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Abstract

One of the outstanding fundamental questions in cancer cell biology concerns how cells
coordinate cellular growth (or macromolecular synthesis) with cell cycle progression and mitosis.
Intuitively, rapidly dividing cells must have some control over these processes; otherwise cells
would continue to shrink in volume with every passing cycle, similar to the cytoreductive
divisions seen in the very early stages of embryogenesis. The problem is easily solved in
unicellular organisms, such as yeast, as their growth rates are entirely dependent on nutrient
availability. Multicellular organisms such as mammals, however, must have acquired additional
levels of control, as nutrient availability is seldom an issue and the organism has a prodigious
capacity to store necessary metabolites in the form of glycogen, lipids, and protein. Furthermore,
the specific needs and specialized architecture of tissues must constrain growth for growth’s sake;
if not, the necessary function of the organ could be lost. While certainly a myriad of mechanisms
for preventing this exist via initiating cell death (e.g. apoptosis, autophagy, necrosis), these all
depend on some external cue, such as death signals, hypoxia, lack of nutrients or survival signals.
However there must also be some cell autonomous method for surveying against inappropriate
growth signals (such as oncogenic stress) that occur in a stochastic fashion, possibly as a result of
random mutations. The ARF tumor suppressor seems to fulfill that role, as its expression is near
undetectable in normal tissues, yet is potently induced by oncogenic stress (such as overexpression
of oncogenic Ras or myc). As a result of induced expression of ARF, the tumor suppressor protein
p53 is stabilized and promotes cell cycle arrest. Mutations or epigenetic alterations of the INK4a/
Arf locus are second only to p53 mutations in cancer cells, and in some cancers, alterations in both
Arf and p53 observed, suggesting that these two tumor suppressors act coordinately to prevent
unwarranted cell growth and proliferation. The aim of this review is to characterize the current
knowledge in the field about both p53-dependent and independent functions of ARF as well as to
summarize the present models for how ARF might control rates of cell proliferation and/or
macromolecular synthesis. We will discuss potential therapeutic targets in the ARF pathway, and
some preliminary attempts at enhancing or restoring the activity of this important tumor
suppressor.
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INTRODUCTION

Since its discovery as a product of the alternate reading frame of the mouse INK4a/Arf locus
[1], the ARF tumor suppressor has been identified as a key sensor of hyperproliferative
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signals such as those emanating from the Ras and Myc oncoproteins [2—4]. p16'NK4a ang
ARF are transcribed from separate and unique first exons (over 10 kilobases apart) which
splice into two shared exons [1] (Fig. (1)). While INK4a and ARF share considerable
homology at the DNA level (nearly 70%), the translated proteins are completely distinct
from one another. This is due to the unprecedented splicing utilized by ARF which causes a
frame shift (alternate reading frame) in the coding region of exon two (and thus providing
the ARF moniker). The INK4a/Arf locus is frequently targeted for loss of function in diverse
human cancers and both p16/NK4a and ARF function as tumor suppressors despite a lack of
sequence similarity. ARF is a highly basic (predicted pl=11), insoluble protein which
exhibits little structure apart from a pair of alpha helices at its amino terminus [5]. Both
mouse and human ARF have been widely studied in the decade since their discovery.
Although they differ in size (mouse ARF is 19 kDa and human ARF is 14 kDa) and exhibit
only 49% sequence identity, the functions of the ARF proteins appear to be conserved in
man and mice. ARF is a bona fide tumor suppressor. Ectopic ARF is capable of arresting
immortal rodent cell lines as well as transformed human cells [6,7], a classic and requisite
property of tumor suppressors. The ability of ARF to inhibit cell cycle progression in
numerous cell types, suggested that ARF had powerful growth-inhibitory functions in the
cell and prompted many researchers to study the in vivo ability of ARF to prevent
tumorigenesis.

LOSS OF ARF IN CANCER

Animal studies have been very valuable in elucidating the function of murine p19ARF as a
tumor suppressor. Arf-null mice, generated by specifically targeting exon 1, exhibit
spontaneous tumor formation as early as 8 weeks of age [3]. Sarcomas and lymphomas are
the most common tumors observed in Arf-deficient mice. Tumor development is also
accelerated in newborn Arf-null mice treated with carcinogens when compared to wild-type
mice [3,8], demonstrating that ARF protects cells against aberrant cell growth and
proliferation caused by increased mutagenesis. Another interesting facet of ARF biology is
the observed immortal phenotype of cultured Arf-null mouse endothelial fibroblasts (MEFs).
Unlike its wild-type counterparts which senesce after 10-15 passages in vitro, Arf-deficient
MEFs are capable of growing infinitum in culture [3]. Moreover, immortal Arf-null MEFs
are susceptible to transformation by oncogenic Ras alone, indicating that loss of Arf can be
substituted for Myc overexpression in classic cooperating transformation assays with Ras
[3]. This finding was further refined through experiments that showed the acute loss of Arf
as a major event in Myc-induced cellular immortalization in vivo [9].

