted on a cell
lymphoblastic leukaemia, Reh, was accompanied by a transigmrvester and scintillation counter (Topcount; Packard).

inhibition of pRB phosphorylation (Christoffersen et al., 1994;

Naderi and Blomhoff, 1999). In these cells, cCAMP, thrOngr}:Iow cytometric analysis of cell-cycle distribution

gcrt]ivationfof PKA, ind;Jc“ed dgpbhosph_or?llatic;]n thpREi Within{]’he cell-cycle distribution of forskolin-treated Reh cells was

ours o treatment, followed by parftla rephosphorylation 0assessed by pulse labelling the cells with BrdU 1 hour before

PRB W'thm 'the next 24 hours (Naderl and Blomhoff, 1999)', harvesting. The cells were fixed in 70% ethanol before staining the
To_ investigate the mechanisms _responS|bIe for f0f5k9“n(:e||s with a FITC-conjugated anti-BrdU antibody and Pl (Ohtani,

mediated transient dephosphorylation of pRB, we examinegggg). The cell-cycle distribution was analysed using a FACScan

the activity of pRB-specific kinases after forskolin treatment ofiowcytometer (Becton Dickinson, San Jose, CA) according to the

Reh cells. Forskolin inhibited the activity of these kinases, thenanufacturer’'s procedure.

kinetics of which seemingly paralleled the dephosphorylation

of pRB. This inhibition was transient, because within 72 hour .

of treatment the activity of these kinases was restored to tlf@munc’blm "’_‘nalys's _ _

levels found in untreated cells. Interestingly, these cells, despif'®, expression of the different cell-cycle regulatory proteins was

the presence of active CDKs, failed to phosphorylate pR arried out by immunoblot analysis as described by Naderi and

to the | s f di trol I d hibited | lomhoff (Naderi and Blomhoff, 1999).
0 the levels tound n control cells and exnibited only & petection of different phosphorylation forms of RB was performed

partially rephosphorylated pRB. These observations raised thg preparing whole cell extracts as described by Naderi and Blomhoff
following two questions that we have addressed in this studyNaderi and Blomhoff, 1999). Equal amounts of lysatep§pwere
how can pRB remain only partially rephosphorylated when theun on a 10% SDS-PAGE and the resolved proteins were transferred
CDKs are fully active, and how can the Reh cells expressing a nitrocellulose membrane (Amersham) using a semidry transfer
phosphorylated forms of pRB remain permanently arrested igell (Bio-Rad, Hercules, CA). Unspecific sites were blocked by
G1? incubating the membrane in blocking buffexTtis buffered saline
(TBS), 0.1% Tween with 5% nonfat dry milk) for 1 hour, followed by
washing the blot three times inxTBS containing 0.1% Tween
Materials and Methods (TBST). The immunoblot was then incubated at 4°C overnight with
N primary antibody diluted 1:1000 in blocking buffer. After washing the
Reagents and antibodies immunoblot three times in TBST, the blot was incubated for 1 hour
Forskolin and tautomycin were purchased from CALBIOCHEM, Laat room temperature with horse radish peroxidase (HRP)-conjugated
Jolla, CA. FITC-conjugated anti-bromo-deoxyuridine (anti-BrdU) secondary antibody diluted 1:7000 in blocking buffer. The
was purchased from Pharmingen, San Diego, CA. Propidium iodidenmunoreactive proteins were visualised with the enhanced
(PI) and BrdU were purchased from Sigma. Anti-cyclin E (HE12 forchemiluminescence detection system (ECL, Amersham Pharmacia
western blot analysis and HE111 for immunoprecipitation), anti-Biotech) according to the manufacturer’s protocol.
cyclin A (C-19), anti-cyclin D2 (34B1-3), anti-cyclin D3 (C-16 for
western blot analysis and D-7 for immunoprecipitation), anti-cdk2 L
(M2-G), anti-cdk4 (C-22), anti-cdk6 (C-21), anti-$%L (C-19), anti-  Immunoprecipitation
p27irl (C-19), p130 (C-20)X, p107 (C-18)X, E2F-1(C-20)X, E2F-4 For immunoprecipitation of E2F-1 and E2F-4, cell pellets were
(A-20 for western blot analysis and C-20X for EMSA) and DP-1 (K-resuspended in Triton X-100 lysis buffer (50 mM Tris, pH 7.5, 250
20)X were purchased from Santa Cruz Biotechnology, Santa CrumM NaCl, 0.1% Triton X-100, 1Qug/ml leupeptin, 9.5ug/ml
CA. Anti-pRB (G3-245 for western blot analysis and XZ133 for aprotinin, 35ug/ml phenylmethylsulfonyl fluoride, 5 mM NaF, 0.1
EMSA), anti-cyclin A (BF683) was obtained from Pharmingen. E2F-mM orthovanadate, 10 mi3-glycerophosphate). The samples were
1 Gel Shift Oligonucleotide (sc-2507) was purchased from Santa Cry#aced on ice and vortexed at 5 minute intervals for 20 minutes. After
Biotechnology. Phospho-Rb (Ser 780, Ser 795, Ser 807/81Xpmoving the insoluble material by centrifugation, the lysates were
antibodies were purchased from NEB (New England BiolLabs) angrecleared by incubation with 28 of a 1:1 slurry of protein G-
phospho-Rb (Thr 821) was a kind gift from Steve Crouse, Biosourcgepharose (Pharmacia, Sweden) for 30 minutes at 4°C. The protein
International (Camarillo, CA). content was assessed by the Bradford method (Bio-Rad). Cell lysates
(600 pg) were immunoprecipitated with the appropriate antibody (2
pg/sample) for 2 hours at 4°C. The immunocomplexes were absorbed
Cell culture of Reh cells to 30 ul of a 1:1 slurry of protein G-sepharose for 1 hour at 4°C,
The B-lymphoid precursor cell line Reh was originally derived fromcollected by centrifugation at 2,0@Gor 5 minutes and washed twice
a patient with acute lymphoblastic leukaemia (Rosenfeld et al., 197With the appropriate lysis buffer. The beads were then resuspended in
and was kindly provided by M. F. Greaves (Imperial Cancer ResearctxSDS sample buffer and boiled, and the proteins were subjected to
Fund Laboratories, London, UK). The cells were cultured at a densit3DS-PAGE and immunoblot analysis as described by Naderi and
between 0.1810° and 1.%10F cells/ml in RPMI 1640, supplemented Blomhoff (Naderi and Blomhoff, 1999).
with 10% heat-inactivated fetal bovine serum (Gibco), 2 mM
glutamine, penicillin (125 U/ml) and streptomycin (1@§/ml) at ]
37°C in a humidified incubator with 5% GO Kinase assays
Measurements of cyclin E- and cyclin A-associated kinase activity
) . were performed essentially as described by Naderi and Blomhoff
Assessment of cell proliferation (Naderi and Blomhoff, 1999), using histone H1 as substrate.
Cell counting was measured through determination of DNA synthesis Cyclin D3-associated kinase activity was analysed using
and was analysed by incorporation #fithymidine into DNA. Cells  glutathione-S-transferase-tagged RB (amino acids 769-921), denoted
were cultured in microtiter plates at an initial density oflCf GST-RB (Santa Cruz Biotechnology, Santa Cruz, CA), as substrate.
cells/0.2 ml, and were pulsed with 0Ci of [3H]thymidine Whole cell extracts were prepared by sonication in equal amounts of
(Amersham Pharmacia Biotech) for the last 20 hours of a 72 hodysis buffer (50 mM HEPES pH 7.5, 50 mM NacCl, 10% glycerol,
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0.1% Tween 20, 1 mM dithiothreitol (DTT), 20 mM Na- Helsinki, Finland). The B-galactosidase activity was analysed
pyrosphosphate, 50 mM NaF, 0.3 mM orthovanadate, 80 fnM according to the manufacturer’s protocol (Promega Corp., E2000),
glycerophosphate, 1@g/ml leupeptin, 1Qug/ml antipain, 10ug/ml where the absorbance at 405 nm was measured by spectrophotometry
chymostain, 10pg/ml pepstatin A, 5pg/ml aprotinin, 1 mM  (Labsystems Multiscan, Bichromatic). Luciferase activity was
phenylmethylsulfonyl fluoride (PMSF) and 10@/ml Benzamidin).  normalized tg3-galactosidase activity.

