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The INK4a/ARF locus encodes two proteins involved in tumor suppression in a manner virtually unique in
mammalian cells. Distinct first exons, driven from separate promoters, splice onto a common exon 2 and
3 but utilize different reading frames to produce two completely distinct proteins, both of which play roles
in cell cycle control. INK4a, a critical element of the retinoblastoma gene pathway, binds to and inhibits
the activities of CDK4 and CDK6, while ARF, a critical element of the p53 pathway, increases the level of
functional p53 via interaction with MDMZ2. Here we clone and characterize the promoter of the human
ARF gene and show that it is a CpG island characteristic of a housekeeping gene which contains numerous
Sp1 sites. Both ARF and INK4a are coordinately expressed in cells except when their promoter regions
become de novo methylated. In one of these situations, ARF transcription could be reactivated by treat-
ment with the DNA methylation inhibitor 5-aza-2’-deoxycytidine, and the reactivation kinetics of ARF and
INK4a were found to differ slightly in a cell line in which both genes were silenced by methylation. The
ARF promoter was also found to be highly responsive to E2F1 expression, in keeping with previous results
at the RNA level. Lastly, transcription from the ARF promoter was down-regulated by wild-type p53
expression, and the magnitude of the effect correlated with the status of the endogenous p53 gene. This
finding points to the existence of an autoregulatory feedback loop between p53, MDM2, and ARF, aimed

at keeping p53 levels in check.

The INK4a/ARF (alternative reading frame) cell cycle reg-
ulatory locus has proven to be a unique and interesting experi-
mental system. The INK4a (p16 INK4a, MTS1, CDKN2, p16a)
gene was implicated as a tumor suppressor gene by its frequent
mutation, deletion, or promoter hypermethylation in a variety
of human tumors (14, 39; reviewed in reference 64). The role
of the INK4a locus became more complicated with the finding
of a second gene, ARF, which shares a portion of the INK4a
coding region and has a unique first exon (termed exon 1)
originating approximately 20 kb centromeric to INK4a exon 1
(now termed exon la) (reviewed in references 31, 36, and 68).
This exon, under the control of its own promoter, splices
onto exon 2 of INK4a in an alternative reading frame, al-
lowing for the production of two totally unrelated proteins,
both of which are cell cycle regulators and tumor suppres-
sors in mouse models (27, 33, 52, 61). The critical impor-
tance of this locus may lie in the involvement of its two gene
products in two of the most important cell cycle regulatory
pathways: ARF in the p53 pathway and INK4a in the retino-
blastoma gene product (pRb) pathway (reviewed in refer-
ences 16 and 27).

Of the four known members of the INK4 family (p15 INK4b,
pl6 INK4a, p18 INK4c, and p19 INK4d), only INK4a has a
firmly established role in human tumorigenesis (23, 26). In
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addition to INK4a mutations being associated with familial
melanoma, mutation or deletion of INK4a occurs with a fre-
quency ranging from approximately 30% in esophageal tumors
to nearly 100% in pancreatic and non-small-cell lung carcino-
mas (4; reviewed in references 17, 57, and 59). The INK4
proteins can block cyclin D-dependent kinase (cdk) activities
by preventing their association with the D-type cyclins, causing
cells to arrest in G, (60; reviewed in reference 64). Arrest is
mediated primarily through hypophosphorylation of pRb, a
substrate of the cyclin D-cdk complex. pRb binds to and in-
hibits a subset of transcriptional regulatory proteins termed
the E2Fs, which then act as repressors of E2F target genes.
Phosphorylation of pRb in these complexes allows the E2F
proteins to transactivate their target genes, and their prod-
ucts then promote cell cycle progression (reviewed in refer-
ence 64).

Another mechanism of INK4a inactivation that has been
observed in cases in which no deletion or mutation could
be found is promoter region hypermethylation. The promot-
er of INK4a resides within a CpG island, and abnormal,
tumor-associated hypermethylation has been observed in many
tumor types and found to result in silencing of the gene
(14, 39). CpG islands are regions rich in the CpG dinucleo-
tide which are often associated with genes and are normal-
ly kept unmethylated in cells by an unknown mechanism but
which may involve binding of the Spl transcription factor
(35).

