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Abstract
Malignant gliomas are the most common and the deadliest brain malignancies in adults. Despite
the lack of a complete understanding of the biology of these tumors, significant advances have
been made in the past decades. One of the key discoveries made in the area of malignant gliomas
is that these tumors can be induced and maintained by aberrant signaling networks. In this context,
the Ras pathway has been extensively exploited, from both basic and translational perspectives.
Although somatic oncogenic mutations of Ras genes are frequent in several cancer types, early
investigations on gliomas revealed disappointing facts that the Ras mutations are nearly absent in
malignant gliomas and that the BRAF mutations are present in a very small percentage of gliomas.
Therefore, the observed deregulation of the Ras-RAF-ERK signaling pathway in gliomas is
attributed to its upstream positive regulators, including, EGFR and PDGFR known to be highly
active in the majority of malignant gliomas. In contrast to the initial negative results on the
somatic mutations of H-Ras, K-Ras and BRAF, recent breakthrough studies on pediatric low-
grade astrocytomas uncovered genetic alterations of the BRAF gene involving copy number gains
and rearrangements. The 7q34 rearrangements result in a novel in-frame KIAA1549:BRAF fusion
gene that possesses constitutive BRAF kinase activity resembling oncogenic BRAF (V600E). In
light of the earlier findings and recent breakthroughs, this review summarizes our current
understanding of the Ras-RAF-ERK signaling pathway in gliomas and the outcome of preclinical
and clinical studies that evaluated the efficacy of Ras-targeted therapy in malignant gliomas.
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INTRODUCTION
The Ras signaling pathway has been extensively studied since its initial discoveries and
characterization in the 1980’s [1–10]. Studies over the past three decades have led to many
insights into the multi-face nature the Ras pathway and its broad impact not only on
oncogenesis and tumor biology, but also on other diseases and normal development [11, 12].
As a result of these efforts, the degrees of importance of the Ras pathway have grown
exponentially and the excitement towards the Ras pathway continues to escalate among the
scientific society. Notably, the Ras pathway is extremely complex and is consisted of a
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number of upstream activation factors [13], three Ras proteins that are functionally
overlapping, multiple direct downstream effectors (RAF, MEK and ERK) and other
peripheral downstream signaling modules (PI3-K-mTOR-Akt, TIAM1-Rac, Ral, and PLC-
PKC) [11, 12].

The basic understanding of the Ras-RAF-ERK signaling pathway gained in the past decades
has since built strong rationales for developing therapeutic interventions that target the
components of this critical pathway [14, 15]. Consequently, inhibitory agents including
small molecular weight inhibitors, peptides and anti-sense oligonucleotides have been
developed to target (1) various enzymes that catalyze translational modifications of the Ras
proteins, (2) the kinase activity of the RAF, MEK and ERK Ser/Thr kinases, and (3) the
molecules upstream and downstream of the Ras pathway (EGFR, PDGFR, mTOR and
PKC). Several of these agents have shown promising clinical activity towards renal cell
carcinoma, hepatocellular carcinoma, non-small cell lung cancer (NSCLC) and colorectal
cancer. Many clinical trials are ongoing to evaluate the efficacy of Ras-RAF inhibitors in
many different cancer types. One of these agents, sorafenib, has been approved by the FDA
in 2005 for the treatment of advanced renal cell carcinoma and hepatocellular carcinoma. In
addition to the use as single agent, sorafenib appears to synergize with other targeted
therapies in preclinical studies and consequently, sorafenib-based combinational targeted
therapy has been evaluated clinically1 [16]. Combination of sorafenib with
chemotherapeutic agents and/or radiation therapy is also actively pursued in several clinical
trials [17]. Most recently, genome- wide RNA interference screens have been used to
identify genes undergoing interactions with oncogenic K-Ras in cancer cells. Via this
approach, studies led by Hahn and Gillard [18], Elledge [19] and Settleman [20] identified
STK33, PLK1, Syk, Ron kinases and integrin β6 as novel therapeutic targets for cancers
harboring the K-Ras oncogene.

Astrocytoma is the most common central nervous system (CNS) tumor in both adults and
children. The World Health Organization broadly divides astrocytomas into grades I, II, III
and IV tumors based on the histopathologic characteristics observed under light microscopy.
Low-grade astrocytomas (grade I and II) are relatively rare in adults but are the predominant
type of astrocytoma in children. In particular, pilocytic astrocytoma (also known as juvenile/
pediatric pilocytic astrocytoma and a subclass of grade I astrocytoma) is the most frequent
type of astrocytoma in children and young adults. Grade I astrocytoma is recognized as
clinically, genetically and histopathologically distinct from the infiltrating astrocytomas.”
Although low-grade astrocytomas are generally considered benign tumors, adult grade II
astrocytomas can progress to malignant grade III astrocytoma. The WHO classification
recognizes grades II–IV astrocytomas as infiltrating astrocytoma with increasing
histopathological malignancy, and the potential for progression from lower to higher grade.