Consistent with initial findings in mice, frequent mutation or deletion of the INK4a/Arf in
numerous human cancers was discovered. It is difficult, however, to assess the relative
importance of p16/NK42 and ARF individually since mutation or deletion at the INK4a/Arf
locus frequently affects both proteins. Mutation of exon 1, which would specifically affect
only ARF, is a relatively rare event. However, a germline deletion of a region containing
exon 1B of p14ARF but leaving the INK4a gene intact was identified in a family prone to
melanoma and neural system tumor development [10]. An exon 1B mutation that altered the
growth-inhibitory properties and intracellular localization of human p14ARF was observed
and characterized in a melanoma patient [11]. Building on these early reports, ARF
haploinsufficiency due to a germline mutation in exon 1p was observed in a family of three
individuals with melanoma or breast cancer. However, somatic changes at the INK4a/Arf
locus discovered in one of the melanoma samples resulted in inactivation of both p14ARF
and p16'NK4a [12]. Recently, a germline deletion of exon 1p was discovered in two patients
from a family predisposed to cutaneous malignant melanoma. A heterozygous germline
missense mutation in exon 1f3 was also found in another individual with melanoma [13].
More commonly, however, exon 2 is the site of mutation, affecting either p16!'NK4a ARF, or
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both proteins. Some of these exon 2 mutations alter ARF localization and affect its
regulation of downstream target proteins [14-16]. Silencing of the Arf gene promoter
through hypermethylation is frequently observed in low-grade diffuse astrocytomas [17],
oligodendroglial tumors [18,19], ependymal tumors [19,20], kidney cancer [21],
hepatocellular carcinoma [22], and oral squamous cell carcinomas [23]. Simultaneous
methylation of both Arf and INK4a is also a common occurrence in samples from the
accelerated phase of chronic myeloid leukemia (CML) [24]. In one study, loss of p14ARF
expression was observed in 38/50 glioblastomas, with 29 displaying either homozygous
deletion or hypermethylation of Arf. While deletion of both p14ARF and p16!NK42 was
common, Arf was specifically deleted in nine of the samples [25], indicating that ARF alone
is often a major target in human tumor progression (for a complete list of ARF-specific
alterations in human cancers, see Table 1).

NUCLEOLAR LOCALIZATION

ARF is predominantly localized to the nucleolus [26,27], a dynamic, membrane-less,
subnuclear organelle which controls ribosome biogenesis [28] (Fig. (2A)). Within the
nucleolus, ARF resides in the granular region, which contains maturing ribosomes. During
mitosis, the nucleolus disintegrates causing nucleolar proteins to disperse throughout the
nucleoplasm [29]. Interestingly, nucleolar dissociation is linked with an increase in p53 [30],
suggesting that the nucleolus may be an important structure involved in regulating the p53
pathway. Nucleolar breakdown due to mitosis or stress may allow transient ARF activity in
the nucleoplasm [31,32], however non-nucleolar ARF exhibits decreased stability [33].
Importantly, the last two years have been marked with increased understanding of the role of
the nucleolus in sensing both environmental and oncogenic stress within the cell [30,28].

Interestingly, the amino acid residues responsible for the nucleolar localization of mouse
p19ARF and human p14ARF are somewnhat different [34]. While the nucleolus is not
partitioned from the nucleoplasm by a membrane, entry into this organelle is not thought to
be a passive event. Rather, proteins that reside within the nucleolus often contain arginine
and lysine rich domains reminiscent of nuclear localization signals that somehow target
them to the nucleolus. However, these positively charged tracts are not obligatory for protein
nucleolar localization. In fact, many proteins utilize protein-protein and protein-RNA
interactions to “hitch” a ride into the nucleolus. Both mouse and human ARF proteins
contain arginine-rich sequences (in fact, both proteins are nearly 25% arginine), albeit in
different moieties along ARF’s amino acid sequence. In particular, residues 26-37 are
critical for the nucleolar localization murine p19ARF [27] (Fig. (2B)). In humans, amino
acids 2-14 and 82-101 of p14ARF are important for its nucleolar localization [34,15,16] (Fig.
(2B)). Of note, deletion of the nucleolar localization signal within either mouse or human
ARF results in a loss of ARF’s ability to promote cell cycle arrest, revealing that the
biological function of ARF might be intimately tied to its ability to properly localize to the
nucleolus. However, this simplistic model is complicated by the observation that the regions
of ARF that are important for its nucleolar localization also mediate most of the interactions
that are critical for its functions. Thus, the critical determinant of functional ARF resides in
its ability to interact with numerous oncoproteins.