The newer member of the INK4a locus, ARF (murine p19
ARF and human p14 ARF [63, 65] and p16 [33]), is predicted
to encode a basic polypeptide with no homology to known
proteins and which shows approximately 50% identity between
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mouse and human proteins (compared to 65% for INK4a).
ARF is ubiquitously expressed and is elevated in cells lack-
ing functional p53. ARF does not bind to cdks or inhibit
the activities of cyclin-cdk complexes; however, overexpres-
sion of ARF results in cell cycle arrest in both G, and G,
(52). Mutations within exon 18 have not been reported;
however, mutations within the shared exon 2 region, which
inactivate INK4a, also have the potential to affect ARF,
but no definitive mutations have yet been found in ARF that
do not also disrupt INK4a (11, 51, 71). Large deletions of
this region of chromosome 9p that remove INK4a would
also likely knock out ARF. The role of mutations in exon 2
of ARF is questionable in any case, since the cell cycle in-
hibitory functions of ARF are encoded entirely by sequences
within the unique exon 1B (51). The role of ARF in tumor-
igenesis was firmly established, at least in mice, by recent
work involving a targeted disruption of exon 138. ARF-null
mice developed lymphomas and sarcomas at an early age, a
phenotype indistinguishable from that of a previous INK4a
exon 2 knockout which effectively disrupted both INK4a and
AREF (61). Furthermore, cell cycle arrest mediated by ARF
was abolished in cells lacking functional p53, indicating that
ARF may act upstream of p53 (reviewed in references 16,
27, and 48).

Recent work has shown that the role of ARF in the p53
pathway is to bind to MDM2 (48, 78). MDM2, a proto-
oncogene itself, binds to p53 and targets it for degradation
in the ubiquitin pathway, resulting in abrogation of its an-
tiproliferative and apoptosis-promoting effects (19, 30, 32,
42). MDM2 lIso masks the p53 transcriptional activation
domain (42, 43). In one study, ARF was shown to bind to
and induce the degradation of the MDM2 proto-oncogene,
resulting in a stabilization of p53 (78). In a second study,
ARF was shown to suppress oncogenic transformation in a
pS53-dependent manner, block MDM?2’s ability to mask the
transcriptional activating function of p53, and be necessary
for the efficient execution of the p53-dependent apoptotic
response (48). Regulation of cell division and apoptosis by
p53 is thought to be due to the ability of p53 to modulate
transcription of genes involved in controlling both pro-
cesses. p53, by virtue of its interaction with many cellular
proteins, has been shown to act as a sequence-specific DNA
binding protein and transcriptional activator (8, 46) and also
repress transcription from promoters which do not contain
p53 binding sites (6, 13, 34, 38, 58, 69) through sequestration
of the TATA binding protein (TBP) and inhibition of tran-
scriptional initiation (62).

The focus of this work was to gain a better understanding
of the factors involved in regulating the INK4a/ARF locus.
Specifically, we cloned and sequenced the promoter region
of the human ARF gene and found that it possesses many of
the features of a housekeeping gene. Gene expression stud-
ies indicated that ARF is ubiquitously expressed in cell lines,
with only two notable exceptions. In these two cases, pro-
moter region hypermethylation was demonstrated by South-
ern blotting and ARF expression could be reactivated after
treatment with the methylation inhibitor 5-aza-2'-deoxycy-
tidine (5-aza-CdR). Promoter deletion analysis revealed the
location of potentially important regulatory regions, includ-
ing numerous Spl sites. Potential E2F binding sites were
also detected, and the ARF promoter was found to be highly
responsive to E2F1 as has been observed previously at the
RNA level (9). Transfection studies with ARF and INK4a
reporter constructs indicated that the transcription factors
necessary for promoter activity were ubiquitously expressed
and that the activities of the endogenous genes were related
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TABLE 1. Analysis of INK4a and ARF expression
in cell lines by RT-PCR*

5-Aza-CdR Expression of:

treatment ARF

Tissue
source

Cell line
INK4a

Colon HCT116
SW48

HCT15

I S
L+ 1+ 1+ +

LoVo
SW837
HT-29 —
Cervix C-33A -
Bladder 5637 —
T24 -

J82 -

Lymphoid Raji -

L+l ++ 0+ +

CA46 -
HL-60 -
Hep 3B -
CFPac-1 -

Liver
Pancreas

B i T i i e S e B S [
I+ 1

+

“ Expression of the transcript indicated was scored as present (+) or absent
(—) after Southern hybridization with oligonucleotide probes specific for the first
exon of each gene. 5-Aza-CdR treatments were at 1.0 uM for 72 h.

to their methylation status. Lastly, studies comparing the
effects of wild-type p53 overexpression on ARF and INK4a
promoter constructs indicated that transcription from the
ARF promoter could be potently repressed, in keeping with
previous observations at the protein level that ARF levels
are elevated in cells lacking functional p53. Thus, we pro-
pose the existence of an autoregulatory feedback loop in-
volving p53, MDM2, and ARF which functions to keep p53
levels tightly controlled in normal cells.