Grade III astrocytoma (anaplastic astrocytoma; AA), grade IV astrocytoma (glioblastoma
multiforme; glioblastoma; GBM), anaplastic oligodendroglioma, anaplastic
oligoastrocytoma and anaplastic ependymoma make up the high-grade gliomas and are
commonly referred to malignant gliomas. GBM are highly mitotic, necrotic, vascularized
and invasive. While the low-grade astrocytomas are relatively rare in adults, GBM is the
most frequent astrocytoma as well as the most common brain malignancy in adults.
Regardless of age, GBM is the deadliest brain tumor and the most refractory to therapy.
Unfortunately, patients with GBM survive only, approximately, one year after diagnosis and
less than 10% of them survive beyond two years [21, 22]. This poor prognosis is, in part,

1Prados, M.; Gilbert, M.; Kuhn, J.; Lamborn, K.; Cloughesy, T.; Lieberman, F.; Puduvalli, V.; Robins, H. I.; Lassman, A.; Wen, P. Y.
Phase I/II study of sorefenib and erlotinib for patients with recurrent glioblastoma (GBM) (NABTC 05-02). J. Clin. Oncol. (Meeting
Abstracts) 2009, 27, 2005.
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due to our insufficient understanding of the complex aggressive nature of these tumors and
the lack of effective therapy. As such, vigorous efforts are ongoing to either improve current
therapy or to identify and strike new molecular targets for GBM therapy. A number of genes
and pathways have emerged as attractive therapeutic targets for GBM and AAs, such as,
EGFR/EGFRvIII [23–27], Hedgehog [28, 29], PI-3K/mTOR, PDGFR and VEGF [30–33].

Emerging evidence indicates that the Ras-RAF-ERK signaling axis may be an important
therapeutic target for malignant gliomas and pediatric pilocytic astrocytomas. The Ras-RAF-
ERK signaling pathway is hyperactive in malignant gliomas due to overexpression and/or
increased activity attributed to their upstream regulators, such as, EGFR and PDGFR [27],
but not somatic mutations of the Ras and BRAF genes [34–36]. Most recent discoveries of
the BRAF and RAF-1 gene copy number gains, rearrangements and the resulted constitutive
active fusion proteins in pediatric pilocytic astrocytomas have drawn significant attention
and provided novel genetic mechanisms by which the Ras-RAF signaling can be
permanently activated [35, 37–42]. Importantly, results of the genetic and tissue-specific
gene transfer studies indicate that normal astrocytes and neuronal progenitors undergo
malignant transformation to malignant gliomas when forced to express oncogenic Ras and
BRAF, highlighting a pivotal role of the Ras-RAF abnormality in glioma genesis [43–50].
Additional evidence further indicates that Ras-RAF expression in malignant gliomas is
essential for the maintenance of tumor proliferation [51]. As a consequence, a number of
preclinical and clinical studies have been conducted to determine the efficacy of Ras/RAF/
ERK-targeted therapy in malignant gliomas. Given the highly interactive nature of the Ras
pathway, anti-Ras therapy in combination with other targeted therapy, chemotherapy and
radiation therapy is being evaluated in clinical trials of malignant gliomas. In light of these
recent discoveries and emerging findings, this review will be primarily focused on the nature
of the Ras-RAF-ERK signaling axis in gliomas and its potential as a novel therapeutic target
in these tumors.

SOMATIC MUTATIONS OF RAS AND RAF GENES IN GLIOMAS
Discoveries of H-Ras mutations in 1980’s [6, 8–10] have led to the accepted notion that the
Ras genes are the most common targets for somatic gain-of-function mutations in human
cancers. It is estimated that 15–30% of human cancer carries oncogenic Ras. Specifically,
mutations in codon 12, 13, or 61 of one of the three Ras proto-oncogenes (H-Ras, K-Ras and
N-Ras) transform them into oncogenes. Incidences of these Ras oncogenic mutations,
however, vary considerably among different types of cancers [11, 12, 52]. For example,
approximately 90% of the pancreatic adenocarcinomas, 50% of the colon and thyroid
tumors, and 30% of the lung cancer and myeloid leukemia were reported to carry oncogenic
Ras genes [52].