ACTIVATION OF P53

ARF is most commonly known for its well-characterized activation of the p53 pathway (Fig.
(1A)). The p53 gene is the most common target of mutations which inactivate protein
function or compromise its expression in human cancers. In fact, p53 is disrupted in greater
than 50% of all human cancers. In response to cellular stress, p53 is activated to induce cell
cycle arrest or trigger apoptosis depending on the setting. These stress cues include DNA
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damage, nucleotide depletion, viral infection, heat shock, and oncogenic stimuli. The crucial
negative regulator of p53 is the E3 ubiquitin ligase, Mdm2 (Hdm2 in humans). Mdm2 binds
to p53 and promotes its nuclear export and degradation through post-translational ubiquitin
modification [35]. In the absence of Mdm2, p53 activity is unchecked, resulting in
unrestrained apoptosis in cells and mice [36, 37]. Conversely, coinciding loss of p53 and
Mdm2 rescues the apoptotic phenotype and mimics the loss of p53 alone [36-38].

In response to oncogenic signals such as those emanating from Ras and Myc, ARF is up-
regulated and accumulates in the nucleolus. ARF interacts with Mdm2, preventing its
nucleocytoplasmic shuttling and drawing it into the nucleolus [39,40,27]. In this manner,
Mdm?2 is sequestered by nucleolar ARF molecules. This liberates p53 in the nucleoplasm
where it is free to activate numerous downstream transcriptional regimens. Both Mdm2 and
ARF are transcriptional targets of p53, with Mdm2 expression increased and ARF repressed
in a negative feedback loop [41]. Moreover, the main consequences of p53 activation, cell
cycle arrest or apoptosis, are mediated by p53 target genes such as p21¢'P1 and PUMA,
respectively. Recent reports have indicated that the tumor suppressive activities of p53 are
mediated by oncogenic activation of ARF and not the DNA damage response [42,43],
suggesting that ARF is the key player in relaying cellular cues to the p53 tumor suppressor.

Interestingly, the residues in ARF (both mouse and human) that are critical for binding to
Mdm2 also regulate ARF’s nucleolar localization and cell cycle arrest [16,34]. The amino-
terminal 37 residues of p19ARF (contained within exon 1p) are sufficient for all of its known
properties including its binding to Mdm2 and localization to the nucleolus [27,34]. Mdm2
also contributes to its nucleolar co-localization with ARF through a cryptic nucleolar
localization signal which is revealed upon binding to ARF [44]. The notion that nucleolar
sequestration of Mdm2 by ARF is necessary for its activation of p53 has been challenged by
reports showing that ARF-mediated regulation of p53 can occur independent of Mdm2
nucleolar re-localization [45,46]. Observations of ARF function in the nucleoplasm,
particularly in regards to its interaction with Mdm2, opens a new set of possibilities as to
how ARF can suppress growth under diverse circumstances. Thus, despite its steady-state
localization to the nucleolus, ARF may exhibit growth-inhibitory processes that are
independent of its ability to sequester Mdm2 in the nucleolus. However, nucleolar
sequestration of Mdm2 by PML occurs in response to DNA damage [47], suggesting that
Mdm?2 re-localization to nucleoli, while not absolutely necessary, may be a common feature
in different pathways of p53 activation.

MDM2 INHIBITORS

Through its inhibition of Mdm2 in response to oncogenic stimulation, ARF plays a key role
in p53 pathway activation. In cells where ARF expression or function is lost through
mutation or deletion, the aberrant activation of oncogenes does not induce a typical p53
response, but rather results in cellular transformation [3,48]. Mdm2 gene amplification,
which occurs in tumors expressing wild-type p53 [49], is capable of overriding the
suppressive effects of ARF [50]. Thus, Mdm2 represents a promising target for p53-positive
tumors. Direct targeting of Mdm2 with pharmacological inhibitors has the potential to
increase p53 protein levels and activity. Furthermore, the use of Mdm2 inhibitors would
bypass the normal requirement for ARF in p53’s response to oncogenic stimuli, making it an
effective therapy in tumors lacking functional ARF.

Several attempts have been made to identify molecules that target the p53-inhibitory
activities of Mdm2 with a few promising candidates emerging. The nutlins are a class of
Mdm?2 inhibitors, identified in a synthetic chemical library screen, which occupy the
hydrophobic p53-binding pocket of Mdm2. Nutlins inhibit the interaction between p53 and
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Mdm?2 in a dose-dependent manner in vitro. In cancer cell lines that retain wild-type p53,
nutlins inhibit cell cycle progression and induce p53 expression and subsequent apoptosis.
Nutlin-3 inhibited growth of tumor xenografts in nude mice without any reported side
effects over a three week treatment regimen [51,52]. Further, in non-transformed fibroblasts
and primary human mammary epithelial cells, nutlins produce a growth-inhibitory response
without eliciting apoptotic toxicity [52,53]. The HLI198 class of Hdm2 inhibitors was
identified from a screen for small molecules which inhibited auto-ubiquitination of Hdm2.
Dose-dependent inhibition of p53 ubiquitination and an increase in p53 protein levels and
transcription were observed with HL198. Additionally, HL198 molecules induced apoptosis
and inhibited colony formation. Unlike nutlins, HL198 molecules do not inhibit the
interaction of Hdm2 with p53 [54], but rather the E3 ligase activity of Mdm2. However,
HL198 molecules exhibit limited specificity. Thus, further refinement is needed to improve
the feasibility of specifically targeting Hdm2 ubiquitin ligase activity.