MATERIALS AND METHODS

Cell lines, tissue culture, and drug treatments. The colon cancer-derived
cell lines HCT116, HCT15, SW48, LoVo, SW837, and HT-29 were main-
tained in McCoy’s 5-a medium. The bladder cancer lines 5637 and J82 and the
cervical cancer line C-33A were maintained in minimal essential medium
supplemented with sodium pyruvate and nonessential amino acids (Life
Technologies). The lymphoid lines Raji, CA46, and HL-60 were maintained
in RPMI 1640. The hepatocellular carcinoma line Hep 3B and the bladder
cell line T24 were maintained in Dulbecco modified Eagle medium, and the
pancreatic line CFPac-1 was maintained in Iscove modified Dulbecco me-
dium. All media were supplemented with 10% fetal bovine serum (20% for
the HL-60 line). All cell lines were purchased from the American Type
Culture Collection. For 5-aza-CdR (Sigma) treatments, cells were diluted
to 3.0 X 10°/ml and allowed to grow overnight; then freshly prepared 5-aza-
CdR was added to a final concentration of 1.0 M, and the cells were al-
lowed to grow for the times indicated. For DNA damage transfection exper-
iments, camptothecin (CMT; Sigma) was used at a final concentration of
5 uM in dimethyl sulfoxide (DMSO) and cytosine arabinoside (Ara-C; On-
cogene Science) was used at a final concentration of 50 uM in water. DMSO
was also added to Ara-C cultures at the same concentration as that for the
CMT treatments to control for nonspecific solvent effects on cells.

Reverse transcription (RT)-PCR analysis of ARF and INK4a expression.
Total RNA (2.5 ng) was isolated with Trizol (Life Technologies) and reverse
transcribed by using gene-specific 3’ primers, deoxynucleoside triphosphates
(Boehringer Mannheim), and Superscript II reverse transcriptase (Life Tech-
nologies) in a 20-ul volume. The primers used were specific for INK4a and
ARF (common antisense 5'-TTC CCG AGG TTT CTC AGA G-3') and for
PCNA (proliferating cell nuclear antigen) (antisense 5'-GCT AGG ATC
CTA AGA TCC TTC TTC ATC CTC GAT C-3'). cDNA was amplified by
PCR with 5" primers specific for ARF, INK4a, and PCNA with the same
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antisense primer used for creation of cDNA. PCR was performed in a 50-pl
volume as follows: for ARF and INK4a, 94°C for 2 min, followed by 35 cycles
at 94°C for 30 s, 58°C for 1 min, and 72°C for 1 min; for PCNA, 94°C for 2
min, followed by 35 cycles at 94°C for 30 s, 60°C for 1 min, and 72°C for 1 min.
5" primers were 5'-CAT GGT GCG CAG GTT CTT G-3' for ARF, 5'-AAC
GCA CCG AAT AGT TAC G-3' for INK4a, and 5'-GAT CGG ATC CGT
ATG TTC GAG GCG CGC CTG GTC-3' for PCNA. PCR products were
resolved on 1.2% agarose gels, transferred to nylon membranes (NEN), and
probed as described previously (56) with the following end-labeled primers:
for ARF, 5'-TAC TGA GGA GCC AGC GTC TAG-3' (exon 1B); for INK4a,
5-TAC TGA GGA GCC AGC GTC TAG-3' (exon la); and for PCNA,
5-CTA GCG CCA AGG TAT CCG CG-3'. Quantitation was performed on
a Molecular Dynamics PhosphorImager.

Cloning and sequencing of the human ARF promoter. A lambda genomic
library (human placenta) was probed with an exon 1B-specific probe according to
instructions of the manufacturer (Stratagene). The probe was generated by PCR
using the sense primer 5-GAT CGC ATG CTC CCA GTC TGC AGT TAA
GG-3' and antisense primer 5'-GAT CGT CGA CGT CTA AGT CGT TGT
AAC CCG-3', based on the previously published exon 1B sequence (36), and
cloned into the TA cloning vector (Invitrogen). PCR conditions were similar to
those used for ARF/INK4a RT-PCR, with 10% DMSO added and 50 ng of hu-
man placental DNA (Sigma) as the template. A single phage clone was isolated,
the insert was characterized by restriction analysis, and an approximately 8.5-kb
Sacl fragment was subcloned into the Sacl site of pBluescript II (Stratagene) to
create pKR19. The Sacl site at the 3’ end of this fragment corresponded to the
Sacl site at +49 of the previously published sequence. All numbering is relative
to the previously published transcription start site (36). This fragment was fur-
ther subcloned, and the region from +49 to —5650 was sequenced. A detailed
description of subcloning procedures and sequencing primers will be furnished
upon request; note that only a portion of the region sequenced is shown in Fig.
2B. All DNA sequencing was performed at the USC DNA Sequencing Core
Facility.

