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The INK4a/ARF locus encodes p14ARF which plays an impor-
tant role in the p53 pathway. Interestingly, methylation of the
INK4a/ARF locus is a common event in carcinogenesis. In this
study we analyzed the effect of epigenetic alteration on the p14ARF
promoter and its direct link to the expression of the p14ARF mRNA
and protein. The osteosarcoma cell line U20S was used as a model
to study the regulation of the ARF promoter by DNA methylation.
Treatment of U20S cells with the demethylating agent 5-aza-
2'-deoxycytidine (5-aza-CdR) showed a marked induction of the
p14ARF mRNA and protein. A novel quantitative method described
here, using restriction enzyme digestion followed by real time PCR,
allowed the analysis of the level of methylation over a defined
region of DNA on the p14ARF promoter. The change in the meth-
ylation level of the promoter closely corresponded to the increase
in the transcription of p14ARF mRNA and protein. Upon removal
of 5-aza-CdR the methylation pattern on the p14ARF promoter was
re-laid with a concomitant decrease in the levels of p14ARF mRNA
and protein. The increase in the levels of p14ARF was concomitant
with an induction of G;-G, cell cycle arrest and an induction
of p21 protein. No increase in the levels of p53 was observed.
However, induction of p14ARF upon treatment with 5-aza-CdR
led to the sequestering of MDM2 to the nucleolus. Additionally,
we could show a dependency between the demethylation of the
p14ARF promoter, the induction of p14ARF mRNA and protein and
the effect of 5-aza-CdR on cell cycle.

Introduction

The ARF tumor suppressor (p14ARF in human and p19ARF in
mouse) is encoded by the INK4a/ARF locus which also encodes the
cyclin inhibitor p16'NK4a and is situated on chromosome 9p21 in
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the human genome. p14ARF is synthesized by using an alternative
first exon producing an alternate reading frame to p16'NK4a1 This
open reading frame has its own promoter and first exon (exon 1},
as opposed to exon 1] of p16'NK43) The proteins encoded are in
alternate reading frames and hence have no amino acid sequence
homology.

It has been demonstrated that p14ARF binds to MDM2 and
inhibits the ubiquitination of p53, thereby stabilizing p53.24 One
mechanism of inhibiting MDMZ2, as shown by immunofluorescence
data, includes the sequestering of the protein to the nucleolus by
p14ARFS Although under certain stress conditions, like UV irradia-
tion, release of p14ARF from nucleolus to the nucleoplasm has also
been proposed to activate p53.% Others have argued that the inhibi-
tion of the E-3 ligase activity of MDMZ2 is sufficient to stabilize p53
and does not necessarily require the translocation to the nucleolus by
p14ARF 7.8 1n addition to its role in stabilizing p53, p14ARF was shown
to have p53 independent functions as overexpression of p14ARF in
p53-/ cells induced a growth arrest. In vivo it was shown that p14ARF
inhibits the growth of p53 nullizygous human tumours in nude mice
and induces the regression of p53/ established tumours.®

The p14ARF gene acts as a tumor suppressor inducing growth
arrest and acts as a negative regulator of cell proliferation. Mice
lacking p19ARF but expressing functional p16'NK4a develop tumors
early in life and p19ARF expression in MEFs induces G, and G, phase
arrest.10 This proves a unique role of p14ARF as a tumour suppressor
independently of its locus counterpart, p16'NK4, In addition, the
p14ARF gene is frequently deleted in human cancers; thus, the ARF
locus is considered a potential human tumor suppressor.

p14ARF is regulated mainly at the transcriptional level and DNA
methylation of its promoter has come to the forefront of many
studies. It was first shown by Robertson and Jones in 1998 that the
p14ARF gene promoter was CpG island rich and could be silenced by
DNA methylation and downregulated by wild-type p53.11 Silencing
of cancer-associated genes by hypermethylation of CpG islands
within the promoter is a common feature of human cancer and is
often associated with partial or complete transcriptional block.12
This epigenetic alteration provides an alternative pathway to gene
silencing in addition to gene mutation or deletion. The study of the
methylation status of the p14ARF gene promoter has been show to
be a useful biomarker for the pathological stage, clinical outcome,
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Figure 1. Methylation status of the p14ARF promoter in U20S and H1299 ce