The supernatant after centrifugation was precleared by incubation

with 25pl of a 1:1 slurry of protein G-sepharose (Pharmacia, Sweden)

for 30 minutes at 4°C and analysed for protein content by the Bradfoli@esults

method (Bio-Rad). Cell lysate (1 mg) was immunoprecipitated witheorskolin induces permanent accumulation of cells in G1

the appropriate antibody (2 pg/sample) for 2 hours at 4°C. Th . . . .
immunoreactive complexes were absorbed tqI36f a 1:1 slurry of ?o show that forskolin (10QM) inhibits proliferation of Reh

protein G-sepharose for 1 hour at 4°C, collected by centrifugation &€llS, three different methods were use@H]thymidine
2000g for 5 minutes. The immunoreactive complexes were washetcorporation, direct counting of cells and flowcytometric
four times with lysis buffer and once in 50 mM HEPES (pH 7.5)analysis of BrdU-labelled and Pl-stained cells. As shown in
containing 1 mM DTT. The washed complexes were resuspended Fig. 1A, the incorporation ofH]thymidine was reduced by

30 pl of kinase buffer (50 mM HEPES pH 7.5, 10 mM MgQImM 75%-80% after 72 hours of forskolin treatment. Furthermore,
DTT, 2.5 mM EGTA, 1 mM NaF, 0.3 mM sodium orthovanadate, 10treated and untreated cells were counted daily for 10 days (Fig.
mM B-glycerophosphate, 20M ATP) and the kinase reactions were 1By The number of cells treated with forskolin remained

initiated by adding 1Q.Ci of [y-32P]ATP and 2ug of GST-RB (amino ; ;
acids 769-921, Santa Cruz Biotechnology) to each reaction. After 3%ssentlally at 01 cells/ml over a period of 10 days,

