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The retinoblastoma tumor suppressor protein (Rb) plays a vital role in regulating mammalian cell cycle
progression and inactivation of Rb is necessary for entry into S phase. Rb is inactivated by phosphorylation
upon growth factor stimulation of quiescent cells, facilitating the transition from G1 phase to S phase.
Although the signaling events after growth factor stimulation have been well characterized, it is not yet clear
how these signals contact the cell cycle machinery. We had found previously that growth factor stimulation of
quiescent cells lead to the direct binding of Raf-1 kinase to Rb, leading to its inactivation. Here we show that
the Rb–Raf-1 interaction occurs prior to the activation of cyclin and/or cyclin-dependent kinases and facilitates
normal cell cycle progression. Raf-1-mediated inactivation of Rb is independent of the mitogen-activated
protein kinase cascade, as well as cyclin-dependent kinases. Binding of Raf-1 seemed to correlate with the
dissociation of the chromatin remodeling protein Brg1 from Rb. Disruption of the Rb-Raf-1 interaction by a
nine-amino-acid peptide inhibits Rb phosphorylation, cell proliferation, and vascular endothelial growth
factor-mediated capillary tubule formation. Delivery of this peptide by a carrier molecule led to a 79%
reduction in tumor volume and a 57% reduction in microvessel formation in nude mice. It appears that Raf-1
links mitogenic signaling to Rb and that disruption of this interaction could aid in controlling proliferative
disorders.

The retinoblastoma tumor suppressor protein, Rb, plays a
vital role in regulating the mammalian cell proliferation and its
inactivation facilitates S-phase entry (i.e., entry into S phase)
(64). Rb is inactivated during normal cell cycle progression by
a cascade of phosphorylation events mediated mainly by ki-
nases associated with D and E type cyclins (45, 55). Previous
studies have shown that inhibition of Rb phosphorylation can
lead to G1 arrest and that phosphorylation site mutants of Rb
have enhanced growth suppressive properties (2, 17, 31). The
growth-inhibitory properties of Rb are primarily mediated by
its interaction with the E2F family of transcription factors (10,
18); Rb binds to E2Fs 1, 2, and 3 and suppresses their tran-
scriptional activity (4, 33). Inactivation of Rb by phosphoryla-
tion leads to the dissociation and activation of E2F, allowing
the expression of many genes required for cell cycle progres-
sion and S-phase entry (5, 7, 48).

In addition to its role in regulating cell proliferation, Rb
affects chromatin structure and function as well (14, 25, 49). It
has been shown recently that Rb induces heterochromatin

formation and inhibition of E2F-regulated genes during cellu-
lar senescence (46). Further, Rb has been shown to localize to
the chromatin and suppress abnormal endoreduplication that
might occur after DNA damage (3). Rb has also been shown to
possess antiapoptotic activity by repression of E2F1-regulated
proapoptotic genes such as p73, Apaf-1, and caspase-3 (43, 51).
These observations indicate that Rb can respond to a wide
range of extracellular stimuli and execute functions that are
appropriate for the signal. However, the exact pathways linking
the diverse extracellular stimuli to Rb remain unclear.

Several lines of evidence indicate that receptor-mediated
mitogenic signaling pathways converge on the Rb-dependent
G1/S checkpoint. Growth stimulation through membrane ty-
rosine kinase receptors, estrogen receptors, and certain G-
protein-coupled receptors requires Rb inactivation (36, 39).
Moreover, members of the Ras/Raf/MEK/mitogen-activated
protein (MAP) kinase signaling pathway have been implicated
in the upregulation of cyclin D1 and Rb phosphorylation (39),
and Rb inactivation is one of the end points of the mitogenic
RAS/PI3K/AKT pathway (20). Furthermore, Ras-mediated
transformation and stimulation of cell cycle progression has
been found to require inhibition of the growth arrest activity of
Rb mediated via cyclin D (34, 52). The importance of these
observations is supported by the fact that most sporadic can-
cers inactivate Rb by exploiting pathways that regulate Rb
phosphorylation (9).

Previous studies in our laboratory had shown that the sig-
naling kinase c-Raf (Raf-1) can physically and functionally
interact with Rb and contribute to its inactivation, facilitating
cell proliferation (61). This interaction between Raf-1 and Rb
is probably one of the mechanisms by which mitogenic signals
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received at extracellular receptors contact the cell cycle ma-
chinery in the nucleus. Raf-1 could phosphorylate Rb in vitro
as well, and the results described here suggest that interaction
of Raf-1 with Rb facilitates its eventual inactivation. Disrup-
tion of the Rb-Raf-1 interaction by an 9-amino-acid peptide
significantly inhibits Rb phosphorylation, cell proliferation,
and vascular endothelial growth factor (VEGF)-mediated an-
giogenic capillary tubule formation. Delivery of this peptide by
a carrier molecule led to inhibition of tumor growth in nude
mice. These results raise the possibility that the Rb–Raf-1
interaction is a vital event facilitating cell cycle progression and
disruptors of this interaction might have antiproliferative prop-
erties.

MATERIALS AND METHODS

Plasmids. The constructs pDCE2F1, pE2CAT, pCDNA3-cdk2wt, pCDNA3-
cdk2dn, pCDNA3-Raf-1, pCDNA3-Raf-1�28, and pSVRb have been described
before (61). The Raf-MEK inhibitor RKIP, A-Raf, and B-Raf plasmids were
kind gifts from J. Sedivy, D. Anderson, and Ann Vojtek. pCDNA3-MEK1 and
pGEX-4TK-MEK1 were obtained from Ron Prywes, Columbia University. The
adenovirus (Ad) constructs Ad-green fluorescent protein (GFP) and Ad-E2F1
were obtained from W. D. Cress. Ad-cyclin D was kindly provided by I. Cozar-
Castellano.

Cell culture and transfection. The human promyelocytic leukemia cell line
U937 was cultured in RPMI (Mediatech) containing 10% fetal bovine serum
(FBS; Mediatech). HSF-8, U2OS, and Saos2 were cultured in Dulbecco modified
Eagle medium (DMEM; Mediatech Cellgro) containing 10% FBS. A549 cells
were maintained in Ham F-12K supplemented with 10% FBS. Human aortic
endothelial cells (HAECs) were obtained from Clonetics and cultured in endo-
thelial growth medium, supplemented with 5% FBS, according to the manufac-
turer’s instructions. Saos-2 osteosarcoma cells were transfected by calcium phos-
phate precipitation method according to standard protocols. Generally, 2 �g of
plasmids was used unless noted otherwise, and a pSV�-Gal vector was included
in all transfections. Assays for chloramphenicol acetyltransferase (CAT) and
�-galactosidase were performed by using standard protocols. Colony formation
assays were done by transfecting A549 cells with Lipofectamine 2000 (Invitrogen
Corp.) according to the manufacturer’s instructions. Infection with adenoviral
constructs was done as described elsewhere (37).

In vitro binding assays. Glutathione S-transferase (GST) fusion of Rb, MEK1,
and Raf-1 have been previously described (23, 61). 35S-labeled proteins were
generated by in vitro transcription translation in rabbit reticulocyte lysate ac-
cording to the manufacturer’s instructions (Promega, Madison, Wis.). First, 8 �l
of the lysates was incubated with glutathione beads carrying an equal amount of
the GST fusion proteins in 200 �l of protein binding buffer (20 mM Tris [pH 7.5],
50 mM KCl, 0.5 mM EDTA, 1 mM dithiothreitol, 0.5% NP-40, 3 mg of bovine
serum albumin/ml) at 4°C for 2 h as described earlier (61). The protein amounts
in the input lanes were approximately one-fourth of that used in the binding
assay.

Whole-cell extracts, nuclear extracts, lysate preparation, immunoprecipita-
tion, and Western blotting. Whole-cell extracts were prepared by hypotonic
shock, followed by salt extraction, as described previously (24). Lysates from cells
treated with different agents were prepared by NP-40 lysis as described earlier
(61). Nuclear and cytosolic fractions were made as described in reference 23. The
purity of the nuclear fraction was ascertained by performing a Western blot for
PARP (Cell Signaling). Physical interaction between proteins in vivo was ana-
lyzed by immunoprecipitation-Western blot analyses with 200 �g of lysate with 1
�g of the appropriate antibody as previously described (61). Polyclonal Raf-1,
B-Raf, monoclonal E2F1, cyclin D, HP1, Brg1, and HDAC1 antibodies were
obtained from Santa Cruz Biotechnology. Monoclonal Rb antibody was supplied
by Oncogene Research Products, Cambridge, Mass. Monoclonal antibody to
Raf-1 was obtained from Transduction Laboratories.