In malignant gliomas, however, Ras somatic mutations are very rare. Bos et al. [34]
evaluated 30 primary GBM tumors for Ras mutations and did not find any specimen to carry
the mutant genes. Knobbe et al. [36] screened 94 primary GBMs for mutations in the three
Ras genes and failed to find any of the tumors to carry H-Ras and K-Ras mutations and only
two GBMs (2.1%) to express mutated N-Ras (G12D). In line with these observations, The
Cancer Genome Atlas (TCGA) pilot project reported a 2% mutation rate in the Ras genes in
206 GBM samples [53]. Sharma et al. [54] identified one of 21 pilocytic astrocytomas to
carry the K-Ras (G13R) mutation but did not detect any H-Ras or N-Ras mutations in the
tumor cohort. Similarly, another study led by Janzarik et al. [55] identified one pilocytic
astrocytoma out of 25 low-grade astrocytomas to contain the somatic G12A K-Ras mutation
and did not find any mutations in the H-Ras and N-Ras genes. Despite a low incidence of
Ras mutations in GBM, TCGA pilot project found that at least 23% harbored somatic
neurofibromatosis 1 (NF1) gene inactivating mutations or deletions [53] albeit earlier studies
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reported a lower frequency of NF1 mutations [56]. The NF1 gene product, neurofibromin, is
known to antagonize Ras function [57]. Children with the NF1 develop optic pathway
glioma [57]. These data, together, indicate that the Ras genes are rarely mutated in
malignant and benign gliomas and that its hyperactivation in these tumors is potentially due
to activation of NF1, a negative regulator of Ras.

More recently, much attention was drawn to activation mutations of the BRAF gene that
encodes for a cytoplasmic Ser/Thr kinase that is regulated by Ras. The BRAF somatic
missense mutations are present within the kinase domain in which a single substitution
(V599E; also named as V600E) accounts for 80% of all BRAF mutations and transforms
NIH3T3 cells [58]. BRAF mutations are frequent in several types of human cancers
including the majority of malignant melanomas and melanoma metastases [58, 59].
Analyses of glioma cell lines and primary specimens, however, revealed a lower frequency
of BRAF mutation. Davies et al. [58] reported that 4/38 (11%) of glioma cell lines carried
the BRAF (V600E) mutation whereas 0/15 of primary gliomas contained any BRAF
mutations. A study led by Knobbe et al. [36] examined 94 GBMs and found only three
tumors (3.2%) to carry the oncogenic BRAF (V600E) gene. In line with these observations,
Bastro et al. [60] reported the presence of BRAF (V600E) hot-spot mutation in 6% of 34
GBMs and 0% of 13 AAs. Results of more recent studies [61, 62] corroborated these earlier
observations. Interestingly, Jones et al. [41] recently reported the identification of a novel
BRAF mutation from a pilocytic astrocytoma that is the result of a three nucleotide insertion
at codon 598 of the BRAF gene. Despite its low frequency (1/44), this novel BRAF mutant
mimics the hotspot V600E mutation and is constitutively active and transforming [41].
Together, these findings indicate that BRAF activation mutations are not a frequent event in
gliomas.

BRAF COPY NUMBER GAIN AND FUSION IN GLIOMAS
Comparative genomic hybridization that detects copy number changes has yielded striking
findings that gliomas carry extra copies of the wild-type BRAF gene [35, 61]. In 2007,
Jeukin et al. [35] reported that 38 out of 87 (44%) of analyzed gliomas contained an
increased number of the wild-type BRAF gene at chromosome 7q34 and this gain is more
predominant in high-grade gliomas. A significant correlation was found between activated
MAPK and BRAF copy number gains. Furthermore, a study by Pfister et al. [61] evaluated
66 pediatric low-grade gliomas and found 44% of the tumors to carry BRAF gene
duplication. Tumors with BRAF gene duplication also expressed increased BRAF
transcripts and its downstream target genes. The high incidences of BRAF copy number
gain in pediatric pilocytic astrocytomas were further confirmed by a number of independent
studies [40, 63, 64].

In addition to copy number gains, Jones et al. [40] recently reported that the tandem
duplication of ~2 Mb at 7q34 results in an in-frame fusion gene incorporating the kinase
domain of the wild-type BRAF gene but lacking the auto-inhibitory N-terminus. The
resulted KIAA1549:BRAF fusion gene encodes for a fusion protein displaying constitutive
BRAF kinase activity to the level similar to the oncogenic BRAF (V600E). Strikingly, this
novel fusion gene is present in 66% of the 44 pilocytic astrocytomas examined but is absent
in a cohort of 244 high-grade astrocytomas [40]. Similar findings were subsequently
reported by a number of independent studies [37–39, 42, 65]. Sievet et al. [37] identified the
majority (17/22, 77%) of pediatric pilocytic astrocytomas to express the KIAA1549:BRAF
fusion gene. In a cohort of 70 pilocytic astrocytomas and 50 grade II astrocytomas,
Korshunov et al. [38] found the KIAA1549:BRAF fusion gene to be present in 76% of the
former tumors but is absent in the latter. A study by Forshew et al. [39] found the majority
of the posterior fossa pilocytic astrocytoma cohort to carry the fusion gene product between
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KIAA1549 and BRAF genes. Schiffman et al. [65] found 10 of the 10 pediatric pilocytic
astrocytomas, but none of the grades II–IV astrocytomas, to express the KIAA1549:BRAF
transcript. Yu et al. [42] reported that BRAF rearrangements are present in 42 of the 70
sporadic pilocytic astrocytomas analyzed and that they are frequent in pilocytic
astrocytomas located in the cerebellum (74%), brainstem (63%) and the 4th ventricle (50%),
but is absent in optic nerve and midbrain. This interesting site-specific distribution of BRAF
rearrangement is also reported by other studies [64, 66]. Taken, together, these interesting
observations warrant future investigations that determine whether BRAF gene duplication
and rearrangements are the cause of pilocytic astrocytomas and whether these genetic
alterations are also present in other cancer types with increased BRAF activity.