Plasmid constructs. All ARF CAT promoter constructs were derived from
pKR19. Initially, the Sphl (—5502)-PstI (—18) fragment from pKR19 was cloned
into these same sites of pCAT-Basic (Promega) to create pKR21-3. This con-
struct lacked the native transcription start site, which was added back by digest-
ing pKR21-3 with Sall and cloning the Sall fragment derived from pKR19
(containing the ARF sequences from —735 to +49 and a Sall site derived from
pBluescript II) into this same site and screening for proper orientation to create
p(—5502)19ARF. All subsequent deletion constructs had the same 3 end at the
+49 Sacl site. 5'-end deletions were then made by digesting p(—5502)19ARF
with HindIII (within the pCAT-Basic vector polylinker) and a second enzyme
within the ARF sequence, blunting the ends with T4 DNA polymerase (Boehr-
inger Mannheim), and recircularizing with T4 DNA ligase (Boehringer Mann-
heim). The second restriction enzyme sites and the deletion constructs created
were as follows: BstXI for p(—4690)19ARF, Kpnl for p(—3407)19ARF, Spel for
p(—2465)19ARF, Eco4 7111 for p(—925)19ARF, Smal for p(—776)19ARF, Sacll
for p(—331)19AREF, BgllI for p(—151)19ARF, and BssHII for p(—67)19ARF.
p(—44)19ARF and p(—19)19ARF were created by PCR with p(—151)19ARF as
the template (10 ng), a common 3’ primer located within the vector sequence
(5'-CAA CGG TGG TAT ATC CAG TG-3'), and 5" primer 5'-AGT CGG CAT
GCG CAG GGG GCG GTG CGT GGG-3' for the —44 construct or 5'-AGC
TAG CAT GCT CTG CAG TTA AGG GGG CAG G-3' for the —19 construct.
PCR conditions were the same as those used for ARF/INK4a RT-PCR analysis
except that Pfu DNA polymerase (Stratagene) was used. The PCR product was
digested with Sphl (incorporated into 5" primer) and Sa/l (derived from pCAT-
Basic vector sequences) and cloned into these same sites of pCAT-Basic. All
sequences were confirmed. All INK4a promoter constructs were created by PCR
with Pfu DNA polymerase and the previously described (15) INK4a promoter-
containing lambda phage clone as the template. All constructs were named
relative to the 5’-most transcription start site for INK4a, which corresponds to
—306 relative to the translation start site and which contains all of the previously
mapped transcription start sites (18). A common 3’ primer was used for all
constructs at +100 (5'-GCT AGT CGA CGG AGG AGG TGC TAT TAA
CTC-3'), and 5’ primers were 5'-GAT CGC ATG CCA AAC ACG CCT TTG
CTG GCA-3’ for p(—118)16INK4a, 5'-GAT CGC ATG CGG GGC TCT CAC
AAC TAG GAA-3' for p(—293)16INK4a, 5'-GAT CGC ATG CCC AGA CAG
CCG TTT TAC ACG-3' for p(—474)16INK4a, 5'-GAT CGC ATG CAG CAC
TTT TTC TGG TCT AGG A-3' for p(—654)16INK4a, and 5'-GAT CAA GCT
TGA ACT TTT ACC TCC TTG CGC-3’ for p(—1729)16INK4a. The sequence
of each construct was confirmed. Each PCR product was digested with Sphl
[incorporated into the 5’ primer; HindIII was used for p(—1729)16INK4a] and
Sall (incorporated into the 3’ primer) and cloned into these same sites of
pCAT-Basic. The control consensus p53 binding site chloramphenicol acetyl-
transferase (CAT) plasmid [2X(p53)BSCAT] was created by annealing comple-
mentary oligonucleotides (top strand, 5'-GAT CTA GGC ATG CCT AGG CAT
GCC TAA AGG CAT GCC TAG GCA TGC CTA-3'") containing two copies of
a consensus p53 binding site (46). When annealed, Bg/II site overhangs were
created and used to clone the oligonucleotide into the Bg/II site of pGH262
(provided by Gary Hayward, The Johns Hopkins University) to create
2X(p53)BSCAT. The p53 promoter-CAT plasmid (p53proCAT) was created by
PCR as described for the INK4a reporter constructs with 5" primer 5'-ACT
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FIG. 1. (A) RT-PCR analysis of ARF (top) and p16 INK4a (bottom) expres-
sion patterns in the HCT15 cell line after treatment with 1.0 uM 5-aza-CdR for
the times indicated. Also shown is a single time point (72 h) for the SW48,
HCT116, and Raji cell lines. Hep 3B RNA was used as the positive (+) control.
PCR products were probed with oligonucleotides specific for the unique first
exon of each transcript, and RNA integrity was verified by amplification of
transcripts for B-actin and PCNA (not shown). Note that a longer exposure
is shown for the HCT15 5-aza-CdR time course experiment in order to
emphasize differences at the earlier time points. (B) Quantitation of the
results in panel A for the HCT15 cell line relative to the ubiquitously ex-
pressed transcript for PCNA.