Problems surrounding the therapeutic use of Mdm2/Hdmz2 inhibitors include potential
toxicity in normal tissues due to uncontrollable p53 activity. Moreover, successful inhibition
of Mdm2 may well lead to stabilization of p53 but may not elicit a therapeutic response due
to other possible mutations in downstream components of the p53 signaling pathway. It
seems likely that prolonged treatment with Mdm2 inhibitors may elicit unfavorable
responses given a recent report demonstrating severe pathologies in Mdm2-null mice
conditionally expressing p53 [53]. Deletion of Mdm2 is embryonic lethal in mice expressing
wild-type p53, however p53/Mdm2 double-null mice are viable, indicating that unrestrained
p53 activity is fatal during development [36,37]. To overcome this hurdle, Ringhausen et. al.
used a previously described p53 knock-in mouse model, in which p53 expression was
induced by tamoxifen [55], in the context of an Mdm2-null background [53]. Tamoxifen
administration induced apoptosis and atrophy in radiosensitive tissues and tamoxifen-treated
mice died within a week [53]. Therefore, despite great interest in the development of Mdm2
inhibitors, unrestrained p53 activity is a potentially dangerous consequence.

P53-INDEPENDENT TARGETS

Mounting evidence suggests that ARF has a second, p53-independent, function [56,57]. The
most convincing data presented to date involved the use of mouse genetics to confirm that
p53 and ARF could contribute independently to suppressing tumorigenesis. Mice lacking
p53 or Arf are highly tumor-prone with mean latencies for survival of 19 and 32 weeks,
respectively [56]. In mice lacking p53, T-cell lymphomas predominate (~70%), with the
remainder being sarcomas. In contrast, Arf-null mice develop far fewer cases of lymphoma
(~25%) and primarily develop poorly differentiated sarcomas (~50%), with the remainder
appearing as rare carcinomas and gliomas [8]. Surprisingly, mice deficient for both p53 and
Arf showed a wider range of tumor types than animals lacking either gene alone, and many
developed multiple primary tumors without affecting the mean latency of survival (~16
weeks) [56]. To date, more than half of the p53/Arf-null animals have developed wide-
ranging multiple-type tumors strongly demonstrating that ARF has additional p53-
independent functions. Cells devoid of both p53 and Arf grow at a faster rate and are more
resistant to apoptotic signals than cells lacking only p53 or Arf [9], demonstrating a
cooperative effect of p53 and Arf loss on cell proliferation. This also implies that ARF may
functionally interact with proteins other than p53 and Mdm2 to prevent cell growth (see
below). While p53-null mouse embryo fibroblasts are fairly resistant to ARF
overexpression, cells deficient for both p53 and Mdm2 are sensitive to ARF-induced growth
arrest. This indicates that ARF can act as a bona fide tumor suppressor independent of p53
and that Mdm2 can antagonize this effect.
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Additionally, in mouse eye development, proper hyaloid vascular regression is dependent
upon ARF, but not p53. Arf-null mice exhibited accumulation of a retrolental mass, lens
degeneration, and lens capsule disruption, symptoms characteristic of the human eye
disorder persistent hyperplastic primary vitreous [57]. Induction of p53-independent
apoptosis by ARF in colon cancer cells occurs via degradation of CtBP [58]. ARF has also
been reported to regulate the transcriptional activities of MY C and E2F1 through direct
binding to Myc, E2F1 and DP1, respectively. Regulation of these transcription factors by
ARF appears to be independent of p53 or Mdm2 [59,60]. To date, numerous binding
partners for ARF have been discovered [61-68]. Many of these have been shown to regulate
ARF function in p53-dependent growth inhibition. For others, the potentially diverse
functional consequences of their interactions with ARF are still being characterized. One
recently identified interactor, ARF-BP1/Mule, is a ubiquitin ligase which is inhibited by
ARF. Inactivation of ARF-BP1 inhibits growth through both p53-dependent and p53-
independent mechanisms making ARF-BP1 a promising potential therapeutic target for
future investigation [61].