minutes at 30°C, the reactions were stopped by adding 155D3

sample buffer. The samples were boiled for 5 minutes and subje A

to SDS-PAGE. Following electrophoresis, gels were stained w

Coomassie blue, dried and subjected to autoradiography. 300000
250000

Electrophoresis mobility shift assay (EMSA) 200000

Whole-cell extracts were prepared essentially as described 150000
Pagano et al. (Pagano et al., 1992x18 Reh cells were collected,
washed once in phosphate-buffered saline (PBS) and resuspenc
200 pl of lysis buffer A (20 mM HEPES pH 7.9, 0.4 M NaCl, 25 50000
glycerol, 1 mM EDTA, 2.5 mM DTT and 1 mM PMSF). Cells wer 0
incubated for 20 minutes on ice, frozen in liquid nitrogen and pla«

at —70°C. Cell extracts were thawed on ice and the suspensions
vigorously mixed, followed by centrifugation for 10 minutes
13,0009. The supernatant was collected and the protein conl
measured by the Bradford method (Bio-Rad). Total lysatgy20 g

was incubated with approximately 0.5 ng (40,000 c.p.m32%ef
labelled double-stranded oligonucleotide, containing a conser
E2F-binding site (Santa Cruz Biotechnology), in a final volume

cpm

100000

30 pl. Sonicated salmon sperm DNA (10g) was added as =
competitor DNA. Incubations were carried out at room temperat S 1400
for 20 minutes in 20 mM HEPES, 20 mM NacCl, 2 mM MgQl0% é 1200 g 1;
glycerol, 1 mM DTT, l.mM PMSF and 20g BSA (ITam an_d S 1000 | 24 E
Watson, 1993). Supershift assays were performed by incubating o S E[E
reaction mixture with the appropriate antibody, on ice for 1 ho | & 89001 & *_ ° ¢ +-C
before adding the labelled oligonucleotide. The DNA-prote g 600 ——F
complexes were resolved on a 4% polyacrylamid gel inxX0.B& T 400 |
(Tris borate-EDTA) buffer at 4°C, and the protein/DNA complex: 2 200
Q
o

were visualised by autoradiography.

Promoter reporter assay Days

Exponentially growing Reh cells were transiently transfected with
following luciferase constructs: pGL3TATAbasic-6XxE2F (pGL.
containing a TATA box and six E2F binding sites/- 5 Fig. 1.Effect of forskolin on DNA synthesis. (A) Reh cells (810°
TTTCGCGCTTAA-3, kindly provided by Ali Fattaey, Onyx cells/ml) were treated with forskolin (1Q0/) for 3 days and DNA
Pharmaceuticals, Richmond, CA) and a pGL3TATAbasic (an Ellsynthesis was measured as uptakéldfthymidine, as described in
TATA box cloned into pGL3, Promega). An SV#Gal construct Materials and Methods. Vertical bars indicate the s.e.m. of three
(Promega Corp., E1081) was cotransfected and used as an interagperiments. (B) Reh cells (k1f cells/ml), with or without

control. Transfection was performed by electroporation at 250 V antbrskolin (100uM) treatment, were counted for 10 days and the cell
950uF. The electroporated cells were transferred to fresh medium armbunts are presented as fold induction of the starting culturel@.1
incubated for 20 hours before the cells were treated with forskolircells/ml). One representative experiment is shown. Inset shows the
Cells were harvested and resuspended in reporter lysis buffer, 2@ll counts up to 4 days with or without forskolin (309)

pl/million cells, (Promega Corp., E3971). Luciferase activity wastreatment. The cell counts are presented as the mean from five
measured according to the manufacturer’s protocol (Promega Corgeparate experiments. The vertical bars represent standard error of
E1501) and by using an LKB Wallac 1251 luminometer (LKB,the mean (s.e.m.). C, control; F, forskolin.
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Table 1. Forskolin-mediated cell-cycle arrest measured by BrdU incorporation and Pl staining

A B
Forskolin (hours) Forskolin (days)
0 2 8 48 72 5 10
G1 53+0.88 55+0.19 60+0.19 63+1.34 69+1.16 77 77
S 39+0.84 33+0.33 27+0.19 28+0.96 21+0.83 5 6
G2 8+0.19 13+0.36 13+0.33 9+0.57 10+0.57 18 17

Cells were treated with or without forskolin (1@M) for the indicated hours up to 72 hours (A) or up to 5 or 10 days (B). The cell-cycle distribution was
assessed by flowcytometric analysis of cells stained with FITC-conjugated anti-BrdU and Pl as described in Materials and@iégpleoctsntage of the cells
in G1, S and G2/M is shown. In A, the meants.e.m. of five experiments is shown, whereas B shows one representative expeggnent of

whereas the untreated cells proliferated in an exponentialere less apparent in forskolin-treated cells. Interestingly, pRB
manner and increased from 810° to 1.15¢<10F cells/ml in 4  remained partially rephosphorylated 72 hours after addition of
days. The inability of forskolin-treated Reh cells to increase ifiorskolin (Fig. 2A), at the time when the cells were growth-
number indicated that forskolin permanently blocked celinhibited and accumulated in G1 (Fig. 1; Table 1).
proliferation. To confirm this observation further, we treated To identify the various migrating forms of pRB that we
Reh cells with forskolin and labelled the cells with BrdU toobserved in Fig. 2A, different controls were run together with
assess their cell-cycle distribution by flowcytometry. As showrysates from Reh cells treated with or without forskolin for 2
in Table 1, after 72 hours of forskolin treatment the percentadeours (Fig. 2B). As a control for unphosphorylated pRB, we
of cells in G1 had increased from 53% to 69%. The percentagesed lysates from unstimulated normal T-lymphocytes, known
of cells in G1 increased even further after prolonged treatmei be in GO. To rule out the possibility that the lower molecular
with forskolin, as 77% of the cells were in G1 after 10 days ofveight form was not equivalent to the C-terminally cleaved
forskolin treatment, whereas less than 6% of the cells were form of pRB seen in apoptotic cells, we included lysates from
S-phase. The observed cell-cycle inhibition was not due tdurkat cells induced to undergo apoptosis by stimulation with
apoptosis because less than 10% of the cells were apoptadtie anti-Fas antibody, CH11, for 4 hours (Tan et al., 1997). As
after 72 hours of forskolin treatment as measured by TUNER source for fully phosphorylated form of pRB, we used lysates
assays and scatter analysis (data not shown). from normal T-lymphocytes activated into late parts of the cell
cycle (S/G2/M) by stimulation with phytohemagglutinin-P