GAG CAT GCG GGA GAA AAC GTT AGG GTG TGG-3', 3’ primer 5'-GTG
GCT CTA GAC TTT TGA GAA GCT C-3’, and human placental DNA as the
template. The product was digested with Sphl and Xbal and ligated into these
same sites of pCAT-Basic to create pS3proCAT, which contains the region from
—96 to —534, relative to the translation start site, of the human p53 promoter
(73).

Transfection, CAT assay, and in vitro methylation. Cells were transfected with
Lipofectamine as instructed by the manufacturer (Life Technologies). Briefly,
6 X 10° cells were incubated in the presence of 2 pg of CAT plasmid and 8 pl
of Lipofectamine in the absence of serum for 7 h. Cell extracts were prepared
48 h later for CAT and B-galactosidase assays as described previously (15, 56).
Most CAT plasmid vectors were cotransfected with pSV40LacZ (15), and CAT
activity was normalized relative to B-galactosidase activity to control for differ-
ences in transfection efficiency. For the p53 dose-response transfections, 2 g of
CAT plasmid was used along with a total of 2 pg of expression vector. The
amount of wild-type or mutant p53 expression vector was kept constant at 2 pg
by addition of parental expression vector containing no cDNA insert. Wild-type
p53 (pC53-SN3), mutant p53 (pC53-SCX3), and parental expression vector
(pCMVNeoBam) were kindly provided by Bert Vogelstein (The Johns Hopkins
University). For DNA damage transfections, cells were transfected identically
except that drug was added with serum-containing medium 7 h after transfection,
the cells were incubated overnight, and fresh medium was added the following
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+24

500 bp

TTTAGATGTG TTTAGATATA
GTAAAGGTTT GCAGCCTAGG

AAACTACATT

L

Alu-like

TTGTTACAAT TATCTACAGT

ATTCAGTATA

Lo ]

GTAACATGTT

AGCAATAGCC

CATACCATAC AGCCTAGATG

TATAATAGAC

TATACCACCT

AGGTTTGTAT ATGATGTTTG
GTTAAGCAAC CCCATGACGG
TGGGTTCTGT TTGCCCTGGA

TTCTCCTTTC CCCACCATGC
TCCCACTCCA TTCCTCCAGT
GAACTAACCC TTTCTAAAGC

GCCGGCTGAA GGTGGTGGTA
GGATCTGGTT CCCATAGAGC
CTTCGTCCTA AGTGCTATAA
AGGAAGGGCT ACTTACTTCA
AGCCATACTA GACAGAAAGG
ATCTACCTAC CGGGGAGGTG
GCTAAATCTC ATTTTTCCAA
spI
GTGATGGGGC GGGGGATGGG

GGCTCGGCCA GTGCAGGCCT
CCCTGTCGGC TCACGCTGTG
CACTGAGAAG CGGGCCACAT

ACCCACTCAG GCCGCGGGTC
GGGCACCGGG TCAGCGCGCC
GAGCCCGCGT CCGAGTTCCT
CATTCTCCGG CTGCCCCTGT
TTTTACTGTT CCCAAACAGG
AAGGATCGGT GATGTGGAAG
CGAGGAGTCA GGCGGCGGGA
CGGCCAACGG TCGCCAAGAC

AGGGGAGCGC GGGGGAAGAG
CCGAAAATAA AAATGGGCTA

GCAGCTGGGA GGGGAATGGG
GCGCCAGGCC GGGTCGACAG
GCAGCGGTTT AGTTTAATTT
CTGACATTCA GCCTCCTGAT
TTTTAAATAA TCTAGTTTGA
GGGGAGCGGG GACGCGAGCA
GACGGATGTA GCTAGGGGGC
SacII(-331)
GGGGCGCCCG CGCTGAGGGT
E2F(-)
TAGGCGGGAG GGAGAGGAAC