The addition of a small ubiquitin-like SUMO molecule, in a process known as sumoylation,
is a post-translational modification that can alter stability and function of the target protein.
Recent evidence has shown that ARF promotes the p53-independent sumoylation of
numerous proteins, including Mdm2 [69,70]. Werner’s helicase is sumoylated by ARF,
resulting in its redistribution from the nucleolus to other sites within the nucleoplasm [71].
Binding of p14ARF to a SUMO-conjugating enzyme facilitates sumoylation of several
proteins including Hdm2, E2F-1, and HIF-1a. Interestingly, point mutations in p14ARF
associated with melanoma altered the ability of ARF to promote sumoylation of Hdm2 or
E2F-1 [72], implying that the sumoylation activity of ARF may be a critical component of
both its p53-dependent and independent tumor suppressive properties. As such, novel
compounds aimed at promoting or mimicking sumoylation of ARF targets may provide a
unique mechanism for restoring ARF activity to tumor cells lacking functional ARF.

THE ARF-NPM INTERACTION

Some of the most exciting ARF work in recent years involved the independent discovery of
NPM as a nucleolar ARF binding partner by several groups [73,74,50,75]. Nucleophosmin
(NPM) is implicated in cancer biology, with both oncogenic and tumor suppressive
functions attributed to this relatively abundant protein [76,77]. Nucleophosmin undergoes
CRM1-dependent nucleocytoplasmic shuttling and regulates the nuclear export of ribosomal
protein L5 in order to promote ribosome nuclear export [78,50,79]. In fact, one p53-
independent function of ARF is to inhibit the transport of ribosomal RNAs to the cytosol by
sequestering NPM in the nucleolus [79,50], reiterating the notion that NPM shuttling is a
crucial event in cell cycle progression. Mutations that confer additional nuclear export
signals onto NPM, such that NPM rapidly shuttles to the cytoplasm, are associated with
acute myeoloid leukaemia (AML) [80]. Additionally, chromosomal translocations involving
NPM are common in hematological malignancies, while NPM overexpression is observed in
diverse tumors [77]. The importance of NPM in maintaining growth and proliferation is
underscored by the embryonic lethality observed in Npm21-null mice [76,81].

NPM interacts with ARF in an association that has apparent functional consequences for
both proteins. NPM maintains the stability and nucleolar localization of ARF [81,82,75] and
a cytoplasmic NPM mutant associated with AML redistributes ARF to the cytoplasm and
reduces its stability [83,82], suggesting that while ARF can target the function of NPM,
ARF itself can be influenced by NPM oncoproteins [83,82,84,77]. While ARF is stabilized
by its interaction with NPM, adenoviral expression of ARF decreased NPM protein levels
[73], although other studies have shown that overall levels of NPM remain largely
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unchanged in cells despite large differences in ARF expression [74,50]. The interaction of
ARF with NPM is mediated by the amino terminus of p14ARF or p19ARF proteins
[74,50,73]. Notably, this is the same region required for the formation of ARF-Mdm2
complexes. Indeed, ARF prefers to bind to Mdm2 under conditions of equal molar Mdm2
and NPM, arguing that p53-independent functions of ARF might be sensitive to Mdm2
inhibition [50]. This would provide an additional mechanism by which targeted therapeutics
against Mdm2 might also reinstate p53-independent functions of ARF.

ROLE OF ARF IN RIBOSOME BIOGENESIS

NPM presents itself as a more teleological target of ARF tumor suppression, one that allows
nucleolar ARF to interfere with proper ribosome assembly and export. Recent hypotheses
place the nucleolus as a relaying center for the interpretation of growth and proliferation
signals. In this sense, ribosome biogenesis is a critical step in both the regulation of MRNA
translation and cell cycle progression with alterations in nucleolar function resulting in huge
gains in protein synthesis and eventually, cell growth [28,30]. How ARF might be involved
in these dynamic processes has been debated in recent years. Chromatin
immunoprecipitation experiments identified p14ARF at the promoter of rDNA loci and
further established a functional interaction between ARF and UBF, a potent inducer of
rDNA transcription [85]. Additionally, ARF may act as a checkpoint protein in ribosome
biogenesis via inhibition of ribosomal RNA processing [86], resulting in fewer mature
cytosolic ribosomes. This potential role seems likely given the localization of ARF in the
nucleolus and its ability to inactivate NPM, a key player in ribosome biogenesis. This is
further supported by the observation that either ARF overexpression or mutation of the NPM
nuclear export signal increased nuclear retention of 5S rRNA [79]. One might conclude that
ARF could perform all three functions to ensure that ribosome biogenesis was completely
inhibited (transcription, processing and export) (Fig. (3)) during conditions where ARF is
hindering the oncogenic signals presented by Ras and Myc. Loss of Arf or overexpression of
NPM could increase ribosome biogenesis and accelerate tumorigenesis through tremendous
gains in protein synthesis. Thus, the involvement of ARF in the regulation of translation
provides a unique opportunity and potential blueprint as to how small molecule inhibitors
against NPM might be used to target the ribosome synthetic machinery to prevent
tumorigenesis originating from nucleolar dysfunction.