o ) (PHA)/ionomycin for 50 hours. From Fig. 2B it is evident that
Forskolin induces transient

dephosphorylation of pRB

We have previously shown that forske
treatment of Reh cells leads to a rapid,
transient dephosphorylation of pl
(Christoffersen et al., 1994; Naderi and BlomF
1999). Consistent with our previous results,
observed a rapid dephosphorylation of pRB
2 hours of forskolin treatment, followed by
rephosphorylation notable after 24 hours (
2A). However, the rephosphorylation was ¢
partial, as the fully phosphorylated forms of

Fig. 2. Forskolin mediates a transient
dephosphorylation of pRB. Reh cells were treated
with forskolin (100uM) for the hours indicated. Total
cell lysate (5Qug) from treated and untreated cells

were subjected to immunoblot analysis as described in

Materials and Methods (A), using monoclonal

antibodies towards pRB. (B) Anti-RB immunoblotting
of lysates from resting T-lymphocytes (lane 1), Reh-
control lysate (lane 2), forskolin-treated Reh-cells for

2 hours (lane 3), PHA/ionomycin-activated T-
lymphocytes for 50 hours (lane 4) and anti-Fas
antibody (CH-11)-treated jurkat wt cells for 4 hours
(lane 5). (C) An immunoblot with forskolin-treated

Reh-lysates, as described above, was detected with the

different anti-pRB-phosphorylated antibodies, as
indicated in the figure. Total expression of pRB was
detected on the same blot as a control for equal
loading of protein in each lane. One representative
experiment of five is shown.

A

Forskolin (h):
I 1
C 2 8 24 48 72

—_ ppRB
FRaces
1

PPRB{ ' i .ﬁ

3 4 5

Unphosphorylated pRB ——p o

4—— C-terminally

cleaved pRB
C Forskolin (h):
C 2 24 48 T2
Ser780 —p - ac -
Ser807/811 —» @ L e
Ser795 —p N e~ gam Ty

Thr82] —p - > — G <

Total PRB —p ey e e = e
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the lower molecular weight form of pRB, appearing rapidlyactivates a pRB-specific phosphatase. This would also explain
after forskolin treatment, migrates as the unphosphorylatedhy we observe that pRB is only partially rephosphorylated
form of pRB found in resting T cells and not as the cleavedfter 48-72 hours of forskolin treatment, despite fully active
form of pRB. CDKs.

To examine whether the partial rephosphorylation of pRB
seen in Fig. 2A was due to some sites being permanentl ) ) ) )
dephosphorylated, we performed immunoblot analysis oé/ffeCt of forskolin on protein expression of G1 cyclins,
pRB using different antibodies directed against specifi©DKs and CKis
phosphorylated amino acids in the C-terminal region of pRBTo understand how forskolin induces the transient inhibition of
It has been shown that several residues in this region atiee CDK activities, we analysed the expression of the various
involved in the regulation of E2F-binding (Knudsen and Wanggyclins, CDKs and CKIs. As shown in Fig. 4A, the expressions
1997), and that several, if not all of these sites needs to lod cyclin D3 and cyclin E followed the activity level of their
phosphorylated to disrupt the binding of E2F (Lundberg andespective kinases. Within 2-8 hours of forskolin treatment, the
Weinberg, 1998; Brown et al., 1999; Harbour et al., 1999). Weevel of these cyclins was reduced compared with untreated
therefore selected four commercially available antibodiesells, whereas after 72 hours the expression levels were
directed against phosphorylated serine and threonine residuestored to the levels seen in untreated cells. Cyclin A
in this region (Ser 780, Ser 795, Ser 807/811, Thr 821). Asxpression generally showed the same cycling appearance as
shown in Fig. 2C, all four amino acids were phosphorylated ithe activity of its associated kinase (Fig. 3). The protein levels
continuously growing cells. Ser 780, Ser 795 and Ser 807/81df CDK 2, 4 and 6 were not altered during forskolin treatment
were subjected to dephosphorylation at 2 hours of forskolifFig. 4A), whereas the expression of both g2land p2¥irl
treatment, whereas only minor changes were observed in there transiently increased with maximum levels at 8 and 24
case of Thr 821. Of note is that the dephosphorylation of Sérwours, respectively (Fig. 4B).
780, Ser 795 and Ser 807/811 was transient, but the
rephosphorylation of these sites was only partially restored S ) )
after prolonged forskolin treatment. Apparently, none of theséhe phosphatase 1 inhibitor, tautomycin, abolishes the
sites were permanently dephosphorylated. effect of forskolin on RB-phosphorylation