Interestingly, in addition to the KIAA1549:BRAF genetic fusion, two independent studies
reported the existence of a novel inframe genetic fusion of the RAF-1 and SRGAP3 (Slit-
Robo GTPase-activating protein 3) genes [39, 41]. Both studies identified tandem
duplication at chromosome 3p25 which produces an inframe fusion between SRGAP3 and
RAF-1. SRGAP3 protein is consisted of an amino-terminal Fes/CIP4 homology domain, a
Rho GTPase-activating protein domain and a Src homology 3 domain and is expressed in
the brain that is associated with severe mental retardation [67]. It also plays a role in cell
movement through interactions with the cytoskeleton [68]. Consistent with the fact that the
SRGAP3:RAF-1 fusion protein retains the RAF-1 kinase domain but lacks the N-terminal
auto-inhibitory region, the fusion protein contains increased kinase activity compared to
wild-type RAF-1. The incidence of this novel fusion, however, is very low in low-grade
astrocytomas with reported 1/44 [41] and 1/32 [39] of the low-grade astrocytomas carrying
the rearranged gene product.

Taken together, recent discoveries of BRAF and RAF-1 genetic alterations point to a new
avenue of research that will shed new light onto the mechanisms by which the Ras signaling
is activated in low-grade astrocytomas. These findings also provide a rationale to target RAF
proteins as a novel treatment option for low-grade astrocytomas, the most frequent brain
tumor in children. Given the consistent high incidences of the rearranged KIAA1549:BRAF
fusion gene in pilocytic astrocytomas, it is of importance to conduct in vivo animal studies
in order to determine whether the rearrangement event is a cause for the formation of these
tumors. This investigation is essential given the facts that low-grade astrocytomas are the
most frequent CNS tumors in children and its recurrence is common following surgical
removal and that in adults, low-grade gliomas can undergo malignant transformation into
malignant highgrade gliomas [69]. Furthermore, in light of the fact that BRAF oncogenic
mutation predicts sensitivity to MEK inhibition [70], it is worth investigating whether MEK
inhibition can be used to treat pilocytic astrocytomas with the BRAF fusion protein that
resembles the activity of oncogenic BRAF protein. Also critically important is that these
exciting emerging data indeed prompt a need to extend the structural and functional
investigations of the BRAF/RAF-1 fusion gene products from astrocytomas to other types of
tumors.

RAS-RAF IN GLIOMA GENESIS AND MAINTENANCE
The Ras-RAF-ERK signaling pathway is hyperactive in gliomas due to the increased
activity of its upstream regulators, such as, EGFR and PDGFR. To gain a better
understanding of the effects of deregulated Ras-RAF-ERK signaling axis on glioma genesis
and other glioma-associated phenotypes, a number of studies have utilized the oncogenic
Ras genes to create cells with increased Ras activity albeit the Ras genes are rarely mutated
in gliomas. In 2000, Holland et al. [45] engineered tissue-specific viral expression vectors to
specifically express K-Ras (G12D) and Akt in astrocytes (via the promoter for the gene
encoding glial fibrillary acidic protein, GFAP) and neural progenitors (via the nestin
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promoter) in mice. Albeit neither K-Ras (G12D) nor Akt alone was sufficient to induce
GBM formation, their combination induced the formation of high-grade gliomas with the
histological features of human GBMs [45]. These investigators further demonstrated that K-
Ras (G12D) expression cooperated with loss of INK4a-Arf locus to induce malignant
transformation of astrocytes and neural progenitors into GBMs in mice [49]. These results
were in part supported by a more recent study by de Vries et al. [71]. More recently in 2008,
these researchers subsequently found that constitutive activation of RAF-1 cooperates with
Akt activation or loss of INK4a-Arf to induce glioma oncogenesis in mice [46].