GCCCTTCCCG CGTGCGCAGS
Pur-Pyr
GTGGGGGTGG GGGTGAAGGT
li(-44) sp1
TGGGCAGGGG GCGGTGCGTG
E2F (-)
GCCAAAGGGC GGCGCAGCGE

CACAACAATG
TGTGTATATA
GAACTGACTG

TTTATTGCAA
ATCTTTAAAT
GCCCTTCCTC

GGAGGGGAAT
TGACATTCTA
AGAAARARAAT
GAAGAGACCT
TGGCATGTGG
CATTTGTAAA
AGGGCCCCGT

GAAAGAGAAG

CACTTTCCTC
GTTCCACTTC
TTCCAGGTTC

CAGCCCGCGA
GGCCTGAAGG
GGACGAGAGC
GTCCTCGACT
ACCGCTTTTC
AAAAGGGGAG
TCAAGGGGAG
AACCATTCTA

GAAAGAGGAA
GACACAAAGG

CGCCCGGACC
CTCCGGCAGC
CGCTTGTTTT
TGGCGGATAG
AGAATGGAAG
GCACCAGAAT
GAGCTGCCTG

GGGAAGATGG

GCGGGCCCTG

GCTCAGAGCC
Spl

AAATCGCCTA AAGATACATG
CATATACATA TGTGTGGTAC
ATATAGATAG CGACTTCAAA
SpeI(-2465)
CAACTAGTTA CATTGTCTAG
GACACTATGC TGGCATCCGA
TGTGGGACAG AAAACCTAAT
spI
GCTGGGEGGCG TGGCATAGGT
CACAACAAAC AAGTAAACAA
CACGGTGGTA TGAGGGTGCC
GAAGGRAAAAA GAGCTATATT
CCCCAGCACA AAGCACGGTG
TATCTAGATA GATATTTAGA
TTTGTCTTGG GTTTGTACCG

TCTGCCGCTC CTCTAGGCTA

CCCTGTARGG TCTGGGGGGC
TTCAACTAGG CCACTAGGCC
CCGGAGCTGG GCCTAGTCCC

GGTTTAGGAC GGATCCAGGC
CGGCGTCCTG GGCTCGACTT
CGAGCCTCGC TTAGACCGCG
CACCCCTCCT TTCTGCCGCT
CTGTCTCCCA GCTGGAAAGG
GAGGGGACAT GGAGGGGGAG
TCGGGGTGTC TGGGCGCGGG
CGCGAGGACG CGGCGACAGG
Eco47I1II(-925)
GAAGCGCTCA GATGCTCCGC
ACTCGGTGCT TGTCCCAGCC

AP-4 SmaI (-776)

CAGCTGGGAC CCCCGGGTGC
GCCAGCGCCG CGCCGTGTCC
CCAAATCTAG AAGAGGAGCG
AGCAATGAGA TGACCTCGCT
ACTTTCGACG AGGGGAGCCA
CCGCGGGAGC GCGGCTGTTC
GAGTTGCGTT CCAGGCGTCC

TGGTGGGGGT GGGGGCGCAC
spl(-)

AGCCGCCCGC GCGCGCGCCT

BglIiI(-151)

TCTGAGAATG
TGGCACGCAC
AGATGTTTAA

GCCCAAGAAA
CATCGTTTTT
GCCCCCCTAC

GCAGAGGAAG
GTACATAAGT
TGAAAAGGGA
TGCGAAGAGG
TTGGGTAAAT
GTGGCTACGT
AGGTCCGGCA

CCGCACCGCe
CREB
TTGACGTCTG
CAAGCGCATG
GAATCCTCTG
PEA2
AGACCGCAGG
CCCGCGLGCG
CTCAGGACCC
CCTTCCTTTC
AAGAAGGGAG
ACCGGAGAGA
GCAGAGCGTG
AGGGGAGCGG

GGCTGTCGTG
AGGCGCCCTC

GACTCCACCT
AGATGTCGCG
GAGCGGCTTT
TTCCTTTCTT
GGAATAAAAT
CTGGTAGGGC
GGCCCCTGCGG

TATCCCTGTT
ACACACACAA
TACGTGCCTT

CCCTCACCGC
CTTCCAGGAT
AGAGGCGGAG

ACCCATAAAA
AAAATAATCT
AGCATTTCTG
GAGAAAGAGC
TCTGAGTGAA
AAGAGTGATC
GCAACGTCAA

TTAAGTGGGT

ATCTGTAAGG
AACAGGAAGC
GCACACACCC

CTCCGGGTCG
GAGAGCCGGC
GGCTCCTCCG
CTTGCCCTGC
AGAGTCCAGA
GAACGTACGC
GAGGCGGCAG
CCAGCAGGGG

AAGGTTAAAA
GGCGACGCGG

ACCTAGTCCG
TCAGAGGCGT
TAGTTCAAAA
CCTTTTTCAT
AAGGGGAATA
CGTGTCAGGT
CCGTCACCGC

Spl_ E2F (=)

