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Summary
Cell cycle progression in cancer is often mediated by disrupting the function of the retinoblastoma
tumor suppressor protein, Rb. One way in which Rb’s function is altered is through phosphorylation
mediated by cyclin dependent kinases (1). Our studies had shown that the Raf-1 kinase binds and
phosphorylates Rb very early in the cell cycle prior to the binding of cyclins and cdks (2). It was also
found that human lung cancer tumor samples had increased binding of Raf-1 to Rb, suggesting this
interaction could have contributed to the malignancy of these tumors (3). Disrupting the Rb-Raf-1
interaction could inhibit cell proliferation in a multitude of cancer cell lines as well as prevent
angiogenesis and tumor growth in vivo. Thus, the Rb-Raf-1 interaction is a promising therapeutic
target for cancer. This review will highlight the importance of the Rb-Raf-1 interaction in cancer,
the search for small molecules capable of disrupting the interaction as well as properties of Rb-Raf-1
disruptors, focusing specifically on RRD-251(Rb-Raf-1 Disruptor 251). This review will also touch
on why targeting protein-protein interactions may be a viable alternate better strategy to inhibiting
kinase function for cancer therapies.
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Rb inactivation in Cancer
Perturbations in the Rb pathway are present in almost all cancers, and several mechanisms
have been identified for inactivating Rb, in addition to mutation and deletion of the gene itself.
Over-expression of cyclin-D or CDK4 kinases from amplification, mutation, or chromosomal
translocation can lead to enhanced Rb phosphorylation and poor prognosis (1,4–8). Also, loss
or mutation in p16INK4a (cdk inhibitor) can induce excessive CDK4/cyclin D activity and will
lead to increased Rb phosphorylation and inactivation. Since p16 is responsible for the control
of cyclin D/cdk4 kinase activity, mutations or loss of p16 correlates with Rb activity and are
often found in human cancers (9–13). Increased expression of cyclin E/cdk2 or reduced levels
of cdk inhibitor p27Kip1 also give a poor prognostic factor in many cancers since these too will
lead to increased Rb inactivation (1). Another common method for Rb inactivation in human
cancers is through the viral oncoprotein E7 (14,15). The tumor-promoting HPV contains at
least two genes, E6 and E7, which encode for proteins that interfere with cell-cycle regulation.
E7 disrupts the cell cycle via its direct binding to Rb and other members of the retinoblastoma
family (p107 and p130). Thus, Rb function is often deregulated in cancer through the binding
of viral oncoproteins and hyper phosphorylation by cyclins/CDKs, in addition to being
inactivated at the genetic level.
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The Rb protein contains at least 18 potential phosphorylation sites; cdk4/6 has been shown to
target 4 residues C-terminal to the pocket domain (16,17). Cyclin E-cdk2 complexes have also
been shown to modulate Rb function. The Ras/Raf/MEK/MAPK pathway signaling pathway
functions in a growth factor dependent manner to upregulate cyclin D1 kinase activity and this
in turn regulates Rb phosphorylation and its cell cycle functions (18–20). It has been shown
that components of the MAP kinase cascade, including ERK kinases and Raf-1 kinase can
phosphorylate Rb in response to proliferative signals (18). Although it has been shown that
there is a clear link between growth factor stimulated Ras/MAPK pathway and Rb
phosphorylation, other non-growth factors regulating this pathway have also been implicated
in modulating Rb function. Studies involving hormones, neurotransmitters and nicotine have
also revealed a link between Ras/MAPK signaling and Rb-E2F pathway (3,19).

Rb-Raf-1 Interaction in Cancer
Rb is a nuclear protein and Raf-1 is predominantly cytoplasmic with activation occurring at
the plasma membrane. Experiments in yeast two-hybrid assays and in vitro binding assays
revealed that Raf-1 could bind to Rb (2). The Rb-Raf-1 interaction was signal dependent and
Rb-Raf-1 interaction was not detected in quiescent cells. Serum stimulation of quiescent cells
induced the binding of Raf-1 to Rb within 30 minutes; this interaction persisted for 2 hours
and dissipated before cyclins and cdks bound to Rb (2). Though Raf-1 is predominantly
cytoplasmic, a portion of Raf-1 translocates to the nucleus upon serum stimulation where it
bound to Rb (2). Raf-1 could efficiently phosphorylate Rb in vitro; over-expression of Raf-1
could inactivate Rb and reverse Rb mediated repression of E2F1 mediated transcription as well
as S-phase entry (2). The Rb-Raf-1 interaction was found to be mediated by amino acids 10–
18 in the N-terminal region of Raf-1 (21). Though Raf-1 bound to the pocket domain of Rb,
similar to viral oncoproteins, one major difference is that viral oncoproteins dissociate E2F1
from Rb but Raf-1 does not (21). It is thought that Raf-1 binds to and phosphorylates Rb,
priming Rb for further binding and inactivation by cyclins/cdks. Studies have shown that this
interaction is dependent on growth factor stimulation; it has also been shown that nicotine and
tobacco carcinogens can stimulate the binding of Rb-Raf-1 in whole cells (3).