In line with these observations, Robinson et al. [50] recently reported that combined
expression of oncogenic BRAF (V600E) and activated Akt or loss of INK4a-Arf in neuronal
progenitors induced GBM formation in nude mice. Similar to the observation with K-Ras
(G12D), these investigators found that the expression of activated BRAF alone was not
sufficient for glioma genesis [50]. The same study also reported that BRAF (V600E)
generated GBMs with characteristics similar to K-Ras (G12D) in the context of Akt but not
loss of INK4a/Arf. These findings were subsequently confirmed by a recent study [50]. Via
a combination of genetically modified human astrocytes and subsequent implantation into
nude mice, Sonoda et al. [48] demonstrated that H-Ras (G12V) cooperated with expression
of human telomerase catalytic component (hTERT) and inactivation of tumor suppressors
Rb/p53, thereby transforming normal astrocytes into AAs. When H-Ras (G12V) was
replaced by myristoylated Akt or activated EGFR, the genetically modified astrocytes
surprisingly did not undergo malignant transformation [48]. Taken together, the findings
from the tissue-specific gene transduction model suggest that activation of Ras, RAF-1 and
BRAF alone may not be sufficient for glioma genesis, additional activation of other
oncogenes or loss of tumor suppressor genes are required for glioma oncogenesis, and that
the oncogenic effects of K-Ras (G12D) may be partially transduced through the RAF-1 and
BRAF downstream effectors.

In contrast, results from the transgenic mouse model suggest that activated Ras alone is
sufficient to transform normal astrocytes and neuronal precursor cells into malignant
gliomas [43, 44, 47]. Using a GFAP-driven H-Ras (G12V) transgenic mouse model, Ding et
al. [44] showed that high levels of H-Ras (G12V) alone in astrocytes yielded multifocal
malignant gliomas and the tumor-bearing mice died within two weeks. The mice with
moderate levels of H-Ras (G12V) underwent germ-line transmission in which 95% of these
mice died from solitary or multifocal low- and high-grade gliomas within 2–6 months.
Yielded gliomas are similar to human astrocytomas in their phenotypes, including, high
mitotic index, nuclear pleomorphism, infiltration, necrosis, and increased tumor vasculature
[44, 47]. Furthermore, Abel et al. [43] recently showed that expression of K-Ras (G12D)
alone in mouse glioneuronal precursor cells and adult subventricular zone cells (a stem/
progenitor cell niche in the mature brain) induced formation of infiltrating gliomas
resembling human high-grade gliomas.

In addition to an essential role in glioma genesis, activated Ras-RAF signaling axis may also
be important for the maintenance of malignant gliomas. Holmen and Williams [51]
developed a viral vector that allows the tumoric expression of activated K-Ras to be
controlled via a tet-off system. Following tumor formation, inhibition of K-Ras expression
(by doxycycline) resulted in tumoric apoptosis and regression. Re-expression of activated K-
Ras (by removing doxycycline) reinitiated tumor growth. These results suggest that some
progenitor cells may have survived in the absence of activated K-Ras and subsequently
developed into gliomas when K-Ras was re-expressed.

Additional evidence further supports the notion that deregulated Ras-RAF pathway,
independent of somatic mutations, plays an important role in the biology of malignant
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gliomas. For example, the levels of RAF-1 and BRAF proteins and RAF kinase activity
were found to be increased in primary GBM specimens [46]. Human malignant gliomas
frequently overexpress all three RAF proteins [62]. Increased expression of BRAF due to
copy number gains is a frequent event in low-grade pediatric astrocytomas [35, 61, 69].
Moreover, increased Ras-RAF-ERK activity is a common characteristic of malignant
gliomas with deregulated EGFR and PDGFR pathways [23, 72]. Conversely, inhibition of
Ras-RAF-ERK through transcriptional down-regulation and small molecular inhibitors led
to glioma growth reduction (discussed in details in next section). In contrast to these
observations, a recent report by Lymbouridou et al. [73] showed that primary GBM tumors
(N=21) expressed significantly lower levels of K-Ras and H-Ras transcripts compared to
normal brain tissues (N=15), albeit all tissue did not express detectable levels of Ras
proteins. There was no association between K-Ras/H-Ras expression levels and survival
rates in the GBM cohort [73].

THERAPEUTIC TARGETING RAS-RAF-ERK IN MALIGNANT GLIOMAS
Farnesyltransferase Inhibitors (FTIs)

Ras proteins undergo post-translational modifications in which prenylation is the first
modification and is required for the transforming activity of Ras [74]. Farnesyltransferase
(FTase) catalyzes the transfer of a 15 carbon isoprenyl lipid from farnesyl diphosphate to a
cysteine residue in the C-terminal CAAX box (C=Cystein, A=aliphatic amino acid, X= C-
terminal amino acid) of various proteins, including the three Ras proteins [75]. In the
attempt to inhibit Ras prenylation and thus Ras-mediated transformation, a number of FTIs
have been developed and evaluated in preclinical and clinical studies. FTI 276 Ras-CAAX
peptidomimetics demonstrated antitumor activity in lung xenografts [76]. Another FTI
L-744.832 showed growth-inhibitory activity towards N-Ras-overexpressing transgenic
mice with mammary, lymphoid and salivary tumors [77, 78]. An orally active, non-peptidic,
small molecule FTI SCH 66336 (lonafarnib; Sarasar; Schering-Plough) competes with the
CAAX substrate to inhibit Ras processing in tumor cells both in vitro and in vivo [79].