In vitro kinase assay. U937 cells were serum starved for 48 h and subsequently
serum stimulated for various times in the presence or absence of 1 �M penetra-
tin–Raf-1 peptide conjugate. Subsequently, lysates were made as described pre-
viously (40). Immunoprecipitations with the monoclonal cyclin D antibody were
performed, and the cyclin-dependent kinase 4 (cdk4) assay was carried out
according to a protocol described previously (40). The kinase reaction was
carried out on protein G beads in a total volume of 10 �l containing 1 �g of
full-length Rb protein (QED Biosciences) as the substrate, 10 �M ATP, and 10

�Ci of [�-32P]ATP in kinase assay buffer at 30°C for 30 min as previously
described (40, 47, 63). Rb phosphorylation was assessed by autoradiography. For
Raf-1 kinase assays, immunoprecipitations were done with Raf-1 monoclonal
antibody as described previously (61). The kinase reaction was carried out at
30°C for 30 min by using 1 �g of bacterially produced human Rb as the substrate.

Double immunofluorescence assay. U2OS osteosarcoma cells were plated on
poly-D-lysine treated chamber slides and rendered quiescent by serum starvation
for 48 h. Thereafter, the cells were restimulated with serum for 1 h in the
presence of 1 �M concentrations of the penetratin–Raf-1 peptide conjugate or
the scrambled peptide conjugate. Cells were fixed with 4% paraformaldehyde
and permeabilized with phosphate-buffered saline containing 0.2% Triton X-100.
Monoclonal anti-Rb antibody (1:50) and polyclonal Raf-1 antibody (1:200) were
added in blocking buffer, and the cells were incubated overnight at 4°C. Second-
ary antibodies, goat anti-mouse immunoglobulin G (IgG)-Alexa Fluor 488
(green fluorochrome), and goat anti-rabbit IgG-Alexa Fluor 568 (red fluoro-
chrome) (Molecular Probes) were used as described previously (23). Nuclear
staining was performed by using Hoechst 33258. Immunostained Rb and Raf-1
were visualized by confocal microscopy using a Zeiss laser scanning microscope
model 510 system equipped with argon (458/488 nm) and helium neon (543 nm)
laser systems.

Chromatin immunoprecipitation (ChIP) assay. U937 cells were rendered
quiescent by serum starvation and subsequently restimulated with serum for 2 h
or 16 h in the presence or absence of 1 �M penetratin–Raf-1 peptide conjugate
or a 1 �M concentration of the scrambled peptide. Cells were cross-linked with
1% formaldehyde for 10 min at room temperature. Subsequently, the cells were
harvested and lysates were prepared. Immunoprecipitations were analyzed for
the presence of E2F1, Rb, Raf-1, Brg1, HP1, and HDAC1 by PCR as described
previously (23, 60). Rabbit anti-mouse secondary antibody was used as the
control for all reactions. The sequences of the PCR primers used in the PCRs
were as follows: Cdc6 promoter (forward primer), 5�-GGCCTCACAGCGACT
CTAAGA-3�; and Cdc6 promoter (reverse primer), 5�-CTCGGACTCACCAC
AAGC-3�. The cdc25A and c-fos primers are described in references 23 and 60.

Colony formation assay. A549 cells were stably transfected with 4 �g of
indicated plasmids in 35-mm six-well plates in duplicate by using Lipofectamine
2000 reagent according to the manufacturer’s instructions. Cells were allowed to
recover for 48 h in DMEM supplemented with 20% FBS prior to being placed
in G418-containing DMEM. After 48 h, cells were treated with 400 �g of
G418/ml for 6 days, 200 �g of G418/ml for 6 days, 100 �g of G418/ml for 6 days,
and finally with 40 �g of G418/ml for 6 days to allow for selection of colonies
expressing the transfected plasmids. Colonies were fixed and stained with crystal
violet as described previously (30). The number of colonies containing more than
20 cells was scored.

Proliferation assays and angiogenesis. Bromodeoxyuridine (BrdU) labeling
kits were obtained from Roche Biochemicals. Cells were plated in poly-D-lysine
coated chamber slides at a density of 10,000 cells per well and rendered quiescent
by serum starvation for 48 h. Cells were then restimulated with serum or 100 ng
of EGF/ml for 16 h in the presence or absence of 1 �M concentrations of either
penetratin alone, Raf-1 peptide, penetratin-Raf-1 peptide conjugate, or scram-
bled peptide conjugate. S-phase cells were visualized by microscopy and quan-
titated. HAECs were rendered quiescent by incubating the cells in endothelial
growth medium lacking VEGF, supplemented with 0.5% FBS for 24 h. There-
after, endothelial cells were restimulated with 100 ng of VEGF/ml for 16 h, and
the BrdU staining was performed to determine the number of cells in S phase.

BrdU-GFP assay for S-phase entry. A549 cells were plated in poly-D-lysine-
coated chamber slides at a density of 10,000 cells/well. Subsequently, the cells
were transfected with the indicated plasmids, along with GFP, by using Lipo-
fectamine 2000 (Invitrogen Corp.) according to the manufacturer’s protocols. At
48 h after transfection, the cells were incubated with BrdU solution (BrdU
Staining Kit; Roche Diagnostics). Subsequently, the cells were fixed with 2%
paraformaldehyde and permeabilized with 70% ethanol. The rest of the BrdU
staining procedure was done according to the manufacturer’s instructions. Each
sample was done in duplicate. Two independent fields of 50 cells were counted
per well by using a Leica DMLB fluorescence microscope (Welzar) by using
IPLab (version 3.0) software. Of these fields, the number of cells that were
double positive for both GFP and BrdU were used for calculating the percentage
of transfected cells entering S phase.

Matrigel assay. Matrigel (Collaborative Biomedical Products) was used to
promote the differentiation of HAECs into capillary tube-like structures (15). A
total of 100 �l of thawed Matrigel was added to 96-well tissue culture plates,
followed by incubation for 60 min at 37°C to allow polymerization. Then, 1.5 �
104 quiescent HAECs were seeded on the gels in EGM medium supplemented
with 0.5% FBS containing 100 ng of VEGF/ml in the presence or absence of 1
�M concentrations of penetratin, Raf-1 peptide, penetratin–Raf-1 peptide con-
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jugate, or scrambled peptide conjugate, followed by incubation for 36 h at 37°C.
The peptides were added every 12 h during the 36-h incubation. Capillary tube
formation was assessed by using a Leica DMIL phase-contrast microscope (Welt-
zar).

Antitumor studies in nude mice. A total of 107 A549 cells were injected
subcutaneously into the left and right flanks of 8-week-old female nude mice.
When the tumors reached �100 mm3, the animals were randomized and dosed
intratumorally with 50 �l of H2O as the vehicle or with 50 mg of Raf-1 peptide
or penetratin-Raf-1-peptide conjugate/kg/day. Tumor volumes were determined
as described previously (6). Microvessel formation in tissue sections was assessed
by immunohistochemistry by using an anti-CD31 antibody. For micro-blood
vessel counting, five areas were microscopically examined, and the averages and
standard deviations were recorded. Brown-staining endothelial cells or endothe-
lial cell clusters were considered as a single, countable microvessel.