Taken together, we believe that after 2 hours of forskolibespite full restoration of the activity of pRB-specific kinases,
treatment the pRB-population consists mainly ofReh cells treated with forskolin for more than 24 hours
unphosphorylated and hypophosphorylated forms. After 48ontained only partially rephosphorylated pRB (Fig. 2).
72 hours of forskolin treatment we observe a reduction in th&his  observation  suggested that forskolin-induced
unphosphorylated and the most hypophosphorylated form afephosphorylation of pRB also could involve activation of a
pRB, concomitant with an increase in the pRB-populatiorprotein phosphatase. To address this possibility, we examined
that is rephosphorylated at several of the C-terminal residuethe effect of several known inhibitors of PP1 and PP2A
However, the amount of fully or hyperphosphorylated formgokadaic acid, caliculin and tautomycin) on forskolin-mediated
of pRB after 72 hours of forskolin treatment must be limiteddephosphorylation of pRB. All the inhibitors tested completely
as Fig. 2C shows that at least three of the C-terminal residuabolished the effect of forskolin (okadaic acid and caliculin,
are not phosphorylated in a large portion of the pRBlata not shown). In Fig. 5A, pretreatment of Reh cells with the
molecules. most specific of the PP1 inhibitors, tautomycin, prevented the

forskolin-mediated dephosphorylation of pRB observed after

Forskolin induces a transient reduction in cyclin-
associated kinase activity

Forskolin (h):
To test whether the rapid dephosphorylation of pRB follow P orskoln (h)

|
by incomplete rephosphorylation could be explained by ¢ C 2 4 816 24 4872 ns
regulation of the activity of pRB-specific kinases, we analy: )
the effect of forskolin on various CDKs. As shown in Fig. Cyclin D3 - e 4 GST-RB

forskolin transiently inhibited the activity of the differer

cyclin-associated kinases. The activity of cyclin D3- and cyc ) o |

E-associated kinases were reduced threefold after 8 hou CYCINE . Spmeme w= s gINEIP <« histonc HI

forskolin treatment. However, the activity of these two kina:

was fully restored after 72 hours. Cyclin A-associated kin

(Fig. 3) and CDK1 (data not shown) exhibited an alternat Cyclin A m < histone H1

pattern of activity. At 2 and 24 hours post treatment th -

kinases showed a twofold reduction in activity, whereas at 8. . o ,

and 72 hours post treatment, their activity was restored tg9: 3-Forskolin induces a transient inhibition of the cyclin-

control levels. Taken together, these results suggest that t sociated kinase activities. Reh cells were treated with forskolin

. . . L= 0uM) for the times indicated. Total cell lysates (5Qf) were
immediate dephosphorylation of pRB by forskolin involves thesubjected to immunoprecipitation (IP) with the appropriate

reduction in the CDK kinase activity. However, as thegnihodies, and kinase assays were performed as described in
dephosphorylation of pRB seen in Fig. 2A seems to be fast@faterials and Methods, using histone 1 or GST-RB as substrate. One
than the inhibition of the overall kinase activity, this mayrepresentative experiment of three is shown. ns, nonspecific antibody
support our findings, presented below, that forskolin alsosed as a negative control.
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A - .
r Forskolin (h): | A Forskolin - + +
C 2 4 8 24 48 72 Tautomycin - -+ o+
_— — e— — — == — 4 Cyclin D2 e ;}:pRB
T — - = 4 CyclinE
B
— . . gl a4 Cyclin A Forskolin - + o+ -
Tautomycin - -+ o+
RERP———— e €| 3}
Cyctina GNP < Hisione HI
A - e < Cdk4
D o e i G w——— LU IP—— CyclinE (e s W% <—Histone HI
Cyclin D3 - e <4+—GST-RB
Forskolin (h):
B I { ) 1 C .
C 2 4 8 24 48 72 Forskolin - + o+
——— — - — — 4— D] Tautomycin - - + o+
-H———-—_-——__Q—pZI CyclinA ---“
Fig. 4. Effect of forskolin on the expression of G1 cyclin, CDK and Cvelin E - .
CKI proteins. Reh cells were treated with forskolin (L00) for the yehn -
hours indicated. Total cell lysates (@) from treated or untreated . e
cells were subjected to immunoblot analysis, as described in CyclinD3 [ ——

Materials and Methods, using antibodies specific for (A) cyclins and . .

. S Fig. 5.Inhibitors of phosphatase 1 and 2A prevent forskolin-
.CDL(]S and (B) CKI proteins. One representative immunoblot of three}n?zdiated dephospﬁorylgtion of pRB. Reh Eells were treated for 4
is shown.

hours with forskolin (L0@M), in the presence or absence of
tautomycin (10 uM). Total cell lysate (@) from treated and
4 hours. Furthermore, tautomycin alone also inducedntreated cells were subjected to immunoblot analysis (as described
hvperphosphorviation of bRB. in Materials and I\_/Iethods), using antibc_)dies specific fqr_(A) pRB, or
y‘?’o pechLE)de )tlhe possigility that the inhibitory effect of () cyclins as indicated. (B) For analysis of kinase activity, |50
tautomycin on forskolin-mediated dephosphorylation of pRBtotal cell lysate was subjected to immunoprecipitation (IP) with the

L f1h ific ki appropriate antibodies, and kinase assays were performed, as
was due to activation of the pRB-specific kinases, we measurgdscribed in Materials and Methods, using histone 1 or GST-RB as
the effect of tautomycin on the CDK activity. As shown in Fig.sypstrate. One representative experiment of three is shown.