A phase I trial of lonafarnib conducted by Kieran et al.2 [80] enrolled 59 children with
progressive or recurrent brain tumors (Table 1). The results indicated that lonafarnib
appeared to be well-tolerated, able to cross blood-brain barrier and to show modest
antitumor effects. The efficacy of another FTI, tipifarnib (Zarnestra, R115777; Johnson &
Johnson), was examined in a phase II study [81] in recurrent malignant gliomas. The results
showed 6-month progression-free survival (PFS) to be 9% in recurrent AAs (N=22) and
12% in recurrent GBMs (N=67), indicating that tipifarnib had limited effects on these
patients. This modest outcome is in line with the results of other clinical trials of FTIs as
single agent and in combination with chemotherapy in other cancer types [75, 82]. The lack
of clinical efficacy of FTIs is likely due to the fact that unlike H-Ras, N-Ras and K-Ras
become geranylgeranylated at the C-terminus following FTI treatments [11]. This additional
modification renders N-Ras and K-Ras resistant to FTI-mediated inactivation [83].

Perillyl alcohol (POH), a naturally occurring monoterpene, has been shown to inhibit FTase
activity [84]. Intranasal delivery was used to administer POH in both animals and patients
with malignant gliomas in order to bypass the blood-brain barrier and thus to effectively
enter the brain. Results of in vitro studies showed that POH resulted in a transient arrest in
the G2/M phase of the cell cycle [85] and induced apoptosis [86] in human GBM cells. POH
treatment also sensitized glioma cells to Fas-, cisplatin-, doxorubicin- and radiation-
mediated apoptosis [85]. Several Brazilian clinical trials on POH have been conducted in

2Kieran, M. W.; Packer, R.; Boyett, J.; Sugrue, M.; Kun, L. Phase I trial of the oral farnesyl protein transferase inhibitor lonafarnib
(SCH66336): A Pediatric Brain Tumor Consortium (PBTC) study. J. Clin. Oncol. (Meeting Abstracts) 2004, 22, 1517.
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patients with recurrent malignant gliomas [84, 87, 88]. A phase I/II study [87] on 37 adult
patients with recurrent malignant gliomas reported encouraging results with 6-month PFS
rates of 48.2% and 60% for GBMs and AAs, respectively (Table 1). No toxicity was noted.

Inhibitors of Other Ras-Processing Enzymes
After FTase-mediated prenylation, the prenylated Ras proteins undergo two additional
posttranslational modifications. First, the last three amino acids (AAX) of the Ras proteins
are proteolytically cleaved by the protease, Ras-converting enzyme 1 (RCE1). Second, the
last cysteine residue undergoes carboxymethylation that is catalyzed by the
methyltransferase, protein-S-isoprenylcysteine O-methyltransferase 1 (ICMT1, also named
as prenylated protein methyltransferase PPMT). These post-prenylation modifications are
important for the association of Ras proteins with membranes. Interestingly, Bergo et al.
[89] generated mice with a conditional RCE1 allele that is subjected to Cre-mediated
excision and found that the loss of RCE1 reduced Ras-induced transformation in vitro.
Using the same strategy, inactivation of ICMT1 has been shown to inhibit oncogenic K-Ras
and BRAF-mediated transformation of normal fibroblasts [90].

Similar to expression knockdown, the ICMT1 inhibitor transfarnesylthiosalicylate (FTS)
inhibits Ras activation, results in GBM cell death and suppresses oncogenic ability of
U87MG GBM cells [91]. FTS treatment also down-regulates expression of hypoxia-
inducible factor-1α and its downstream target genes, including, VEGF and the Glut-1
glucose transporter. Consequently, glycolysis was shut down resulting in significant GBM
cell death [91]. FTS appears to also negatively impact cell cycle progression and promote
apoptosis by inhibiting expression of E2F1 and survivin, respectively [92, 93].
Corroborating these observations, Amos et al. [94] reported that FTS increased the activities
of both caspase-3 and -9, leading to significant apoptosis in GBM cells. FTS-mediated
apoptosis is also observed in GBM cells with high EGFR expression, suggesting that
inhibition of Ras protein methylation may provide a new therapeutic option for GBMs
overexpressing EGFR [94].