SYNTHETIC ARF PEPTIDES

Recently, peptide delivery has begun to show promise as a legitimate therapeutic strategy,
with several studies showing beneficial anti-cancer activity of peptides in vivo. Injection of a
peptide from the von Hippel-Lindau (VHL) tumor suppressor inhibited the growth and
invasiveness of renal tumor implants in nude mice [87]. A peptide containing the D-isomer
of a p53 C-terminal fragment was able to activate endogenous p53, inhibit tumor growth,
and prolong survival of tumor-bearing mice [88]. Shepherdin, a peptide from survivin that
inhibits Hsp90, inhibited tumor growth when injected into mice bearing prostate cancer
xenografts [89].

Several studies have indicated that all of the known biological functions of ARF are
mediated by the N-terminal amino acids 2-14. Deletion of these residues from mouse and
human ARF blocks its recruitment of Mdm2 to the nucleolus, impairs its binding to NPM,
and prevents its ability inhibit cell growth and proliferation in both p53 wild-type and p53/
Mdm2-null cells [56,34,16,74,50]. ARFA2-14 (lacking residues 2-14) is unable to bind to
5.8S rRNA and subsequently unable to inhibit rRNA processing and proliferation of p53/
Mdm2/Arf-null MEFs [86]. Residues 2-14 of ARF are sufficient for binding Mdm2 and
NPM [34,50] and are required for the sumoylation of ARF target proteins [70], suggesting
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that this short stretch of conserved amino acids (from mice and man) has considerable
potential for use in reconstituting ARF function in vivo.

Therapeutic delivery of a small ARF peptide, such as ARF (amino acids 2-14) may mimic
the growth-inhibitory effects of full-length ARF expression. In cancers where Mdm?2 is
overexpressed or where ARF expression is lost through mutation, deletion, or
hypermethylation of the Arf locus, introduction of a synthetic ARF peptide might restore its
regulatory effects on Mdmz2. Inhibition of Mdm2 by synthetic ARF peptides may restore
p53 activity in these tumors or, in tumors lacking p53, inhibit ribosome biogenesis (through
NPM inactivation) and subsequent cell growth. In fact, expression of the peptide p14ARF
(amino acids 1-20) induced p53 expression and prevented its ubiquitination [90],
demonstrating the huge potential of this strategy.

It remains to be determined whether intra-tumoral delivery of ARF peptides is feasible. The
unusual amino acid sequence and relative lack of structural information about ARF makes it
a challenging candidate as a peptide-based therapeutic. Attachment of a Protein
Transduction Domain (PTD) may facilitate delivery of an ARF peptide into the cell, but may
also alter its localization. A basic PTD, like that of the HIV TAT protein, is less likely to
interfere with the nucleolar localization of an ARF peptide. Additionally, isomers of ARF
peptides may enhance its stability and potency without affecting its native nucleolar
localization. However, specific targeting of ARF is also a concern, as unregulated p53
activity would be toxic to both tumor and normal cells. Proof-of-principle remains to be
established regarding the possible efficacy of ARF peptides as therapeutic anti-cancer
agents, but ongoing mutagenesis studies of ARF residues 2-14 could reduce the number of
critical amino acids required for ARF function. This would essentially provide chemists with
the opportunity to mimic short ARF peptides with the goal of generating chemical
compounds that would be capable of inhibiting Mdm2 and NPM function in a manner
analogous to ARF.

CONCLUDING THOUGHTS

As a nucleolar tumor suppressor, ARF is positioned to sense and regulate growth in the cell
(Fig. (4)). In response to hyper-growth or hyper-proliferative signals, ARF protein levels
increase in the nucleolus leading to cell cycle arrest. Current interest in ARF biology for
pharmaceutical companies certainly lies within the selective inhibition of Mdm2 molecules,
as numerous compounds are under pre-clinical and clinical investigation for their efficacy in
this regards. While these compounds, from a structural standpoint, may not be true ARF
mimics, they could be viewed as functional ARF substitutes with their activities serving to
potentiate a p53 response in tumor cells. The major drawback to this approach is in its
inherent reliance on an intact p53 gene. However, genetic evidence suggests that p53-
indpendent targets of Hdm2 may also contribute to the oncogenic capabilities of Hdm2
[91,92]. If this holds true, then Hdm2 inhibitors may have profound effects in tumors
regardless of their p53 status.