RESULTS

Raf-1 peptide inhibits Rb–Raf-1 binding in vitro. Previous
studies by Wang et al. (61) had shown that the Rb–Raf-1
interaction is mediated through the amino-terminal 28 amino
acids of Raf-1, which contacts the pocket domain of Rb. At-
tempts were made to further delineate the Rb-binding region
of Raf-1 by using an in vitro GST-binding assay. As shown in
Fig. 1A, wild-type (full-length) Raf-1 could efficiently bind to
GST-Rb. Deletion of 10 amino acids from the N terminus of
Raf-1 (Raf-1�10) had no effect on the binding, but deletion of
the N-terminal 18 amino acids abolished the binding, suggest-
ing that residues 10 to 18 were probably involved in binding to
Rb. To examine whether this region of Raf-1 was indeed in-
volved in binding to Rb, a peptide was synthesized that corre-
sponding to amino acids 10 to 18 of Raf-1 (ISNGFGFK; a C
was added at the carboxy-terminal end for coupling to carrier
molecules). This peptide (referred to as the Raf-1 peptide)
could compete for the binding of 35S-labeled Raf-1 (35S-Raf-1)
to GST-Rb in a dose-dependent manner (Fig. 1B). The bind-
ing of 35S-Raf-1 to GST-Rb was abolished by a 1 �M concen-
tration of the Raf-1 peptide, whereas a 1 �M concentration of
an unrelated peptide, penetratin, had no effect. The specificity
of the Raf-1 peptide was examined by using a scrambled pep-
tide sequence containing the same amino acid content as the
Raf-1 peptide. As shown in Fig. 1C, 1 �M concentrations of
the scrambled peptide or a peptide derived from the C termi-
nus of Raf-1 did not inhibit the Rb–Raf-1 binding. Further-
more, peptides derived from the Rb-binding region of proteins
such as E2F1 and HPV E7 had no effect on the binding of
Raf-1 to Rb, showing that the disruption of Rb–Raf-1 interac-
tion required the specific Raf-1 peptide sequence. These find-
ings were further confirmed in an enzyme-linked immunosor-
bent assay-based binding assay, wherein 10 �g of the
aforementioned peptides was coated on the plate. It was found
that the Raf-1 peptide bound efficiently with GST-Rb, whereas
the scrambled peptide or the other control peptides mani-
fested no binding whatsoever to GST-Rb (data not shown).

We next assessed whether other Raf family kinases, namely,
A-Raf and B-Raf, were able to bind to Rb. As shown in Fig.
1D, 35S-B-Raf could bind to Rb, but its binding was not com-
peted for by the Raf-1 peptide. In contrast, A-Raf did not bind
to Rb at all. Both A-Raf and B-Raf were found to bind to
GST-MEK1, which was used as the positive control for the
assay (Fig. 1E). It is interesting that A-Raf lacks the corre-
sponding N-terminal region of c-Raf; a similar region is

present on B-Raf, but the sequence is not identical. Thus,
Raf-1 and B-Raf, but not A-Raf, can bind to Rb.

The effect of the Raf-1 peptide on the association of Rb with
other cellular proteins was examined. Although 1 �M concen-
trations of the peptide could efficiently compete for the binding
of Raf-1, it had no effect on the binding of cyclin D (44),
HDAC1 (8) or prohibitin (62) to Rb (Fig. 1F). Similarly, the
Raf-1 peptide did not affect the binding of other proteins, such
as MEK1 and Ras, to GST-Raf-1 (Fig. 1G). This series of
experiments demonstrate that the eight-amino-acid Raf-1 pep-

FIG. 1. Binding of 35S-labeled Raf-1 deletion fragments to
GST-Rb in vitro. (A) 35S-Raf-1WT and the deletion fragments 35S-
Raf-1�10, 35S-Raf-1�18, and 35S-Raf-1�28 were tested for binding to
GST-Rb or unprimed GST beads. Lysate lane has one-fourth of the
protein used for binding. (B) Dose-dependent inhibition of the binding
of Raf-1 to GST-Rb by the Raf-1 peptide in a GST pull-down assay. A
1 �M concentration of an unrelated peptide (penetratin) was used as
a negative control. (C) The Rb–Raf-1 interaction is abolished by 1 �M
of the Raf-1 peptide but is unaffected by a 1 �M concentration of a
scrambled peptide, a control peptide from the C terminus of Raf-1, or
peptides corresponding to the Rb-binding domain on E2F1 (E2F pep-
tide) and HPV E7 protein (E7 peptide). (D) The Raf-1 peptide is
unable to disrupt the binding of B-Raf to GST-Rb and GST-MEK1 in
vitro. (E) 35S-A-Raf does not bind to GST-Rb but binds to the positive
control GST-MEK1. (F) The Raf-1 peptide specifically disrupts the
Rb–Raf-1 interaction but does not affect the binding of HDAC1, cyclin
D, and prohibitin to GST-Rb. (G) The Raf-1 peptide does not affect
the interaction of other Raf-1-binding proteins such as MEK1 and Ras
to GST–Raf-1.
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tide specifically disrupts the binding of Raf-1, but not other
proteins, to Rb in vitro.

Raf-1 peptide specifically inhibits Rb–Raf-1 binding in vivo.
The ability of the Raf-1 peptide to inhibit Rb–Raf-1 interac-
tion in vivo was analyzed. To do this, Raf-1 peptide was con-
jugated with a carrier molecule, penetratin, which can trans-
port peptides into both the nucleus and cytosol of live cells
(19). The ability of the penetratin–Raf-1 peptide conjugate to
disrupt the interaction of Raf-1 with Rb in vivo was examined
by double immunofluorescence experiments on U2OS cells
(Fig. 2A to D). Figure 2A shows that quiescent U2OS cells
contained a low amount of Raf-1, and it was predominantly
located in the cytoplasm. However, upon serum stimulation for
1 h, a significant amount of Raf-1 translocated to the nucleus,
where it colocalized with Rb (Fig. 2B). The presence of 1 �M
concentrations of penetratin–Raf-1 peptide conjugate during
serum stimulation reduced the Rb–Raf-1 interaction consider-
ably (Fig. 2C). In contrast, penetratin-scrambled Raf-1 peptide
conjugate had no effect on the colocalization of Rb and Raf-1
(Fig. 2D). This experiment suggests that the Raf-1 peptide can
specifically disrupt the binding of Rb with Raf-1 in vivo. We
next examined whether the disruption of the binding of Rb to
Raf-1 seen in the double immunofluorescence experiments was
due to reduced nuclear translocation of Raf-1 in the presence
of the penetratin–Raf-1 peptide conjugate. This was verified by
subcellular fractionation of cells. Quiescent U2OS cells were
serum stimulated for 1 h in the presence or absence of 1 �M
penetratin-Raf-1 peptide conjugate. Nuclear and cytosolic ex-
tracts were made, and the localization of Raf-1 and Rb was
probed by immunoblotting. Figure 2E shows that serum-
starved cells contain a low amount of Raf-1 and that it is

localized in the cytosol. Serum stimulation of U2OS cells
causes an increase in Raf-1 levels and induces the translocation
of a subset of Raf-1 to the nucleus. The treatment of cells with
penetratin–Raf-1 conjugate does not affect the levels of Raf-1
in cell, nor does it have any impact on the nuclear translocation
of Raf-1. Rb remains in the nuclear fraction both in quiescent
and in serum-stimulated cells. A Western blot for PARP was
done to verify the purity and integrity of the nuclear extracts.

The disruption of the interaction in vivo was further con-
firmed by an immunoprecipitation-Western blot experiment.
Quiescent U937 cells were serum stimulated for 2 h in the
presence or absence of the 1 �M concentrations of the pen-
etratin–Raf-1 peptide conjugate, and the Raf-1–Rb association
was probed by immunoprecipitation-Western blot experi-
ments. Serum-starved cells showed negligible Rb–Raf-1 bind-
ing, whereas there is a considerable amount of Rb bound to
Raf-1 after 2 h of serum stimulation (Fig. 3A). The presence of
1 �M penetratin–Raf-1 peptide conjugate caused a significant
reduction in the amount of Rb associated with Raf-1. There
was no reduction in Rb associated with E2F1 in the same
samples, suggesting that the penetratin–Raf-1 peptide conju-
gate specifically disrupts the Rb–Raf-1 interaction. The Rb–
Raf-1 association was not affected by the presence of 1 �M
penetratin or the scrambled peptide conjugate (Fig. 3B). Sim-
ilarly, the Rb–Raf-1 binding remained unaffected by a conju-
gate of penetratin and a control peptide from the C terminus
region of Raf-1, suggesting that the disruption was due to the
specific peptide moiety. In addition, the penetratin–Raf-1 pep-
tide conjugate had no detectable effect on the Raf-MEK1
interaction (Fig. 3C) or the B-Raf–Rb interaction in vivo (Fig.
3D).