Given the fact that the Rb-Raf-1 interaction was dependent on mitogenic and nicotinic
stimulation, the status of the Rb-Raf-1 interaction in human cancer was examined. Whole-cell
lysates were prepared from ten non-small cell lung carcinomas (NSCLC) as well as the adjacent
normal tissue that were resected from patients and levels of Rb-Raf-1 interaction was assessed
by a immunoprecipitation-western blotting experiment. Rb-Raf-1 interaction was elevated in
the tumor tissue compared to the normal adjacent tissue in eight out of the ten pairs examined
(3). ChIP assays also revealed a similar result in NSCLC tumor tissues; more Raf-1 was found
on the proliferative promoters cdc6 and cdc25A in tumor tissue compared to the normal tissue
(3). This suggests that the Rb-Raf-1 interaction might have contributed to the oncogenic
process. It can be imagined that smokers as well as cancer patients using nicotine cessation
replacement therapy might have elevated Rb-Raf-1 complexes present in their tumors.

Efforts to target Raf-1 signaling pathways and Rb in cancer
It is apparent that mutations leading to Raf activation are the driving force behind many
different types of malignancies and there is solid proof of principle for B-Raf and Raf-1 to
serve as targets in cancer therapy (22–25). Several attempts have been made to target Raf-1 in
pre-clinical as well as clinical trials. Antisense oligonucleotide (ASO) therapy has been
attempted by two independent companies to target Raf-1 mRNA. Both ISIS-5132 and
leRafAon reached phase I and II clinical trials, yet outcomes were not significant and inhibition
of Raf-1 levels were not reached (23). Another attempt at targeting Raf-1 was the small
molecule BAY 43-9006 compound that inhibits Raf-1 kinase activity. Further characterization
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of the bi-aryl urea compound demonstrated inhibition of wild type B-Raf and mutant B-Raf
kinase, VEGFR-2, mVEGFR-3, mPDGFR-β, Flt-3, c-KIT, and FGFR-1. BAY 43-9006
inhibits Raf-1 and mVEGFR2 activity with an IC50 of 6nM; it’s IC50s for B-Raf mut, B-Raft
wt, VEGFR2, mVEGFR3, Flt-3, c-kit, p38α, and mPDGFR-β ranges from 12–68nM.
BAY43-9006, named Sorafenib or Nexavaar was approved by the FDA for the treatment of
renal cell carcinoma (RCC) and liver cancer since previous phase II and phase III results
showed significant responses specifically in RCC patients (24,25); it is currently being
evaluated for non-squamous non-small cell lung carcinomas. Sorafenib is likely functioning
in RCC and liver cancer because of its ability to inhibit many kinases including VEGFR.
Competitive inhibitors targeting the ATP-binding site of Raf-1 have also been developed.
L-779450 has shown nanomolar activity against Raf-1 over-expressing tumors (26). Targeting
Raf-1 kinase activity is an ongoing pursuit to date, and further evaluation of the role of Raf-1
in cancer will reveal the best methods for targeting Raf-1.

Targeting the cell cycle and Rb phosphorylation by inhibiting cyclin-dependent kinases has
been studied for well over 15 years (27). Pan-CDK inhibitors such as Flavopiridol and CY-202
have undergone phase II and III clinical trials, yet neither has been approved by the FDA for
commercial use (28). Because of their modest activity in the clinic, new generation CDK
inhibitors are currently being pursued and evaluated in advanced preclinical settings. Studies
from CDK knockout mice have revealed that certain CDKs are not necessary for cell cycle
function (29,30). These experiments explain why inhibitors of CDKs are not as efficacious in
patients as expected.