5B, the cyclin-associated kinase activities were, in fact,

reduced rather than activated by tautomycin, as were th~ _
expression of the cyclins also (Fig. 5C). Taken together, ot : Forskolin (h): |
results therefore suggest a role for protein phosphatase 1 or 2 C 2 8 U 1M
or both, in cAMP-mediated dephosphorylation of pRB.

— pp130

R e vt v 0030

Transient dephosphorylation of p130 and p107 by 107
forskolin — <— PP

e —

The pocket proteins p1l07 and p130 also showed a transie <« pl07

dephosphorylation after forskolin treatment, as did pRB. A

L ; . . I&—ig. 6. Effect of forskolin on the expression of p130 and p107. Reh
shown in Fig. 6, a “?‘p'd dephosphorylation was evident a_ft ells were treated with forskolin (1QM) for the hours indicated.
2 hours of forskolin treatment and a rephosphorylatioRgiy) cell lysate (5qug) from treated and untreated cells were

appeared after 24 hours of treatment. The rephosphorylation gfpjected to immunoblot analysis (see Materials and Methods), using
p107 and p130 was only partial after 72 hours of forskolirantibodies specific for p130 (upper) and p107 (lower). One

treatment. representative immunoblot of three is shown.

E2F-RB complex formation is increased by forskolin 2000). It is generally believed that pRB binds to E2Fs in its
Both pRB itself and the related pocket proteins, p130 and p10RAypophosphorylated form, and that the binding is disrupted
exert their growth-inhibitory effects by binding to members ofwhen pRB is hyperphosphorylated (Knudsen and Wang, 1997;
the E2F/DP1 family of transcription factors and leading toHelin, 1998). As we showed that pRB (Fig. 2A), as well as
repression of transcription from E2F-regulated promoterpl07 and pl130 (Fig. 6), was partially rephosphorylated by
(Chellappan et al., 1991; Weinberg, 1995; Harbour and Deapyolonged treatment of forskolin, we wished to examine
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A ] complexes with E2Fs and DPs. As shown in Fig. 8B, complex
Forskolin (h): Il was shifted by antibodies directed against E2F-1 and E2F-
cC'2 8 U7 4, but not by antibodies sp_ecific for PRB. _This complex was,
E3E.1 TP RE to a certain extent, also shifted by antibodies specific for DP1
- - ——— - 4— D (Fig. 8C), but remained unaffected by antibodies directed
against p107 or p130 (Fig. 8C). This suggests that complex I
E2F-4 IP &% %n y=% % <— PRB consists of E2F-1/E2F-4 and DP-1. Complex Il was shifted by
antibodies against pRB, E2F-1, E2F-4 (Fig. 8B) and DP-1 (Fig.
B 8C), but not by antibodies against p107 and p130 (Fig. 8C),
Forskolin (h): and therefore represents the complex between pRB and E2F-1
c™ 3 u pn! or E2F-4, including DP-1. Complex I, however, was shifted by
antibodies against p107, p130, E2F-4 and cyclin A (Fig. 8B,C).
- J 3= BB == < E?F1] Taken together, the gel retardation assay showed that the
, complex formation between pRB and E2F-1 or E2F-4
S B W S8 BB <«— E2F-4 increases after 72 hours of forskolin treatment, at the time

. . A . when PpRB is partially rephosphorylated (Fig. 2A).
Fig. 7. Co-immunoprecipitation of pRB with E2F-1 and E2F-4
antibodies. Reh cells were treated with forskolin (t®) for the Furth_ermore, complexes between p107 or p130 and E2F-4 are
hours indicated. (A) Total cell lysate (508) from treated or prominent aIreqdy at 2 hours of forskolin treatment, and this
untreated cells were subjected to immunoprecipitation as describedCOMplex formation is further increased upon longer exposure
in Materials and Methods, using antibodies specific for E2F-1 or  to forskolin (72 hours). Concomitant with the increased
E2F-4 as indicated. The E2F-complexes were resolved on a 10% complex formation between pRB and E2Fs, the fraction of free
SDS-PAGE and the resulting immunoblots were detected with E2Fs bound to the E2F-consensus site is reduced.
antibodies specific for pRB. (B) 3@y of the same cell lysates were
subjected to immunoblot analysis to detect the total amount of E2F-1
or E2F-4 as indicated. One representative experiment of three is  Forskolin inhibits E2F-promoter activity in vivo