FIG. 2. The penetratin–Raf-1 conjugate can abolish Rb–Raf-1 interaction in vivo. U2OS cells were immunostained with an anti-Raf-1
polyclonal antibody and an anti-Rb mouse monoclonal antibody, and the proteins were visualized by confocal microscopy. (A) Serum-starved
U2OS cells show no association of Rb (in green) and Raf-1 (in red). (B) Serum stimulation induces a subset of Raf-1 to translocate to the nucleus
where it colocalizes with Rb. Areas of colocalization can be seen in yellow. (C and D) The presence of 1 �M penetratin–Raf-1 peptide conjugate
markedly inhibits the binding of Raf-1 to Rb (C), whereas a scrambled peptide conjugate is unable to do so (D). (E) Penetratin–Raf-1 peptide
conjugate does not affect the nuclear translocation of Raf-1. U2OS cells were serum stimulated in the presence or absence of the peptide conjugate.
Subsequently, cells were harvested, and cytosolic and nuclear extracts were prepared and immunoblotted for Raf-1 and Rb. Serum stimulation of
cells induces Raf-1 expression and causes its translocation to the nucleus. Treatment with 1 �M penetratin–Raf-1 peptide conjugate does not affect
the levels of Raf-1 in the nucleus. Rb is localized in the nucleus of both quiescent and serum-stimulated cells. A Western blot for PARP was done
as a nuclear marker.

9530 DASGUPTA ET AL. MOL. CELL. BIOL.



The binding of Raf-1 to Rb precedes the binding of cyclin D.
We next assessed the kinetics of the Rb–Raf-1 interaction
upon serum stimulation. The binding of Raf-1 and cyclin D to
Rb at different time points after serum stimulation of quiescent
U937 cells was assessed by immunoprecipitation-Western blot
experiments with E2F1 as a control. Figure 4A shows that
Raf-1 could bind to Rb as early as 30 min after serum stimu-
lation; the interaction persisted up to 4 h (Fig. 4A). Analysis of
the same extracts showed that the earliest point at which cyclin
D associates with Rb was 4 h after stimulation. There was no
change in the amount of E2F1 associated with Rb at these time
points. This experiment shows that the binding of Raf-1 to Rb
precedes the binding of cyclin D.

Previous studies in our laboratory had shown that Raf-1
could phosphorylate Rb in vitro. Since it is known that Raf-1 is
activated early after serum stimulation, we examined whether
Rb phosphorylation could be observed in early G1 phase as
well. Quiescent U937 cells were stimulated with serum for 2 h,
and the phosphorylation status of Rb was ascertained by West-
ern blotting. As shown in Fig. 4B, a certain amount of Rb
phosphorylation could be detected after 2 h of serum stimula-
tion, when only Raf-1, but not cyclin D, is bound to Rb. It thus

appears that a minimal amount of Rb phosphorylation occurs
prior to the binding of cyclin D.

Penetratin–Raf-1 peptide conjugate inhibits serum-induced
Rb phosphorylation. Since we found a limited amount of Rb
phosphorylation when cells were serum stimulated for 2 h, we
tested whether disrupting the Rb–Raf-1 interaction by using
the penetratin–Raf-1 peptide conjugate affected Rb phosphor-
ylation. We found that Rb phosphorylation was increased upon
serum stimulation of quiescent U937 cells for 16 h (Fig. 4C);
this was reduced when the stimulation was done in the pres-
ence of the penetratin–Raf-1 peptide conjugate. The C-termi-
nal peptide conjugate or scrambled peptide conjugate had no
effect, suggesting that the observed effects are specific to the
Raf-1 peptide. The effect on Rb phosphorylation was more
pronounced on human diploid fibroblast cell line HSF-8 (Fig.
4D). However, the penetratin–Raf-1 peptide conjugate had no
effects on the levels of E2F1 in these cells.

Since we observed that disruption of the Rb–Raf-1 interac-
tion by the penetratin-Raf-1 peptide conjugate prevented the
phosphorylation of Rb (Fig. 4C and D), we sought to deter-
mine whether this was due to a fortuitous inhibition of the
kinase activity associated with cyclins D and E. U937 cells
serum stimulated in the presence or absence of the penetratin–

FIG. 3. (A). Disruption of Rb–Raf-1 interaction by a 1 �M con-
centration of penetratin–Raf-1 conjugate in vivo. Quiescent U937 cells
stimulated with serum for 2 h in the presence or absence of a 1 �M
concentration of the penetratin–Raf-1 conjugate or a 1 �M concen-
tration of unconjugated penetratin as the control. Whole-cell extracts
(WCE) were made and immunoprecipitated with Raf-1 (top panel) or
E2F1 (bottom panel) antibody. WCE lane shows an equivalent amount
of U937 extracts used for immunoprecipitation. (B and C) The Raf-1
Rb interaction is abolished by a 1 �M concentration of the penetratin–
Raf-1 conjugate (B) but is not affected by the scrambled peptide
conjugate or control peptide conjugate in a similar experiment (C).
The penetratin–Raf-1 peptide conjugate does not affect the binding of
Raf-1 to MEK1 in vivo. U937 cells were serum starved and subse-
quently serum stimulated as indicated, and immunoprecipitation-
Western blots were done. (D) B-Raf binds to Rb in vivo, and this
interaction is unaffected by 1 �M penetratin–Raf-1 peptide conjugate.
A 1 �M concentration of the carrier peptide penetratin was used as a
control.

FIG. 4. (A) Raf-1 and cyclin D associate with Rb according to
different kinetics. Whole-cell extracts from U937 cells serum stimu-
lated for the indicated periods of time were immunoprecipitated with
the Raf-1, cyclin D, or E2F1 antibodies, and the associated Rb was
detected by Western blotting. (B) Rb phosphorylation can be detected
in U937 cells serum stimulated for 2 h. (C) The penetratin–Raf-1
peptide conjugate can inhibit Rb phosphorylation in U937 cells. Se-
rum-starved U937 cells were stimulated with serum for 16 h in the
presence or absence of 1 �M penetratin–Raf-1 peptide conjugate or a
1 �M concentration of scrambled peptide conjugate or the control
peptide conjugate. Whole-cell extracts were made, and the phosphor-
ylation status of the Rb protein was checked by Western blotting.
(D) The Raf-1 conjugate can inhibit Rb phosphorylation in primary
human fibroblast HSF-8 cells.
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Raf-1 peptide conjugate were analyzed for cyclin D-associated
kinase activity by an in vitro assay. Full-length human Rb
protein was used as the substrate for cdk4. Studies from the
Sherr laboratory (40) have shown that conventional lysates
containing NP-40 do not support cyclin D/cdk4 activity. There-
fore, lysates were made by using a modified protocol and
probed for cdk4 activity (40). As shown in Fig. 5A and B,
kinase activity associated with cyclin D was induced to compa-
rable levels 4 h after serum stimulation, in the presence or
absence of the penetratin–Raf-1 peptide conjugate. Similarly,
an induction of cyclin E-associated kinase activity was also
found (data not shown). However, interestingly, there was no
hyperphosphorylation of Rb when the serum stimulation was
done in the presence of Raf-1 peptide conjugate, even though
cdk activity was induced (Fig. 5B). Western blotting was done

to examine whether the Raf-1 peptide conjugate affected the
levels of cyclins D and E. As shown in Fig. 5D, serum stimu-
lation in the presence of the peptide conjugate led to the
expression of cyclins D and E; the levels were comparable to
control serum-stimulated cells (Fig. 5C).

An in vitro kinase assay was done to analyze whether Raf-1
from early time points of serum stimulation could phosphory-
late Rb. It was found that Raf-1 from cells serum stimulated
for 30 min to 4 h could phosphorylate Rb (Fig. 5E); this was
before cyclins or cdk’s were activated. It has been proposed
that Rb is phosphorylated sequentially by cyclin D- and E-as-
sociated kinase activities during normal cell cycle progression
(26). Our results raise the possibility that Raf-1-mediated
phosphorylation is an event that initiates this sequence and
precedes the phosphorylation mediated by cdk’s.