Targeting the Rb-Raf-1 interaction with peptides
Given that the binding of Raf-1 to Rb facilitates cell proliferation and since both proteins are
known to affect the oncogenic process, we examined the feasibility of targeting Rb-Raf-1
interaction to inhibit cell proliferation and tumor growth. Towards this purpose, a peptide
corresponding to amino acids 10–18 of Raf-1 was synthesized to disrupt the Rb-Raf-1
interaction (21). The peptide sequence was ISNGFGFK, and a C was added to the carboxyl
terminal end to allow coupling to the carrier molecule penetratin. The Raf-1 peptide (1µM)
inhibited the Rb-Raf-1 interaction without inhibiting the binding of other proteins to Rb or
Raf-1 (21). The Raf-1 peptide-penetratin conjugate disrupted the binding of Rb-Raf-1 in cells,
as seen in colocalization experiments as well as several other biochemical assays. Rb
phosphorylation was detected at two hours after serum stimulation, when Raf-1 is found to
bind to Rb, but prior to the binding of cyclin D. More surprisingly, the inhibition of Rb-Raf-1
by the Raf-1 peptide pen-conjugate could significantly inhibit Rb phosphorylation even up to
16 hours post serum stimulation (21). Since Raf-1 binding to Rb does not cause E2F1 to
dissociate yet could reverse Rb mediated repression of E2F1, it was examined how Raf-1 de-
represses E2F1. Chromatin Immunoprecipitation assays (ChIPs) and Immunoprecipitation
western blot assays revealed that Raf-1 binding to Rb led to the dissociation of chromatin
remodeling protein Brg1 from Rb (21). Although other corepressors are present, Raf-1 seems
to specifically dissociate Brg1 from the promoters of E2F regulated genes. Treatment with the
Raf-1 peptide-penetratin conjugate led to Brg1 recruitment on proliferative promoters. There
was no change in the binding of HDAC1 and HP1. Disruption of the Rb-Raf-1 interaction with
the Raf-1 peptide-penetratin conjugate could inhibit 50% of cells from entering S-phase and
efficiently inhibited angiogenic tubule formation in matrigel assays as well as adhesion,
migration and invasion of human aortic endothelial cells (HAECs) (21). An anti-angiogenic
and anti-proliferative agent can be expected to inhibit tumor growth since these are hallmarks
of cancer. A549 human xenograft tumor growth was inhibited approximately 80% by
intratumoral administration of the Raf-1 peptide-penetratin conjugate (21). These results
clearly demonstrated that disruption of Rb-Raf-1 interaction could efficiently inhibit tumor
growth and angiogenesis in vivo.
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Searching for novel disruptors of Rb-Raf-1
Although peptides are useful for targeting specific sequences of proteins to disrupt their
interactions or enzymatic activity, they are of limited use as drugs. This is because they are
degraded very quickly and delivery into cells is problematic. At the same time, information
generated from studies on peptides can be fruitfully used to generate peptidomimetic drugs or
other small molecules to target the interaction. It can be assumed that small molecules that are
capable of inhibiting the Rb-Raf-1 interaction have therapeutic potential for controlling
proliferative disorders such as cancer. An ELISA was used to identify compounds that could
inhibit the binding of GST-Rb to GST-Raf-1. Screening of the NCI diversity library of 1,981
compounds identified two compounds, NSC-35400 and NSC-35950, which inhibited Rb-Raf-1
interaction 100% and 95% respectively at 20µM concentration. NSC-35400 and NSC-35950
each contained a benzyl-isothiourea derivative and a phenyl-based counter ion. To establish
whether the benzyl-isothiourea derivative is the active component, we synthesized RRD-251,
which contains chloride as the counter ion (31). ELISA analysis showed that NSC-35400
disrupted the Rb-Raf-1 interaction with an IC50 of 81 ± 4nM, NSC-35950 with an IC50 of 283
± 46nM and RRD-251 with an IC50 of 77 ± 3.6 nM, suggesting that the benzylisothiouronium
pharmacophore disrupts the Rb-Raf-1 interaction. ELISAs showed that these disruptors were
highly selective for Rb/Raf-1 interaction over Rb/E2F1, Rb/HDAC1, Rb/prohibitin and Raf-1/
MEK associations at a concentration of 20µM. Examination of selectivity and specificity in
whole cells revealed that treatment with RRD-251 could inhibit Rb-Raf-1 without disrupting
the binding Rb to E2F1, cyclin E, or B-Raf, experiments showed that RRD-251 could inhibit
the Rb-Raf-1 interaction in whole cells with an IC50 of 450 nM. Biochemical studies on
RRD-251 indicate that this molecule is selective and specific for targeting Rb-Raf-1 in vitro
and in intact cells (31).

Anti-cancer properties of RRD-251
RRD-251 was found to inhibit cell proliferation in a wide panel of cancer cell lines of varying
origin. Cell lines harboring a variety of mutations such as EGFR, Ras, p53, p16, and PTEN all
responded to treatment with RRD-251 (31). In addition, melanoma and pancreatic cancer cell
lines were very sensitive to treatment with RRD-251. Inhibition of S-phase entry by RRD-251
was dependent on a functional Rb protein; cell lines with a conditional deletion of Rb or cell
lines with a naturally occurring mutation in Rb did not respond to treatment. Treatment with
RRD-251 prevented nicotine induced cell cycle progression. Disruption of Rb-Raf-1 by
RRD-251 also prevented anchorage independent growth as seen in soft agar colony formation
assays. Treatment with RRD-251 was found to inhibit E2F mediated transcription as well as
inhibit E2F regulated proliferative genes, cdc6 and thymidylate synthase (TS).