AAAGTGGCGG

ACAGGGCGGG

CCCTACGGGC

GCCTCCGGCA

GTTCCGAGAT CTTGGAGGTC CGGGTGGGAG TGGGGGTGGG

E2F(-) BssHII(-67)

Spl

GGGGGGCGGEGE CGCGCTCAGG GAAGGCGGGT GCGCGCCTGC GGGGCGGAGA
l-19) Inr ~ 1
GGTCCCAGTC TGCAGTTAAG GGGGCAGGAG TGGCGCTGCT CACCTCTGGT
SacI(+49)

CTGCCGAGCT C
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ARF (Exon 1)

INK4A (Exon 1o)
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morning. The total transfection time remained the same, 48 h. CAT activities
were normalized to the protein concentration to account for small toxicity dif-
ferences. Protein concentrations were determined with the Bio-Rad protein
assay reagent according to the manufacturer’s instructions. For E2F1 response
element mapping experiments, 2.0 g of reporter plasmid was cotransfected with
2.0 pg of E2F1 expression vector (provided by Joseph Nevins, Duke University)
or empty parental expression vector [pcDNA 3.1(+); Invitrogen]. In vitro meth-
ylation reactions were carried out as described previously (55) with methyl-
ases purchased from New England Biolabs. The completeness of the meth-
ylation reaction was confirmed by digestion of an aliquot of the reaction with
an appropriate methylation-sensitive restriction enzyme (Hpall or Hhal).
Quantitation of CAT activity was performed on a Molecular Dynamics Phos-
phorImager.

Methylation analysis. Ten micrograms of genomic DNA was isolated from cell
lines by standard procedures, digested with 100 U of each of the restriction
enzymes described in Results, resolved on a 1% agarose gel, transferred to a
nylon membrane (NEN), and probed with ARF promoter-derived fragments as
described previously (25, 55). Double digestions were performed sequen-
tially, so that each restriction enzyme was in the optimal incubation buffer
with a precipitation step in between. All enzymes were purchased from New
England Biolabs, and digestions were performed according to the manufac-
turer’s instructions.

Nucleotide sequence accession number. The DNA sequence of the hu-
man ARF promoter has been deposited in GenBank under accession no.
AF082338.

RESULTS

Analysis of ARF and INK4a expression patterns in cell lines
and evidence for suppression by DNA methylation. We initially
screened a panel of tumor cell lines derived from a variety of
different tissues for both ARF and INK4a expression by RT-
PCR (Table 1 and Fig. 1A). Expression of ARF was observed
in all tumor cell lines examined except the colon cancer cell
lines HCT15 and LoVo (Table 1; note that cell lines with
known deletions of this region were excluded from this analy-
sis). Expression of INK4a was more restricted, and the data
summarized in Table 1 indicated that there were three expres-
sion patterns from the INK4a/ARF locus: (i) ARF" INK4a™,
(ii) ARF" INK4a™, and (iii) ARF~ INK4a . Interestingly we
found no cell line in which ARF~ INK4a™ was the pattern. A
large body of work has shown that the promoters of INK4a and
pl5 INK4b can become de novo methylated and silenced in
tumor cells (14, 20, 39). It was therefore possible that ARF,
which resides between these two genes, might be subject to
such silencing.

Several of the lines in Table 1 were treated with 5-aza-CdR
(Fig. 1A) to obtain evidence that the ARF promoter could be
silenced by DNA methylation. The SW48, HCT116, and Raji
lines were used as controls, and ARF was expressed before
drug treatment in all three lines, although SW48 expressed
more ARF RNA after treatment. INK4a was expressed before
drug treatment in HCT116 cells and was activated following
5-aza-CdR treatment in the SW48 and Raji lines (Fig. 1A).
HCT15 cells, which expressed neither INK4a nor ARF, were
monitored at various times after treatment to determine if
there was differential reactivation kinetics for the two tandemly
linked genes. Induction of both transcripts occurred in a time-
dependent fashion, with ARF expression slightly preceding
INK4a activation, an effect most noticeable at the 34-h time
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point (Fig. 1A). The results were quantitated relative to the
ubiquitously expressed transcript for PCNA (Fig. 1B). Al-
though AREF transcripts appeared earlier than INK4a tran-
scripts, the INK4a transcript levels were ultimately higher than
those of ARF transcripts, as shown by the crossover of the two
lines at approximately 40 h posttreatment. Our results clearly
demonstrate that both transcripts can be reactivated in tan-
dem. Although we cannot rule out the possibility that each
transcript is expressed from a different allele, such a situation
has not been observed in other, similar tandem promoter sys-
tems (7, 49, 74, 75).