FIG. 5. The penetratin–Raf-1 peptide conjugate does not affect the phosphorylation of Rb by cyclin D, the cyclin D-Rb interaction, or the
kinase activity associated with cyclin D, but Rb phosphorylation is not observed when the Raf-1 peptide conjugate is present during serum
stimulation. Quiescent U937 cells were serum stimulated in the presence (B) or absence (A) of 1 �M penetratin–Raf-1 peptide conjugate for the
indicated time points. Lysates were made and the phosphorylation status of Rb was examined by Western blotting (top panel). Lysates were
immunoprecipitated with cyclin D antibody and an in vitro kinase assay was done by using 1 �g of full-length human Rb as the substrate (middle
panel). The presence of Rb in the immunoprecipitates was detected by Western blotting (bottom panel). (C and D) The penetratin–Raf-1 peptide
conjugate does not affect the expression of cyclin D or cyclin E in serum-stimulated cells. (E) Raf-1 can phosphorylate Rb before the appearance
of cdk activity. Quiescent U937 cells were serum stimulated for the indicated time points. Lysates were made and subsequently immunoprecipitated
with Raf-1 antibody. An in vitro kinase assay was performed with 1 �g of human Rb as a substrate (top panel). The gel was rehydrated and stained
for Rb protein (bottom panel).
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Raf-1 mediated inactivation of Rb is independent of the
MAP kinase cascade. Our earlier data had shown that Raf-1
could functionally inactivate Rb and reverse the Rb-mediated
repression of E2F1 transcriptional activity. Since this required
a direct binding of Raf-1 to Rb, we wanted to determine
whether Raf-1-mediated inactivation of Rb involved the MAP
kinase cascade. A transient transfection experiment was done
in Saos-2 cells, where transfection of Rb repressed E2F1-me-
diated transcription of a CAT reporter (Fig. 6A). Cotransfec-
tion of Raf-1 could relieve Rb-mediated repression; Raf-1�28,
which could not bind Rb, was unable to do so. Interestingly,
cotransfection of RKIP, which disrupts the binding of Raf-1 to
MEK1 and inhibits the MAP kinase cascade (65), had no effect
on Raf-1 mediated inactivation of Rb function. Similarly, a
kinase dead Raf-1(kin	) mutant did not affect Rb either, as we
had shown previously. On the contrary, RKIP could totally
abolish Raf-1-mediated activation of AP1CAT (Fig. 6B). The
Raf-1 deletion mutant Raf-1�28 had no effect on Raf-1-medi-
ated activation of AP1CAT, showing that, whereas the N ter-
minus of Raf-1 plays a role in the mediating the Rb–Raf-1
interaction, it does not affect the MAP kinase pathway. Similar
results were obtained when dominant-negative MEK (dn-
MEK) was used to inhibit Raf-1 activity (Fig. 6C and D).
dn-MEK1 could abolish Raf-1-mediated activation of
AP1CAT in a dose-dependent manner (Fig. 6D). In contrast,
the same doses of dn-MEK1 had no effect on Raf-1-mediated

inhibition of Rb repression of E2F1 activity (Fig. 6C). These
data suggest that Raf-1 inactivates Rb directly, independent of
the MEK/ERK pathway.

Raf-1 can inactivate Rb independent of cdk activity. The
next question we asked was whether Raf-1-mediated inactiva-
tion of Rb required cyclin or cdk activity. A transient-transfec-
tion experiment was done in Saos-2 cells as described above in
which transfection of Rb repressed E2F1-mediated transcrip-
tion (Fig. 7A). Cotransfection of Raf-1 effectively inactivated
Rb, relieving Rb-mediated repression of E2F1; but cotransfec-
tion of cdk inhibitor p16INK4 (35) or p21Waf-1/CIP1 (42) had no
effect on Raf-1-mediated inactivation of Rb function. On the
contrary, p16 and p21 could prevent cyclin D- or cyclin E-me-
diated inactivation of Rb effectively. Similar results were ob-
tained when dominant-negative cdk2 (dn-cdk2), -4, or -6 was
used to inhibit cdk activity (data not shown). Since the cdk
inhibitors had no effect on Raf-1 mediated inactivation of Rb,
it appears that Raf-1 is inactivating Rb directly, independent of
cyclins and cdk’s.

Given this finding, experiments were performed to evaluate
whether Raf-1 could overcome growth arrest mediated by p16
or dn-cdk2. We sought to determine whether whether Raf-1 or
Raf-1�28 (which is deficient in binding to Rb) or could reverse
cell cycle arrest induced by ectopic expression of p16 or dn-
cdk2. To do this, A549 cells were transfected with Raf-1 or
Raf-1�28, along with Rb, p16, or dn-cdk2, in the presence of

FIG. 6. Raf-1-mediated inactivation of Rb is independent of its MEK1 kinase activity. (A) Saos-2 cells were transiently transfected with 2 �g
each of E2CAT, E2F, and Rb. Transfection with wild-type Raf-1 reversed Rb-mediated repression of E2F activity, whereas Raf-1�28 or a
kinase-deficient Raf-1 mutant were unable to do so. The presence of RKIP had no effect on the Raf-1-mediated inactivation of Rb. (B) RKIP can
inhibit Raf-1-mediated activation of AP1CAT. Rb deficient Saos-2 cells were transiently transfected with an AP1CAT reporter plasmid. Raf-1 wild
type (WT) in the presence or absence of RKIP, Raf-1�28, or a kinase-deficient Raf-1 mutant was cotransfected as indicated. (C) Increasing
amounts of dn-MEK1 had no effect on Raf-1-mediated reversal of the transcriptional repressive activity of Rb. (D) Increasing amounts of
dn-MEK1 could completely abolish Raf-1-mediated activation of AP1CAT.
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GFP. The cells were fixed and stained for BrdU at 48 h after
transfection. The cells that stained positive for both GFP and
BrdU were counted, and the percentage of transfected cells in
S phase was assessed. Figure 7B shows that Raf-1 could effi-
ciently reverse the cell cycle arrest mediated by Rb, p16, and
dn-cdk2. However, Raf-1�28, which lacks the Rb-binding do-
main, was unable to do so, suggesting that overexpression of
Raf-1 can overcome cell cycle arrest mediated by inhibitors of
cyclins or cdk’s. These observations were further confirmed by
a colony formation assay on plastic. A549 cells were stably
transfected with Raf-1 wild type or Raf-1�28, in the presence
of p16 or dn-cdk2, and G418-resistant colonies with more than
20 cells were counted after 21 days. We observed that p16 and
dn-cdk2 could greatly inhibit the number of G418-resistant
colonies, whereas wild-type cdk2 and Raf-1 could increase the
number of colonies more than twofold (Fig. 7C). Interestingly,
wild-type Raf-1 could abolish the growth inhibitory effects of
both p16 and dn-cdk2, whereas Raf-1�28 was unable to do so.
Our observations raise the possibility that overexpression of
Raf-1 can overcome growth arrest mediated by cdk inhibitors,
probably through a direct phosphorylation of Rb.

Dissociation of Brg-1 from Rb is prevented by the Raf-1
peptide conjugate. Our earlier studies had shown that Raf-1
does not cause a direct dissociation of E2F1 from Rb; further,
Raf-1 could be detected in complexes containing Rb and E2F1.
This scenario suggested that Raf-1 is not inducing E2F-medi-
ated transcription by dissociating E2F1 from Rb-like viral on-
coproteins but probably by dissociating a corepressor from Rb;
subsequent inactivation of Rb leads to the dissociation of E2F1
at later stages in the cell cycle (13, 21). The possibility that
Raf-1 is leading to the dissociation of a corepressor from Rb
was examined by ChIP assays. Quiescent U937 cells were se-
rum stimulated for 2 h in the presence or absence of 1 �M

concentrations of penetratin–Raf-1 peptide conjugate or the
scrambled peptide conjugate. ChIP lysates were made, and
immunoprecipitations were performed with antibodies to
E2F1, Raf-1, Rb, HDAC1, HP1, and Brg1 and an irrelevant
antibody. After reversal of cross-linking, the bound DNA was
isolated, and PCR was performed to probe the association of
these proteins with E2F1-responsive proliferative promoters
such as cdc6 and cdc25A. As shown in Fig. 8A, quiescent cells
had considerable amounts E2F1 and Rb bound to both the
promoters. In addition, Brg1, HP1, and HDAC1 were also
associated with the promoters in serum-starved cells. There
was no Raf-1 bound to the promoters. Serum stimulation for
2 h caused a robust association of Raf-1 with the cdc6 and
cdc25A promoters. The amount of HP1 and HDAC1 binding
to the promoter remained unchanged. However, the amount of
Brg1 associated with both cdc6 and cdc25A promoters was
considerably reduced in cells serum stimulated for 2 h, sug-
gesting that this corepressor might be dissociated as a result of
serum stimulation. At the same time, serum stimulation in the
presence of 1 �M penetratin–Raf-1 peptide conjugate pre-
vented the dissociation of Brg-1 from the promoters. It appears
that there is more Brg-1 associated with both cdc25A and cdc6
promoters when the serum stimulation was done in the pres-
ence of the peptide conjugate than in serum-starved cells; the
reason for this is not known. The penetratin–Raf-1 peptide
conjugate also prevented the association of Raf-1 with the
promoters, as expected. Serum stimulation in the presence of
a scrambled peptide conjugate led to a dissociation of Brg1
from the promoter. Corepressors such as HDAC1 and HP1,
which are also known to associate with Rb, were not affected at
the early points in cell cycle progression; this suggests that
Brg-1 could be the first corepressor to dissociate from promot-
ers during cell cycle progression. All of the proteins except