Inhibitors of RAF-1
A number of inhibitors including small molecular kinase inhibitors and anti-sense
oligonucleotides have been developed to target RAF [14, 95]. In GBM cells, an orally active
RAF-1/VEGFR kinase inhibitor AAL881 has been shown to block the growth of malignant
gliomas in vitro and in vivo [96]. AAL881 inhibited proliferation and induced apoptosis of
cultured GBM cells. It also decreased the proliferation of bovine aortic endothelial cells and
the ability of GBM cells to secret VEGF, as well as, inhibited GBM cell invasion. AAL881
treatment also extended the survival of orthotopic glioma xenografts-bearing nude mice.
Another RAF-1 inhibitor GW5074 has been shown to synergize with MEK inhibitor U0126
and other anti-cancer drugs to target GBM cells [97].

Sorafenib (Nexavar; BAY 43–9006)
Sorafenib is a multikinase inhibitor that targets RAF-1, PDGFR, and VEGFR [98, 99]. It has
been approved by the FDA for the treatment of advanced renal cell carcinoma and
hepatocellular carcinoma. It is probably by far the most promising and most extensively
studied Ras-RAF inhibitor. Efficacy of sorafenib as single agent and in combination with
other targeted therapy or chemotherapeutic agents, is being evaluated in many clinical trials
in several different cancer types, including, malignant gliomas. In vitro studies showed that
combination of sorafenib with rottlerin (PKC-δ inhibitor) potently inhibits proliferation and
migration of human malignant glioma cells [100]. This combination is based on the fact that
RAF-1 is phosphorylated and activated by PKC [101, 102]. Furthermore, sorafenib and
bortezomib (protease inhibitor; MG132) synergistically induced GBM apoptosis [103]. A
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phase I sorafenib trial (Trial number NABTT 0401) was conducted by Nabors et al.3 in a
total of 35 patients with malignant gliomas. Sorafenib was reported to be well tolerated with
limited toxicities in these patients (Table 1). Another phase I trial of sorafenib is ongoing for
patients with recurrent or progressive malignant gliomas (Trial number NCT00093613).

Several sorafenib-based combinations have been evaluated in clinical trials in patients with
malignant gliomas. For example, sorafenib was combined with small molecule EGFR kinase
inhibitors. It is worth noting that three small molecular weight EGFR kinase inhibitors and
two monoclonal anti-EGFR antibodies have been approved by the FDA for treating cancer
patients [27, 104]. (1) Gefitinib (ZD1839; Iressa) is a small molecular weight EGFR kinase
inhibitor approved for locally advanced and metastatic non-small cell lung cancer, NSCLC.
(2) Erlotinib (OSI-774; Tarceva), a small molecule EGFR kinase inhibitor, was approved to
treat metastatic NSCLC as single agent and in combination with gemcitabine for pancreatic
cancer that is unable to be removed by surgery or has metastasized. (3) Lapatinib
(GW572016; Tykerb/Tyverb) is an EGFR/Her-2-dual targeting small molecule inhibitor
approved to be combined with other anti-cancer drugs to treat advanced or metastatic breast
cancer [105]. It is used in patients whose cancer is Her-2 positive and has failed to respond
to other drugs. (4) Cetuximab (C225; Erbitux) is a humanized monoclonal antibody that
recognizes the extracellular domain of both EGFR [105] and EGFRvIII [106] and has been
approved for squamous cell carcinoma of the head and neck that has metastasized or
recurred after other chemotherapy. Cetuximab is also approved for treating metastatic
colorectal cancer that has metastasized after other chemotherapy has failed and for
combined used with irinotecan for metastatic colorectal cancer patients who have not
responded to irinotecan alone. (5) Panitumumab (ABX-EGF; Vectibix) is a human
monoclonal antibody raised against the extracellular domain of EGFR [107]. All but
panitumumab have been evaluated in clinical trials for patients with malignant gliomas.

A phase I trial by Kuhn et al.4 evaluated the pharmacological interaction between sorafenib
and erlotinib. The results indicate that although the pharmcokinetic (PK) for sorafenib was
not affected by erlotinib, there was an apparent effect of sorafenib on that of erlotinib. This
adverse effect was similarly reported with the co-administration of sorafenib with gefitinib
in a phase I non-small cell lung cancer trial [16]. A more recent phase I/II study of sorafenib
and erlotinib for patients with recurrent GBM (Trial number NABTC 05–02) just reported
their phase I results and preparing those of the phase II study1. PK results from the phase I
study showed that although there was no alterations in sorafenib PK, accumulation of
erlotinib was very low, suggesting a drug-drug interaction with sorafenib altering erlotinib
metabolism or clearance. Another phase II trial (Trial number NCT00445588) of sorafenib
plus erlotinib for patients with progressive or recurrent GBM has been recently completed
and the results are forthcoming. Based on these observations, future efforts are required to
minize the negative impact of sorafenib on the metabolism of erlotinib and gefitinib.