Given its nucleolar localization, it is not surprising that ARF can inhibit numerous steps in
ribosome biogenesis. In fact, one could argue that this might be ARF’s teleological role in
the cell: maintaining ribosome homeostasis, although definitive experiments in this regard
are currently lacking. While it is easy to envisage the effect that inhibiting ribosome
production would have on the growth of tumor cells, the side effects of inhibiting these
processes in normal cells might be too great to utilize this approach clinically. However,
new trials with known inhibitors of ribosome production could reverse this pessimistic view.
Rapamycin and its chemical analogues are currently in various phases of clinical trials based
largely on their ability to inhibit protein synthesis signaling pathways mediated by mTOR
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[93]. Inhibition of MTOR selectively inhibits both CAP-dependent and TOP-dependent
translation as well as RNA polymerase | rDNA transcription, effectively stopping ribosome
production and protein translation [94,95]. In fact, in some inherited cancer pre-disposition
syndromes normal cells are unaffected by rapamycin while tumor cell growth and
proliferation is halted [96], suggesting that tumor cells might be far more sensitive to
translation inhibition. Viewed another way, tumor cells might simply require greater protein
production in order to maintain their proliferative capacity, making them super-sensitive to
slight reductions in ribosome output. Under these conditions, ARF mimics (either peptides
or small molecules) or ribosome production inhibitors (transcription, processing or export)
might be potent inhibitors of tumorigenesis, again regardless of p53 status, without
inadvertently affecting normal tissues. Thus, restoring ARF function in tumor cells to
activate both p53-dependent and -independent pathways, some of which are only beginning
to be elucidated, would provide a formidable block to tumor growth.
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Fig 1. INK4a/Arf locus and effector pathways

A. INK4a inhibits the activity of cyclin D-cdk4 holoenzymes to keep Rb hypo-
phosphorylated and active. ARF blocks the activity of Mdm2 thereby activating p53 as well
as inhibiting NPM shuttling activity to prevent ribosome biogenesis. In addition, ARF
attenuates the activity of several other proteins although the biological outcomes of these
interactions are still under intense study. B. The INK4a/Arf locus. Using an uniquely
conserved arrangement of exons, INK4a (Exon 1a, light green) and ARF (Exon 1B, dark
green) splice into common 29 and 3" exons but in alternate reading frames to produce to
distinctive amino acid sequences and structurally unrelated proteins.
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Fig 2. ARF Nucleolar Localization

A. Wild type mouse embryonic fibroblasts show ARF (green) localized to the subnuclear
organelle, the nucleolus. Nuclear DNA (blue) and cytoplasmic actin (red) are also shown. B.
Alignment of Exon1p and Exon 2 is shown for mouse and human ARF with Mdm2 and
NPM binding sites (green) and nucleolar localization signals (blue) shown.
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Fig 3. ARF and Ribosome Biogenesis
The processes of ribosome biogenesis from transcription of rDNA loci to translating
polysomes with the known steps sensitive to ARF inhibition are shown.
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Fig 4. ARF as a therapeutic agent
ARF mimics could be used to combat tumorigenesis through inhibition of cellular growth by
arresting ribosome biogenesis or blocking cellular proliferation through activation of p53.