shown. To verify that the increased complex formation between the
pocket proteins and E2Fs resulted in functional inhibition of
whether these pocket proteins were still able to bind E2Fs. WE2F-mediated transcription, we examined the effect of
used two different methods to test the complex formatioffiorskolin on the E2F-promoter activity in vivo using a
between E2Fs and pRB, i.e. co-immunoprecipitation and gelGL3-Luciferase reporter construct containing a TATA-
retardation assay. Using the first method, E2F-1 and E2F@XE2F-promoter fragment or a basic-pGL3TATA-Luciferase
were immunoprecipitated and the resulting immunoblots wereonstruct As shown in Fig. 9A, the relative luciferase activity
incubated with antibodies against pRB. As shown in Fig. 7Awas reduced by 10% after 2 hours of forskolin treatment,
complexes between pRB and E2F-1 or E2F-4 were notedhereas after 24 (Fig. 9B) and 72 hours (Fig. 9C) of treatment
already after 2 hours of forskolin treatment, but interestinglythe E2F-promoter activity was reduced by 40% and 46%,
the amount of pRB bound to both E2F-1 and E2F-4 increasedspectively. Thus, we can conclude that the increased complex
with longer exposure of the cells to forskolin. As E2F-4 hagormation between the pocket proteins and E2F in the presence
also been shown to bind to other pocket proteins, such as p18Dforskolin resulted in functional inhibition of E2F-mediated
and pl07 (Beijersbergen et al., 1994; Ginsberg et al., 199%anscription.
Vairo et al., 1995), we also examined the complex formation
between p130 or p107 and the E2F-4 proteins. The complex _
formation essentially followed that of pRB-E2F-4, but theDiscussion
amount of p130 or p107 associated with E2F-4 appeared to be the present study we wished to address the mechanisms
much less than the amount of pRB bound to E2F-4 (data nathereby elevated intracellular levels of cCAMP leads to G1
shown). No complexes between p130 or p107 and E2F-1 weegrest of Reh cells. The initial rapid dephosphorylation of pRB
observed (data not shown). Notably, the expression levels tfiat we observed within the first 2-4 hours after addition of
E2F-1 and E2F-4 remained unaffected by forskolin treatmeriorskolin resembled what we had observed in normal
(Fig. 7B). lymphocytes (Naderi et al., 2000), and could be explained
In the second method, we used gel retardation assay by the rapid inhibition of the activity of the relevant CDKs
examine E2F-complexes following treatment of the cells witl{cyclin D3-, cyclin E- and cyclin A-associated activity). In
forskolin. Total extracts were incubated with radioactivecontrast to what we observed in the normal lymphocytes,
labelled E2F-specific oligonucleotides and the resultingrolonged treatment of Reh cells with forskolin induced
complexes were separated on a native polyacrylamid gel. Wephosphorylation of pRB beginning after 24 hours. On the
detected three specific complexes (I, Il and Il in Fig. 8A). Allbasis of both the phosphorylation pattern of total pRB after 72
three complexes were differentially regulated by forskolin, afiours of forskolin treatment, and by using antibodies directed
the formation of complex Il decreased upon exposure tagainst specific phosphorylation sites of pRB, we concluded
forskolin, concomitantly with increased formation of that the rephosphorylation of pRB was only partial. The
complexes | and II. rephosphorylation of pRB was, however, preceded by complete
The composition of the different complexes werereactivation of the relevant CDKs. To explain the discrepancy
determined by gel retardation supershift assays, using a patetween fully active CDKs and partially rephosphorylated
of specific antibodies directed against proteins known to forrpRB, we postulated that cAMP could activate a pRB-directed
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A B N Fig. 8. Gel retardation analysis of
Forskolin (h): & Forskolin {h: complex formation on the E2F-binding
c 272 =& C 2 72 site. Reh cells were treated with
ap— .‘J«: I 1T 1 | & forskolin (100uM) for the hours
) . x cé‘&” indicated. (A) Total extracts were
Antibody: - &K - &&F Q;*f‘ & ({)3 prepared as described in Materials and
- o - _'. - =n on G G " ena Methods and incubated withP-
II —» labelled oligonucleotide probe
I c_ontaining the E2F-consensus binding
- —* ' n — u site. (B,C) Supershift assays were

H “ I performed by incubating total cell
- Bl H “ H extract with the appropriate antibodies
before adding the probe containing the
J u u H h u “ . . E2F-binding site. In all three panels, the
protein-DNA complexes were subjected
to a native 4% polyacrylamid gel
electrophoresis and visualised by
autoradiography. One representative
experiment of three is shown. I, Il and
Il denote the different protein

- 1 ' lexes bound to the E2F-probe. Th
‘{l". ‘““.“. '.'.“. gggﬁskxseisndi?:i?e sﬂpe?shifteg rboaneds. ©

Forskolin (h): possibility that this effect was due to the inhibitors activating
the CDKs, as all three phosphatase inhibitors in fact inhibited
the activities of the relevant CDKs. The results imply that
cAMP may lead to activation of a pRB-directed phosphatase,

Antibody: which may well explain why pRB seems to be

dephosphorylated even faster than the inhibition of the
overall CDK-kinase activity, and why pRB is partially
rephosphorylated in the presence of fully active CDKs.

Although the discrepancy between the phosphorylation state
of pRB and the CDK activity could be explained by activation
of a phosphatase, we can not explain why prolonged exposure
to forskolin leads to reactivation of the CDKs. In previous
reports, we observed that also levels of MYC and Mad in Reh
cells were transiently regulated by forskolin (Blomhoff et al.,
1987; Naderi and Blomhoff, 1999). We showed that re-addition
of forskolin every 5 hours would keep the MYC levels
permanently inhibited and the Mad levels permanently high,
presumably due to prolonged elevated levels of intracellular
cAMP (Naderi and Blomhoff, 1999). It is possible that re-
addition of forskolin to Reh cells would lead to a permanent
reduction in the activity of the CDKs. We did not, however,
test this possibility, because the main issue in the present study
was rather to understand how cells could be permanently
inhibited in G1 when pRB is partially rephosphorylated.