FIG. 7. (A) Raf-1 inactivates Rb independent of cdk’s. Saos-2 cells were transiently transfected with 2 �g each of E2CAT, E2F1 and the
indicated vectors. A CAT assay reveals that, whereas Raf-1 reverses Rb-mediated repression of E2F1, cotransfection of cdk inhibitors p16INK4 or
p21Waf-1/CIP1 did not affect Raf-1-mediated inactivation of Rb, but inactivation mediated by cyclin D and cyclin E was inhibited. (B) Raf-1 is able
to inhibit cell cycle arrest by p16, Rb, or dn-cdk2, whereas Raf-1 �28 is unable to do so. A549 cells were transfected with the indicated vectors,
along with GFP. BrdU incorporation was assessed after 48 h. The numbers of cells positive for both GFP and BrdU were determined and are
expressed as percentages of GFP-positive cells. (C) Colony formation assays to show that suppression of colony growth by p16, Rb, or dn-cdk2 can
be reversed by Raf-1. A549 cells were grown in six-well plates and transfected with the indicated plasmids. G418-resistant colonies with more than
20 cells were counted after 21 days. The number of colonies obtained in cells transfected with empty pCDNA3 vector was taken as 100%, and the
rest of the data were calculated as percentages of the colony formation observed in pCDNA3 transfected cells.
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E2F1 are dissociated from both the promoters in U937 cells
stimulated with serum for 16 h. This could be because, after
16 h of serum stimulation, most of the cells are entering S
phase and the dissociation of these corepressors is necessary
for the expression of these proliferative promoters. PCR anal-
ysis of the c-Fos promoter was done as a control in all of the
experiments.

Experiments were done to verify whether the reduction in
the association of Brg1 with cdc25A and cdc6 promoters upon
serum stimulation correlated with its dissociation from Rb.
Quiescent U937 cells were stimulated for 2 h in the presence of
1 �M concentrations of the penetratin–Raf-1 conjugate. Ly-
sates were made and the interaction of Rb with E2F1, Raf-1,
Brg1, HP1, and HDAC1 were probed by immunoprecipitation-
Western blot analysis. Rb could be detected in association with
E2F1, HP1, Brg1, and HDAC1, but not Raf-1, in quiescent
cells (Fig. 8B). As seen earlier, serum stimulation led to the
binding of Raf-1 to Rb; at the same time, the binding of Brg1
to Rb was significantly inhibited. Serum stimulation of cells in
the presence of 1 �M penetratin–Raf-1 peptide conjugate pre-
vented the binding of Raf-1 to Rb; furthermore, the dissocia-
tion of Brg1 from Rb was inhibited. These results seem to
suggest that binding of Raf-1 might contribute to the dissoci-
ation of Brg1 from Rb; preventing the binding of Raf-1 to Rb
leads to Brg1 being retained on Rb and Rb-bound proliferative
promoters.

Disruption of the Rb–Raf-1 interaction could inhibit
S-phase entry of cells. The effect of disrupting the Rb–Raf-1
interaction on cell proliferation was next examined. Quiescent
HSF-8 fibroblast cells were serum stimulated for 16 h in the
presence or absence of a 1 �M concentration of penetratin-

Raf-1 peptide conjugate, and the number of S-phase cells was
quantitated by BrdU staining. As shown in Fig. 9A, the S-phase
entry of HSF-8 cells stimulated with serum or EGF and of
HAECs stimulated with VEGF was considerably reduced (48
to 73%) in the presence of the penetratin–Raf-1 peptide con-
jugate. However, the scrambled peptide conjugate or the con-
trol peptide conjugate did not inhibit S-phase entry. Similar
results were obtained on a variety of human cancer cell lines
stimulated with serum (data not shown). We compared the
effect of the Raf-1 peptide conjugate on the proliferation of
two osteosarcoma cell lines, U2OS and Saos-2, which differ in
the status of their Rb gene. It was found that while the prolif-
eration of U2OS cells was reduced significantly by the Raf-1
peptide conjugate (Fig. 9A), it had negligible effect on the
proliferation of Rb-negative Saos-2 cells. Thus, the ability of
the penetratin–Raf-1 peptide conjugate to inhibit cell prolifer-
ation depends on the presence of a functional Rb gene.

The above findings were further confirmed by repeating the
BrdU incorporation experiments in Rb�/� and Rb	/	 mouse
embryo fibroblasts (MEFs). As can be seen in Fig. 9B, treat-
ment of Rb�/� MEFs with 1 �M of the penetratin–Raf-1
conjugate potently inhibits S-phase entry. On the other hand,
the penetratin–Raf-1 conjugate displayed no antiproliferative
activity in Rb	/	 MEFs, which conclusively proves that the
presence of functional Rb protein in the cell, is crucial for the
growth-inhibitory effects of the penetratin-Raf-1 conjugate.

The experiments described above were done on quiescent
cells that were induced to proliferate by serum stimulation;
additional experiments were done to assess whether the pen-
etratin–Raf-1 peptide conjugate could affect the proliferation
of asynchronous cells. Asynchronously growing U2OS cells

FIG. 8. Serum stimulation for 2 h dissociates Brg1 from Rb, as well as from proliferative promoters. (A) ChIP assays show that Brg1, but not
Raf-1, is present on cdc6 and cdc25A promoters on quiescent U937 cells. Upon serum stimulation, Brg1 is dissociated from both the promoters,
whereas Raf-1 associates with them. Serum stimulation in the presence of penetratin–Raf-1 peptide conjugate causes the dissociation of Raf-1 and
retention of Brg1 on E2F1-responsive promoters. A scrambled peptide conjugate did not alter the binding of Brg-1 or Raf-1. Serum stimulation
for 16 h causes dissociation of Rb, Raf-1, HP1, Brg1, and HDAC1 from the promoters. An irrelevant antibody was used as a control for
immunoprecipitations; c-fos promoter was amplified as a negative control. (B) Immunoprecipitation-Western blot analysis showing the dissociation
of Brg-1 from Rb upon serum stimulation for 2 h. This is inhibited by the penetratin–Raf-1 peptide conjugate. IP, immunoprecipitation.
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were treated with a 1 �M concentration of penetratin–Raf-1
conjugate for 36 h. The peptide was added every 12 h, and the
percentage of cells in S phase was quantitated by BrdU stain-
ing. As shown in Fig. 9C, the penetratin–Raf-1 peptide conju-
gate suppressed S-phase entry in asynchronous cells by ca.
35%.

The data presented in Fig. 4A show that the interaction of
Rb with Raf-1 occurs prior to activation of the cyclin-cdk’s. We
wanted to examine whether addition of the penetratin–Raf-1
conjugate peptide to cells after cyclin-cdk’s are activated would
inhibit cell cycle progression. To do this, quiescent U2OS cells

were serum stimulated for 16 h; the penetratin–Raf-1 conju-
gate was variously added at the same time as the serum or
added 2, 4, 6, and 8 h after the addition of serum. A BrdU
assay showed that cells entered S phase upon serum stimula-
tion. The addition of the penetratin–Raf-1 peptide conjugate
at the same time as the serum inhibited S-phase entry consid-
erably (Fig. 9D). There was a certain amount of repression
even when the conjugate was added 2 h after the serum stim-
ulation began. However, when the penetratin–Raf-1 conjugate
peptide was added 4, 6, or 8 h after serum stimulation subse-
quent to activation of cdk’s, no antiproliferative activity was

FIG. 9. (A) Disruption of the Rb–Raf-1 interaction by 1 �M penetratin-Raf-1 blocks S-phase entry. Although the Rb-positive U2OS cells were
growth arrested by the penetratin–Raf-1 peptide conjugate, it had no effect on the Rb-negative Saos-2 cells. (B) The penetratin–Raf-1 conjugate
potently inhibits S-phase entry in Rb�/� MEFs, whereas it has no effect on the proliferation of Rb	/	 cells. A 1 �M concentration of the scrambled
peptide conjugate was used as a control in the experiment. (C) Cell cycle arrest of asynchronous U2OS cells by the penetratin–Raf-1 peptide
conjugate. (D) The antiproliferative activity of penetratin–Raf-1 conjugate precedes activation of cdk’s. Quiescent U2OS cells were serum
stimulated for 16 h, and then a 1 �M concentration of penetratin–Raf-1 peptide conjugate was added either at the time of serum stimulation or
2, 4, 6, and 8 h after the onset of serum stimulation (the peptide treatment was for 16, 14, 12, 10, and 8 h, respectively). Penetratin–Raf-1 peptide
conjugate can inhibit S-phase entry of U2OS cells when it is added within 2 h of serum stimulation, prior to activation of the cdk pathway, but
addition at a later time points did not inhibit S-phase entry.
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observed. We believe that these results suggest that the pen-
etratin–Raf-1 peptide conjugate is ineffective in arresting cell
proliferation once cyclin D/cdk’s are activated.