Curr Med Chem. Author manuscript; available in PMC 2010 April 26.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Saporita et al. Page 21
Table 1
Disease ARF alteration Occurrence ARF specificity References
acute lymphoblastic leukemia deletion 40% ; 45% No [97,98]
adult acute myelogenous leukemia deletion 5% No [99]
adult T-cell leukemia/lymphoma methylation 6% ND [100]
anal squamous cell carcinoma methylation 25% ND [101]
anaplastinc meningioma 1. loss of MRNA expression 71% 20% [102]
2. mutation OR deletion 67% No [103]
3. methylation 50% ND [104]
anaplastic oligodendroglioma methylation OR deletion 40% 25% [105]
angiosarcoma methylation 26% 40% [106]
atypical meningioma 1. loss of MRNA expression 17% No [102]
2. deletion OR methylation 6% No [103]
3. methylation 20% ND [104]
astrocytomas (low grade) methylation 10% ; 20% ND ; 100% [107,17]
astrocytomas (high grade) deletion 21% No [108]
Barrett’s adenocarcinoma methylation 20% Yes [109]
benign meningioma 1. loss of MRNA expression 44% 67% [102]
2. methylation 9% N/D [104]
bladder cancer 1. methylation 56% ; 31% 67% ; N/D [110,111]
2. deletion 43% ; 14% Yes; No [112,113]
bladder cancer (Schistosoma-associated) methylation 19% 60% [114]
brain metastases methylation 33% ND [115]
breast cancer/melanoma/pancreatic cancer mutation familial No [116]
breast carcinoma 1. methylation 24% ; 19% 54% ; 58% [117,118]
2. deletion OR methylation 20% ND [119]
cholangiosarcoma methylation 25% ; 38% 62% ; ND [120,121]
chronic myeloid leukemia 1. methylation 40% 17% [24]
2. mutation 23% 71%
3. methylation AND mutation 17% 60%
4. methylation OR missense 47% 14%
mutation
clear cell sarcoma deletion or mutation 14% No [122]
colon cancer methylation 33% ;22% ; ND ; ND ; ND [118,123,124]
33%
colorectal adenoma methylation 32% ; 40% ND ; ND [125,126]
colorectal carcinoma methylation 28% ; 38% ; 52% ; 50% ; 70% [126-128]
51%
cutaneous melanoma deletion 67% ; 46% 9% ; No [129,130]
cutaneous squamous cell carcinoma 1. mutation 8% No [131]
2. methylation 40% 75%
3. mutation OR methylation 43% ND
EBV-associated gastric carcinoma methylation 100% No [132]
ependymoma methylation 21% ; 28% 96% ; Yes [20,19]
epithelial ovarian cancer mutation, methylation, OR 22% 40% [133]
loss of
mRNA expression
esophageal squamous cell carcinoma 1. deletion 33% ; 14% Yes ; ND [134,135]
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Disease ARF alteration Occurrence ARF specificity References
2. methylation 15% ; 52% No ; 73%
3. mutation ND ; 19% ND ; No
Ewing sarcoma 1. deletion 13% No [136,137]
2. methylation, deletion, OR 13% No
mutation
gall bladder/bile duct carcinomas methylation 46% 50% [138]
gastric cancer methylation 24% ; 10% Yes ; ND [139,140]
gastrointestinal stromal tumors deletion OR methylation 32% No [141]
glioblastoma 1. deletion 55% No [142,25,143]
2. deletion OR methylation 58% ; 67% 45% ; ND
glioma deletion 41% No [144]
head and neck squamous cell 1. methylation 19%; 16% 85% ; ND [145,146]
carcinoma 2. mutation 35% 6% [147]
3. methylation, mutation, OR 43% 16% [146]
deletion
hepatocellular carcinoma 1. deletion 25% No [148]
2. methylation 42% ND [22]
3. deletion OR mutation 7% No [149]
4. deletion, methylation, OR 20% No [150]
mutation
hereditary nonpolyposis colorectal cancer methylation 33% ND [151]
histiocytic sarcoma methylation 70% 86% [152]
intracranial germ cell tumor deletion OR mutation 71% No [153]
kidney tumors hypermethylation 17% ; 18% 71% ; ND [21,154]
malignant mesothelioma deletion 21% No [155]
malignant peripheral nerve sheath tumors deletion 50% ; 46% No ; No [156,157]
mantle cell lymphoma deletion 19% No [158]
medulloblastoma 1. methylation 14% ND [159,160]
2. methylation OR deltion 10% 33%
melanoma 1. deletion familial Yes ; Yes [13,10]
2. mutation familial Yes; Yes;No; No | [11,13,161,162]
melanoma/breast cancer germline mutation familial ND [12]
metastatic cutaneous squamous cell mutation 38% 33% [163]
carcinoma
myxoid/round cell liposarcoma 1. methylation 11% ND [164]
2. homozygous deletion 6% ND
3. mutation 21% ND
nasal adenocarcinoma 1. deletion 45% No [165]
2. methylation 67% No
neurofibromas and neurofibrosarcomas methylation 5% ND [166]
non-Hodgkins lymphoma deletion OR mutation 11% No [167]
non-small cell lung cancer 1. methylation 8% ; 8% ; 30% ND ; ND ; ND [168-170]
2. deletion 18% ND [171]
oligoastrocytoma methylation 39% ND [107]
oligodendroglial tumors methylation 44% ; 41% 78% ; variable [19,18]
oligodendroglioma methylation 37% ;21% ; ND ; Yes ; ND [172,173,107]
69%
oral carcinoma deletion 22% No [174]
oral squamous cell carcinoma 1. methylation 20% 30% [175]
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carcinoma

Disease ARF alteration Occurrence ARF specificity References

2. deletion 24% ; 30% Yes ; ND [176,177]
3. mutation 9% No [178]
4. deletion OR methylation 53% 12% [23]
osteosarcoma 1. methylation 47% 93% [179]
2. methylation, deletion, OR 9% No [136]

mutation

primary central nervous system lymphoma 1. deletion OR methylation 56% ; 48% 20% ; 13% [180,181]
2. deletion OR mutation 90% No [182]
prostate carcinoma deletion OR methylation 13% No [183]
pulmonary squamous cell carcinoma methylation 27% 69% [184]
renal cell carcinoma deletion or methylation 5% No [185]
salivary gland carcinoma 1. deletion 8% 67% [186]

2. methylation 19% 57%

small bowel adenocarcinoma hypermethylation 9% ND [187]
sporadic colorectal cancer methylation 50% ND [151]

squamous cell carcinoma mutation 14% ; 55% No ; No [188,189]
supratentorial primitive methylation 50% ND [159]

neuroectodermal tumor

T-cell acute lymphoblastic leukemia mutation OR deletion 100% 3% [190]
transitional cell carcinoma deletion 25% No [191]
ulcerative colitis-associated colorectal cancer methylation 50% ND [192]
urothelial cell carcinoma homozygous deletion 22% No [193]
Wilms’ tumors methylation 15% 83% [194]
xeroderma pigmentosum-associated skin mutation 29% No [195]

AREF specificity signifies incidences where INK4a status is unaffected by the ARF alteration. ND=Not determined.
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