To address this next question, we examined the ability of
phosphatase. Continuous activation of this putativggRB to bind to the different members of the E2F/DP family of
phosphatase upon prolonged treatment with forskolin woultranscription factors, after prolonged treatment with forskolin.
thereby prevent full phosphorylation of pRB even in thelt is generally believed that pRB exerts its growth inhibitory
presence of active CDKs. effect by binding to the members of the E2F/DP family (Qian

It has been suggested that protein phosphatase 1 (PP1) etml., 1992; Qin et al., 1992; Ohtani, 1999), and that pRB binds
interact with pRB in G1 (Liu et al., 1999), and it hasto E2F/DP in its hypophosphorylated state (Bagchi et al., 1991;
been shown that PP1 is the phosphatase responsible fGhellappan et al., 1991; Knudsen and Wang, 1997; Helin,
dephosphorylating pRB at the entry of cells into G1 from1998). Our finding that treatment of Reh cells with forskolin
mitosis (Durfee et al., 1993; Nelson and Ludlow, 1997). Tdor 2 hours induced binding of pRB to E2Fs was therefore in
examine the possibility of phosphatases being involved itine with data from other cell systems, having shown that
cAMP-mediated dephosphorylation of pRB, we treated thgrowth inhibition is associated with hypophosphorylated
cells with inhibitors of PP1 and PP2A. The inhibitors, okadaidorms of pRB binding to E2Fs (Hatakeyama et al., 1994;
acid, calliculin and tautomycin, abolished the effect ofBeijersbergen and Bernards, 1996; Wu et al., 2000). The
forskolin on dephosphorylation of pRB. We excluded theunexpected result was, however, that the partially
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Fig. 9. Forskolin downregulates the E2F-promoter activity. Reh cells were transfected with the pGL3TATA-6XE2F-promoter luciferase
construct or with the basic pGL3TATA vector. An SVAGalactosidase construct was cotransfected with the luciferase constructs as an

internal control. 20 hours after transfection, the cells were treated with and without forskoli{Lf (A) 2 hours, (B) 24 hours and (C) 72

hours. After forskolin treatment the cells were harvested and lysed in reporter lysis buffer. The luciferase activitymiasdietrs

normalized for transfection efficiency, with the activityfafalactosidase being used as a reference. The values are presented as the mean from
four experiments, and the vertical bars represent the s.e.m.

rephosphorylated forms of pRB present after 72 hours ahore readily form complexes with hypophosphorylated forms
forskolin treatment still and even more readily formedof pRB than with unphosphorylated forms of pRB (Ezhevsky et
complexes with E2F-1 and E2F-4 than did the moreal., 1997; Brugarolas et al., 1999; Ezhevsky et al., 2001). Thus,
dephosphorylated form of pRB present after 2 hours treatmetite fact that the most dephosphorylated forms of pRB became
with forskolin. We showed that the complex between pRB antess apparent after 72 hours of forskolin treatment suggest that
E2F/DP-1 increased after 72 hours, concomitant with #orskolin induced a shift in the fraction of unphosphorylated
reduction in free E2F/DP-1s. Also, the complexes betweeforms of pRB to more hypophosphorylated forms.

cyclin A, p130 or pl07 and E2F-4 increased with longer Taken together, we have shown that forskolin-treated Reh
exposure to forskolin. The functional implication of the cells are permanently arrested in G1, despite pRB becoming
increased complex formation between the pocket proteins ampartially rephosphorylated upon prolonged exposure to
E2Fs was confirmed by the observed inhibition of E2Fforskolin. The growth-inhibitory potential of partially
promoter activity in vivo in the presence of high levels ofrephosphorylated pRB could be explained by inhibited E2F-
cAMP. This may reflect a cAMP-mediated repression of on@romoter activity, enforced by the strong ability of
or several genes important for the Gl-arrest in Reh cellsephosphorylated pRB to form complexes with E2Fs.
Interestingly, we can conclude that these genes are not cyclin

A or cyclin E because these genes are highly expressed, andhe authors thank Steve Crouse and Fiona Burns, Biosource
their associated kinase activities are fully restored at 72 houfernational for providing antibody against phospho-RB (Thr 821).
of forskolin treatment. We also thank Ali Fattaey for kindly providing the 6XxE2F-Luc plasmid.
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rephosphorylated forms of the pocket proteins and E2Fs. The

most obvious explanation would be that functionally important
phosphorylation sites in the E2F-binding pocket of pRB wergeferences
permanently dephosphorylated upon prolonged exposure gchi, S., Weinmann, R. and Raychaudhuri, R1991). The retinoblastoma
forskolin. From our results using four commercially available protein copurifies with E2F-I, an E1A-regulated inhibitor of the
antibodies (Ser 780, Ser 795, Ser 807/811 and Thr 821) directedr_ansgrlptlon fsCLor E%RZBeII 65,d106§(-llggg). cell ovel ation b th

H H : H imeljersoergen, R. L. an ernards, . Cell cycle regulation by the
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