Cell cycle arrest mediated by disrupting Rb–Raf-1 interac-
tion can be overcome by E2F1. Our results indicate that pen-
etratin–Raf-1 peptide conjugate blocked cell cycle progression
in G1 phase of the cell cycle and that the conjugate might
function upstream of cyclins and cdk’s. We had also found that
overexpression of Raf-1 could overcome growth arrest medi-
ated by p16 and dn-cdk2. We next wanted to examine whether
cyclin D or E2F1 could overcome the cell cycle arrest mediated
by the penetratin–Raf-1 peptide conjugate. A549 and U2OS
cells were infected with Ad-E2F1 or Ad-cyclin D, in the pres-
ence of 1 �M of penetratin–Raf-1 peptide conjugate for 36 h.
Cell treated with Ad-GFP were used as the control for the
assay. Subsequently, a BrdU incorporation assay was done to
quantitate S-phase entry. Figures 10A and B show that ectopic
expression of E2F1 is able to efficiently inhibit the antiprolif-
erative activity of penetratin–Raf-1, whereas overexpression of
cyclin D has only a partial effect in both A549 and U2OS cells.
This may be reflective of the fact that complete inactivation of
Rb requires the function of cyclin E and associated kinases as
well. Figure 10C and D shows the overexpression of E2F1 and
cyclin D in A549 and U2OS cells infected with the respective
Ads, relative to controls. This result suggests that E2F1, which
functions as a downstream target of Rb, can overcome the
growth suppressive effects of the penetratin–Raf-1 peptide
conjugate.

Penetratin–Raf-1 peptide conjugate inhibits VEGF-induced
capillary tube formation. Since we found that the Raf-1 pep-
tide conjugate could inhibit VEGF-induced endothelial cell
proliferation and since Raf-1 kinase functions in VEGF sig-
naling (22, 53), we examined whether it had any effect on
VEGF-induced angiogenic tubule formation. To do this,
HAECs were grown in Matrigel and treated with VEGF for
24 h (15). As shown in Fig. 11A, VEGF treatment led to the
formation of discrete angiogenic tubules; this was not affected
by the presence of penetratin or the scrambled peptide conju-
gate. However, VEGF treatment in the presence of a 1 �M
concentration of penetratin–Raf-1 peptide conjugate caused a
significant inhibition of tubule formation. This experiment sug-
gests that Raf-1-mediated inactivation of Rb contributes to the
angiogenic cascade and disruption of this interaction can in-
hibit neovascularization. Additional experiments showed that
the penetratin–Raf-1 peptide conjugate inhibits steps of angio-
genesis, including the adhesion, invasion, and migration (59) of
the endothelial cells in vitro (data not shown).

Attempts were made to elucidate the biochemical mecha-
nisms underlying the inhibition. Since VEGF stimulation is
known to induce the MAP kinase cascade (22), the effect of the
peptide on this pathway was first examined. Quiescent HAECs
were stimulated with VEGF for 15 min, 30 min, or 1 h in the
presence or absence of the penetratin–Raf-1 peptide conjugate
and activation of ERK1 measured by Western blotting for
phospho-ERK1. VEGF stimulation induced MAP kinase acti-
vation, but the penetratin–Raf-1-peptide conjugate had no dis-

FIG. 10. The ectopic expression of E2F1, but not cyclin D, can override the antiproliferative effects of penetratin–Raf-1 peptide conjugate.
A549 and U2OS cells were infected with Ad-E2F1 or Ad-cyclin D in the presence or absence of 1 �M penetratin–Raf-1 peptide conjugate or
scrambled peptide conjugate for 36 h. Cells infected with Ad-GFP were used as the control. (A and B) The S-phase entry of cells was quantitated
by BrdU staining. (C and D) Western blot analysis of A549 cells and U2OS cells infected with the indicated adenoviral constructs show
overexpression of E2F1 and cyclin D compared to control cells.
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cernible effect on the process (Fig. 11B), suggesting that the
inhibition of VEGF-induced angiogenesis by penetratin–Raf-1
peptide conjugate occurs independent of the MAP kinase cas-
cade. It was next examined whether there was any change in
the phosphorylation status of Rb protein upon VEGF stimu-
lation. Western blot analysis showed that VEGF induced Rb
phosphorylation, and the presence of a 1 �M concentration of
the penetratin–Raf-1 peptide conjugate significantly inhibited
VEGF-induced Rb phosphorylation (Fig. 11C). However, the
levels of Raf-1 in the cells remain unaffected. Since the pen-
etratin–Raf-1 peptide conjugate disrupts only the interaction
of Raf-1 with Rb, it appears that Raf-1-mediated inactivation
of Rb contributes to VEGF-induced angiogenesis.

The penetratin–Raf-1 peptide conjugate inhibits tumor
growth in nude mice. Since disruption of the Rb–Raf-1 inter-
action could arrest cell proliferation and inhibit angiogenesis,
attempts were made to examine whether it had any effect on
the growth of A549 human lung tumors in vivo by using a nude
mouse model (6). A549 cells were rendered quiescent by se-
rum starvation for 48 h and subsequently restimulated with
serum for 2 h in the presence or absence of the penetratin–

Raf-1 conjugate peptide or the scrambled peptide conjugate.
BrdU incorporation experiments (Fig. 12A) indicate that the
penetratin–Raf-1 conjugate significantly inhibits entry of A549
cells into S phase. An immunoprecipitation-Western blot ex-
periment showed that a 1 �M concentration of penetratin–
Raf-1 conjugate completely blocks the binding of Raf-1 to Rb,
whereas the scrambled peptide conjugate has no effect on
Rb–Raf-1 interaction at the same concentration (Fig. 12B).
Once the antiproliferative activity of the penetratin–Raf-1 con-
jugate was demonstrated in A549 cells in vitro, we wanted to
examine whether the Raf-1 peptide conjugate possessed anti-
tumor activity in vivo. A549 cells were xenotransplanted into
nude mice subcutaneously, and tumors were allowed to de-
velop for 2 weeks bilaterally. At this point, either the uncon-
jugated Raf-1 peptide or the penetratin–Raf-1 peptide conju-
gate was injected directly into the tumor. After 15 days, it was
observed that there was a 79% reduction in the volume of the
tumors injected with the Raf-1 peptide conjugate (Fig. 12C).
The tumors injected with the unconjugated peptide were com-
parable in size to the tumors in the control animals. His-
topathologic analysis of the tumor section showed a significant
(57%) reduction in the number of microvessels in the tumors
injected with the penetratin–Raf-1 peptide conjugate, as de-
tected by CD31 staining (Fig. 12D) (6). This experiment shows
that disruption of the Rb–Raf-1 interaction could effectively
inhibit tumor growth in vivo, and agents that could mimic the
function of the Raf-1 peptide might have antitumor activities.

DISCUSSION

The Raf family of serine/threonine protein kinases are inte-
gral components of the Ras/Raf/MEK/ERK signaling pathway
and are key regulators of cell proliferation and differentiation
(27). Growth factor stimulation of cells led to the activation of
MEK1 by Raf-1 inducing the MAP kinase cascade, which plays
a major role in many cellular functions (27). However, accu-
mulating evidence shows that Raf-1 has several developmental,
prosurvival, and antiapoptotic functions independent of its role
in the MEK-ERK pathway (12, 29, 50). Raf-1 has been shown
to interact with several proteins, such as Bcl-2, cdc25A, and
ASK1, independent of MEK1 activation (11, 32). In addition,
cells derived from Raf1	/	 and Raf1FF/FF (wherein Y340 and
Y341 of Raf-1 have been replaced with F) mice show normal
ERK activation, strongly suggesting that MEK1 activity is not
required for the developmental functions of Raf-1 (12). These
results suggest that the Raf protein may have cellular targets
outside the MAP kinase cascade. Our results demonstrate an-
other MEK independent function of Raf-1, where it directly
targets the Rb protein.