Since Raf-1 and Rb have both been shown to play an important role in angiogenesis, we
reasoned that disruption of the Rb-Raf-1 interaction could prevent angiogenesis. Treatment
with RRD-251 decreased the VEGF levels in the lung cancer cell line A549. RRD-251
prevented angiogenic tubule formation and rat aortic ring sprouting in matrigel-- two standard
methods to measure in vitro angiogenesis. RRD-251 also significantly inhibited angiogenesis
in vivo. Treatment with RRD-251 blocked neo-angiogenesis in nude mouse models (Table 1)
(31).

Treatment of nude mice bearing human tumor cell xenografts showed that RRD-251 could
inhibit tumor growth in vivo. RRD-251 inhibited A549 human NSCLC tumor growth by i.p.
administration at 50 MPK or oral administration at 150 MPK (Table 1). RRD-251 also
significantly inhibited the H1650 NSCLC tumor growth by i.p administration at 50 MPK. The
melanoma cell line SK-MEL-28 was implanted with matrigel and RRD-251 could prevent SK-
EL-28 tumor growth by i.p. injection of 50 MPK. Tumors containing a conditional deletion of
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Rb did not respond to treatment with RRD-251, proving the selectivity of this molecule in
vivo (Table 1). Further examination of A549 tumors from mice treated with RRD-251 showed
that the Rb-Raf-1 interaction was disrupted in the tumors. These tumors also revealed an
inhibition of proliferative and angiogenic markers.

Looking towards the future: targeted therapy in patients
The Ras/Raf/MAPK signaling cascade is often activated in cancers and has been sought after
as a target for cancer therapies for many years. It has been established that Rb is a target for
the Raf-1 kinase and the Rb-Raf-1 interaction is elevated in cancer. Disruption of the interaction
has shown desirable outcomes for preventing hallmarks of cancer. Identifying small molecules
capable of disrupting protein-protein interactions has been difficult, but the recent successes
seem to be promising in preclinical experiments and some are currently undergoing phase I
and II clinical investigation (Bcl-XL Bak disruptors). Identification of a new class of nhibitors
targeting the Rb-Raf-1 protein-protein interaction display attractive anti-cancer properties and
further experiments may lead to the transition from preclinical to phase I trials in the near future
(Figure 1). Since the mechanisms behind nicotine proliferative and angiogenic signaling
identified the Rb-Raf-1 interaction to play a role, it only seems reasonable that lung cancer
patients with a history of smoking could be ideal for personalized medicine targeting Rb-Raf-1.
Because of our preclinical results with RRD-251 preventing tumor growth but not completely
regressing tumors, we can assume that future clinical trials would be therapy consisting of two
drugs, one aimed at targeting Rb-Raf-and the other with a DNA damaging agent or apoptosis
inducer. Targeting the Rb-Raf-1 protein-protein interaction is likely a better alternative to
targeting Raf-1 kinase which has roles in normal cell physiology in addition to cancer signaling
pathways. Much like growth factor receptor signaling is elevated in tumors, it can be imagined
that the Raf-1-Rb pathway and cell cycle progression is also constitutively driven in cancer.
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Figure 1. Schematic depicting RRD-251 inhibition of Raf-1-Rb signaling pathway
Raf activation signals through MEK/ERK pathway and Rb pathway. Activation of ERK leads
to induction of CDK4/cyclin D activity and Rb phosphorylation. Raf-1 also binds and
phosphorylates Rb leading to dissociation of E2F, and expression of genes involved in cell
cycle progression, angiogenesis and tumor growth. Treatment with RRD-251 disrupts RB-
Raf-1 interaction and prevents Rb phosphorylation and inhibits E2F-mediated transcription of
S-phase genes.
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Table 1

Results of RRD-251 treatment in vivo

Experiment Dosage/Route Results p value

in vivo Matrigel plug
angiogenesis

50 MPK i.p. 50MPK: 6-fold reduction in
relative angiogenesis

0.0004

A549 Xenograft 50 MPK i.p
150 MPK-Oral

Vehicle:1040±128mm3

50 MPK: 145±20 mm3

150 MPK: 148±38 mm3

50 MPK:0.0008
150 MPK:0.0004

H1650 Xenograft 50 MPK i.p. Vehicle:2185±326mm3

50 MPK:557±76 mm3
0.003

SK-MEL-28/Matrigel
Xenograft

50 MPK i.p. Vehicle:861±106mm3

50 MPK:341±42 mm3
0.0003
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