lls. (A) Diagrammatic representation of McrBc cleavage and interpretation of

digestion results after PCR amplification. A drop in the intensity of the digested PCR product or the absence of the amplicon in comparison with the control
undigested sample denotes a region which is methylated (B) Top panel: Map of the p14ARF promoter indicating the regions amplified by the ARF 1-4 primer
sets. Bottom panel: U20S and H1299 genomic DNA were cleaved with McrBc and PCR amplified using primer sets ARF 1-4. (ct- undigested DNA, McrBc-
genomic DNA cleaved by McrBc). The cleavage pattern indicates a methylated p14ARF promoter in the U20S cells, while the promoter is unmethylated in

the H1299 cells. Table: Relative methylation status of the amplicons ARF 1-4. +

denotes level of methylation while - indicates lack of methylation. (C) Relative

quantitation using real time PCR of ARF 2 amplicon after McrBc digested against its undigested control for H1299 and U20S cells.

and prognosis of patients with bladder,® colon,* oral squamous cell
carcinoma,® non-small cell lung cancer'® and many more.

Previously, the importance of genetic and epigenetic alteration
of the INK4a/ARF locus was demonstrated for the growth of osteo-
sarcoma cell lines.1” Here we have examined the direct effect of
promoter methylation of the p14ARF promoter on its mMRNA and
protein expression and its effect on the regulation of the cell cycle.
In addition a novel approach of methylation sensitive restriction
digestion followed by quantitative real-time PCR was developed to
accurately measure the levels of methylation present at a particular
locus and hence report the levels of demethylation and remethylation
of the ARF locus upon treatment and removal of 5-aza-CdR.

Results

The p14ARF promoter in U20S cells is silenced by DNA meth-
ylation. To further understand how the methylation pattern of the
promoter of p14ARF affects its protein expression and its effect on
the cell cycle control, we used the well characterized osteosarcoma
cell line U20S which has no detectable level of p14ARF protein.1’
The lung carcinoma cell line H1299 which has elevated levels of the
p14ARF protein was used as a control.

Screening for methylation was carried out using the restriction
enzyme McrBc which cuts close to the sequence purine-Methyl
Cytosine (PumeC) in the context of a second, arbitrarily placed
PumeC.1819 As a result, McrBc recognizes pairs of PumeCpGs
and by simple probability would cleave 50% of all meCpG. PCR
amplification of the digested DNA in comparison with an un-
cleaved control then denotes the methylation status of a region of
interest. Methylated segments are cleaved and not amplified while
unmethylated regions remain uncut and are amplified (Fig. 1A)
upon PCR.
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To establish a map of the distribution of methylation in the
p14ARF promoter region, we used McrBc to digest the genomic
DNA from the two cell lines U20S and H1299. We amplified by
PCR four amplicons, termed ARF 1-4 (Fig. 1B). All four amplicons
were cleaved in U20S whereas in H1299 they remained undigested.
Therefore, all regions analyzed in the p14ARF promoter of the U20S
cell line are methylated while those of H1299 are unmethylated.
This shows an extensive methylation of the majority of the p14ARF
promoter in U20S.

To have a more quantitative estimate of the levels of methyla-
tion, real time PCR analysis of the ARF2 amplicon (Fig. 1B) was
carried out using cybergreen assay. The control undigested sample
was assigned the arbitrary value of 1 unit and the ratio of the McrBc
cleaved fragment to that of the control then predicted the methyla-
tion levels of the particular region of interest. H1299 genomic DNA
cleaved with McrBc had a value of 0.8 compared with its control
undigested sample indicating a possible 80% unmethylated status of
the p14ARF promoter (Fig. 1C). In the case of U20S this value was
as low as 0.009, hence, showing almost complete methylation of the
p14ARF promoter (Fig. 1C).

Demethylation of the p14ARF promoter correlates with an
increase in its transcription. To confirm that the lack of expression
of p14ARF protein and mMRNA in U20S cells are due to a direct
result of its promoter being methylated, the cells were treated in a
concentration dependent manner with the methylation inhibitor
5-aza-2'-deoxycytidine (5-aza-CdR) for 24, 48 and 72 h after which
the drug was removed and the cells allowed to recover in fresh media.
p14ARF mMRNA expression was determined by real-time PCR using
a tagman probe. A 50 fold increase in expression of p14ARF mRNA
was observed as early as 24 h with 0.5 HM 5-aza-CdR, with a further
increase of 44 x 102 fold by 72 h (Fig. 2A). Additionally at each time
point, an increase in the concentration of the 5-aza-CdR leads to a
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