Previous studies in our laboratory have shown that Raf-1
could act as a direct link connecting extracellular growth factor
signaling to the cell cycle machinery (61). The interaction of
Raf-1 family kinases with Rb family members show a certain
degree of specificity: Raf-1 was found to physically interact
with the pocket proteins Rb and p130, but not p107, in vitro
and in vivo. A-Raf did not bind to Rb at all; B-Raf could bind
to Rb in vitro and in vivo, but the interaction is not disrupted
out by the Raf-1 peptide. This may be because, although the N
terminus of B-Raf is homologous to c-Raf, it is not identical.
Recent evidence has shown that B-Raf is mutated at a very

FIG. 11. (A) Antiangiogenic activity of penetratin–Raf-1 peptide
conjugate in vitro. Quiescent HAECs were stimulated with 100 ng of
VEGF/ml and plated on Matrigel, in the presence or absence of 1 �M
penetratin–Raf-1 peptide conjugate, penetratin alone, or scrambled
peptide conjugate and then incubated for 24 h at 37°C. Capillary tube
formation could be observed when the stimulation was done in the
presence of a scrambled peptide conjugate,or penetratin alone, but
penetratin–Raf-1 peptide conjugate greatly reduced the formation of
capillary tubules. (B) Quiescent HAECs stimulated with 100 ng of
VEGF/ml for the indicated time points were tested for MAP kinase
activation by a phospho-ERK antibody. VEGF stimulation in the pres-
ence of the penetratin–Raf-1 peptide conjugate did not reduce MAP
kinase activation (bottom panel). (C) The penetratin–Raf-1 peptide
conjugate effectively inhibits Rb phosphorylation induced by VEGF
stimulation of endothelial cells. Quiescent HAECs were stimulated
with 100 ng of VEGF/ml for 16 h. Lysates were prepared and the
phosphorylation status of Rb was assessed by Western blotting.
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FIG. 12. (A) The treatment of serum-stimulated A549 cells with 1 �M penetratin–Raf-1 conjugate inhibits S-phase entry, as measured by BrdU
incorporation assay. (B) The penetratin–Raf-1 peptide conjugate blocks the association of Raf-1 with Rb in A549 cells, whereas the scrambled
peptide conjugate was unable to do so. A549 cells were rendered quiescent by serum starvation for 48 h and subsequently restimulated with serum
in the presence of the penetratin–Raf-1 peptide conjugate or the scrambled peptide conjugate. Lysates were prepared, and the association of Rb
with Raf-1 was probed by immunoprecipitation-Western blot analysis. (C) The Raf-1 peptide conjugate inhibits tumor growth in nude mice.
Tumors were induced by xenografting A549 cells into nude mice. These tumors were injected with 50 mg of Raf-1 peptide or the penetratin–Raf-1
peptide conjugate/kg as described in Materials and Methods. (D) Immunohistochemical analysis of tumor biopsies shows that microvessel
formation is reduced in tumors injected with the Raf-1 peptide conjugate as visualized by CD31 staining.
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high frequency in melanomas and to a lesser extent in several
other human cancers (16). It is an intriguing possibility that
that the binding of B-Raf to Rb might contribute to the onco-
genic process in these cancers.

Recent studies have shown that S-phase entry in cells can
occur independent of the cyclin E/cdk2 pathway (58). In addi-
tion, cell proliferation has been found to be independent of
cyclin D/cdk4 pathway in Drosophila melanogaster and mouse
models (38, 41). Our studies are also in agreement with pre-
vious data showing that Rb can be phosphorylated and inacti-
vated even in the absence of cdk’s (56, 63). Although the
kinase activity of Raf-1 is essential for inactivation of Rb, the
Rb–Raf-1 interaction was found to be independent of the
MAP kinase pathway. Our results are in agreement with sev-
eral studies suggesting a prosurvival function of Raf-1, inde-
pendent of the MEK/ERK pathway. For example, Raf-1 can
bind to and positively regulate the activity of Bcl-2 and cdc25A,
whereas it negatively regulates the activity of apoptotic pro-
teins such as ASK1 to promote cell survival (32). Our results
showing the direct binding and inactivation of Rb is another
example of a MAP kinase-independent function of Raf-1.

Our present data also show that Raf-1 can inactivate Rb,
independent of cyclins and cdk’s, in transient-transfection ex-
periments. We believe that Raf-1 can phosphorylate Rb and
inactivate it directly as well. This view is based on the following
facts. (i) A residual amount of Rb phosphorylation is observed
in cells prior to the activation of cyclin-cdk’s. (ii) Rb phosphor-
ylation can be observed when Raf-1, but not cyclin-cdk’s, are
bound to Rb. (iii) Raf-1 can phosphorylate Rb in vitro effi-
ciently. (iv) When binding of Raf-1 to Rb is inhibited, there is
no Rb phosphorylation even after 16 h of serum stimulation,
even though cyclin-cdk’s are activated. (v) Finally, kinase ac-
tivity of Raf-1 is needed to inactivate Rb. It has been proposed
that Rb is phosphorylated sequentially by cyclin D- and E-as-
sociated kinases during normal cell cycle progression (26). Our
results raise the possibility that Raf-1 binding might be initiat-
ing this sequence of phosphorylation events leading to Rb
inactivation. Further, it appears that the initial phosphoryla-
tion by Raf-1 may be essential for the subsequent phosphory-
lation steps mediated by cdk’s. Whereas overexpressed Raf-1
can inactivate Rb by itself, it might be facilitating the down-
stream phosphorylation events mediated by cyclins and cdk’s
during normal cell cycle progression. This is also reflected in
the observation that Brg-1 dissociates from Rb, as well as from
proliferative promoters, prior to the binding of cyclin D to Rb;
binding of Raf-1 and the initial phosphorylation of Rb might
lead to the dissociation of this transcriptional corepressor. This
would be followed by the dissociation of other corepressors,
such as HDAC1, which requires further phosphorylation of Rb
mediated by cyclin and cdk’s (21, 54, 57).

The results presented here also show that growth arrest
induced by the overexpression of p16 or dn-cdk2 can be over-
come by an excess of Raf-1 that could bind to Rb. This lends
support to the notion that overexpressed Raf-1 can target Rb
in a manner analogous to that of cyclins or cdk’s. This is also
supported by the observation that excess E2F1, which is the
major downstream target of Rb, can overcome growth arrest
mediated by the Raf-1 peptide conjugate, whereas cyclin D has
only a partial effect. The latter result also show that overex-
pression of cyclin D can overcome Rb-mediated growth sup-

pression even when Raf-1 does not contribute to the process.
Overall, it appears that inactivation of Rb can be achieved by
excess amounts of Raf-1 or cyclin and/or cdk’s to facilitate cell
cycle progression.

Disruption of the Rb-Raf interaction led to an inhibition of
cell proliferation, an inhibition of S-phase entry, and Rb phos-
phorylation in a variety of cell lines. Interestingly, the Raf-1
peptide conjugate demonstrated potent antiangiogenic activity
in vitro and in vivo. Raf-1 function is known to be important
for neovascularization induced by proangiogenic mediators
such as bFGF and VEGF (22). Raf-1 mutants lacking the
ability to bind ATP have been shown to block angiogenesis
both in CAM (chicken embryo chorioallantoic membrane), as
well as in mouse models (1, 28). In fact mice lacking Raf-1 die
early in development, with high levels of vascular defects in the
yolk sac and placenta. However, cells derived from Raf-1	/	

embryos manifest normal ERK activity, and Raf-1FF/FF mutant
mice do not show any defects in vasculogenesis (12). Such
studies suggest that the proangiogenic effect of Raf-1 is, at
least in part, independent of its role in the MAP kinase cas-
cade. It may be possible that Raf-1 is targeting Rb in such
situations to facilitate angiogenesis.

The studies described here demonstrate that Raf-1 kinase is
a key regulator of Rb function and the physical interaction
between these two molecules facilitate mitogenic response.
Our results also show that disrupting the binding of Raf-1 to
Rb results in a reduction of tumor growth and angiogenesis in
vivo. It may be that agents that are capable of disrupting the
Rb–Raf-1 interaction have potential therapeutic value in con-
trolling proliferative disorders.
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