In addition to combining with EGFR inhibitors (erlotinib and gefitinib), sorafenib has been
tested in combination with temsirolimus (mTOR inhibitor) for treating GBM patients. A
recently completed phase I/II study led by Wen et al.5 reported that although PK data
indicated no significant interaction between the two drugs, no patient remained progression

3Nabors, L. B.; Rosenfeld, M.; Chamberlain, M.; Phuphanich, S.; Batchelor, T.; Supko, J.; Desideri, S.; Xiaobu, Y.; Wright, J.;
Grossman, S. A phase I trial of sorafenib (BAY 43-9006) for patients with recurrent or progressive malignant glioma (NABTT 0401).
J. Clin. Oncol. (Meeting Abstracts) 2007, 25, 2058.
4Kuhn, J. G.; Gilbert, M.; Wen, P.; Cloughesy, T.; Cooper, J.; Puduvalli, V.; DeAngelis, L.; Lieberman, F.; Lamborn, K.; Prados, M.
Interaction between sorafenib and erlotinib. J. Clin. Oncol. (Meeting Abstracts) 2009, 27, 2500.
5Wen, P. Y.; Cloughesy, T.; Kuhn, J.; Lamborn, K.; Abrey, L. E.; Lieberman, F.; Robins, H. I.; Wright, J.; Prados, M. D.; Gilbert, M.
Phase I/II study of sorafenib and temsirolimus for patients with recurrent glioblastoma (GBM) (NABTC 05-02). J. Clin. Oncol.
(Meeting Abstracts) 2009, 27, 2006.
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free at 6 months. As such, the study was terminated and did not proceed to the second stage
of the phase II study. Another phase I/II trial with the sorafenib-temsirolimus combination is
ongoing in treating patients with recurrent GBM (Trial number NCT00329719). An active
phase I/II trail is evaluating the effects of sorafenib in combination with erlotinib, tipifarnib,
or temsirolimus in patients with recurrent GBM or gliosarcoma (Trial number
NCT00335764).

A major characteristic of malignant gliomas is the prominent microvascular proliferation.
Consequently, targeting GBM vasculature is an attractive approach to reduce GBM growth.
An anti-VEGF monoclonal antibody, bevacizumab (Avastin; Genentech), has been proven
to be effective in targeting GBM in preclinical studies. In May 2009, bevacizumab was
approved by the FDA to treat GBM that have progressed. This approval was based on the
promising results of two clinical trials, NCT00345163 conducted by Friedman et al. [32]
with 167 patients and a NCI study 06-C-0064E (56 patients). Overall results from the two
studies showed that responses were observed in 20–26% of patients and the median duration
of response was approximately 4 months. In light of these encouraging clinical results, a
number of clinical trials are ongoing to examine the efficacy of bevacizumab in combination
with other anti-cancer drugs, including, sorafenib. An active phase II trial is examining the
bevacizumab-sorafenib combination in patients with recurrent GBMs (Trial number
NCT00621686-55415).

Radiation therapy and use of temozolomide, a DNA-damaging alkylating agent, are standard
therapies for patients with malignant gliomas. A phase II trial of radiation therapy/
temozolomide followed by sorafenib was conducted as the first-line treatment in GBM6.
While the full results are being collected and computed, preliminary results showed median
PFS for all patients with and without sorafenib to be six months. Median PFS for patients
who received at least one dose of sorafenib was also six months. Although the addition of
sorafenib to standard treatments (radiation therapy/temozolomide) is feasible and well
tolerated by most patients, sorafenib did not demonstrate increased benefit compared to
standard therapy. Several other trials are actively investigating the efficacy of sorafenib in
combination with temozolomide (Trial numbers NCT00597493 and NCT00544817) in
recurrent GBMs and with radiation therapy/temozolomide in newly diagnosed GBM
patients (Trial numbers NCT00884416 and NCT00734526).

CONCLUDING REMARKS
Patients with malignant gliomas have dismal prognosis who are in an urgent need of more
effective therapy. In light of encouraging preclinical results, anti-Ras/RAF therapy is being
actively exploited as mono and combination therapies for patients with these aggressive
tumors. Based on the FDA clinical trial database (http://clinicaltrials.gov), as least eight
phases I and II clinical trials are being conducted to evaluate the effects of sorafenib in
patients with malignant gliomas. Several recently completed clinical trials with sorafenib are
expected to report their results in the near future. Complementary to translational and
clinical studies, genetic analyses have yielded breakthrough discoveries on BRAF gene
duplication and rearrangements that are drawing additional enthusiasm to this already
exciting field and pointing to a new direction of Ras-RAF-ERK research in brain tumors and
potentially in other malignancies and developmental disorders.

6Lamar, R. E.; Spigel, D. R.; Burris, H. A.; Markus, T. M.; Kuzur, M.; Ervin, T.; Fichtel, L.; Greco, F. A.; Hainsworth, J. D. Phase II
trial of radiation therapy/temozolomide followed by temozolomide/sorafenib in the first-line treatment of glioblastoma multiforme
(GBM). J. Clin. Oncol. (Meeting Abstracts) 2009, 27, 2018.
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