Cloning and characterization of the human ARF promoter.
We used the known sequence of exon 18 (36) as a probe to
screen a lambda genomic library to further characterize both
the role of DNA methylation in suppressing ARF promoter-
driven transcription and its regulation in general. A clone
containing all of exon 1B and at least 10 kb of upstream
sequence (data not shown) was identified, and an approxi-
mately 8.5-kb Sacl fragment subcloned from the phage clone
and the 3’ end corresponded to a Sacl site at +49 (relative to
the transcription start site) of the previously published exon
1B sequence (36). This fragment was subcloned further (see
Materials and Methods) and sequenced to bp —5650 relative
to the previously published transcription start site (36). The
sequence indicated that ARF is a TATA-less promoter and
a CpG island like that seen for many other housekeeping
genes. The region extending from +49 to —2678, the most
CpG-rich region (encompassed by brackets in Fig. 5B), had
a G/C content of 0.59 and an observed-over-expected ratio
of CpG of 0.78 and contained 183 CpG sites, clearly meeting
the established criteria for a CpG island (3, 12). Figure 2A
compares the ARF promoter region reported here with the
previously analyzed INK4a promoter, also a CpG island (15,
18).

The promoter region of the INK4a gene had been previously
characterized (18). It is negatively regulated by pRb; however,
the ARF promoter and its regulation have not been previous-
ly reported. Figure 2B indicates the locations of numerous
potential transcription factor binding sites. In particular, there
are seven potential binding sites for the Spl transcription
factor and a region homologous to the initiator element
often present in TATA-less promoters such as this. The
placement of the putative initiator relative to the transcrip-
tion start site and potential Spl binding sites is similar to
that for other previously described promoters (37; reviewed
in reference 67). Also notable are several repetitive ele-
ments, such as an Alu element at positions —2942 to —2695,
a thymine-cytosine run from —3109 to —3056 (not shown), a
guanine-thymine run from —125 to —92, three potential AP-1
sites at —4977, —4829, and —3394 (not shown) (reviewed in re-
ference 24), and one potential YY1 site at —3152 (not shown)
(66).

To determine if this region possessed promoter activity and
to define important regulatory regions, 5’-end deletions were
made by using naturally occurring restriction enzyme sites or

FIG. 2. (A) Plots comparing the frequency of the CpG dinucleotide in the ARF promoter/exon 1B region (top) and the INK4a/exon la region (bottom) derived
from GenBank accession no. AC000048. Bent arrows are the transcription start sites, and open boxes are transcribed regions. Analysis of the regions of each promoter
denoted by the brackets in terms of their CpG contents yields the following: G/C content = 0.64, observed/expected for CpG = 0.85 for ARF and G/C content =
0.54, observed/expected for CpG = 0.68 for INK4a over approximately 2,400 bp. (B) Sequence of a portion of the ARF promoter region (GenBank accession
no. AF082338). The previously mapped transcription start site (36) is indicated by a bent arrow above the italicized “G” and is defined here as position +1. The
positions of several potential transcription factor binding sites are underlined, as is a region homologous to other known initiator elements (Inr). Potential E2F
binding sites are denoted with a line above the sequence; (—) indicates that the consensus binding site is 5’ to 3’ on the bottom strand. Positions of restriction
enzyme sites used in subsequent cloning steps for promoter deletion analysis are underlined, and their positions relative to the transcription start site are
indicated. Downward arrows denote 5’ ends of deletion constructs generated by PCR. A subset of the repetitive elements described in the text (4u and

purine-pyrimidine [Pur-Pyr]) is also shown.
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PCR and fused to the CAT reporter gene, and the effects were
assayed in several cell lines. The results, shown in Fig. 3, indi-
cated that the largest construct, to —5502 (all numbering is rel-
ative to the transcription start site), ranged from slightly inhib-
itory in COS-7 and C-33A cells to potently inhibitory in
HCT116 cells. Deletion to —4690 restored high level activity
in HCT116 cells but had a relatively minor effect in the
other two lines. The binding site for a tissue-specific repres-
sor protein or a silencer may reside within this region. De-
letion to —3407 dramatically reduced ARF-driven promoter
activity in HCT116 cells; however, a large increase in pro-
moter-driven CAT activity was observed in C-33A and
COS-7 cells. Deletion to —2465 reduced activity to some
extent, and further deletion to —925 caused a very modest
reduction in activity in COS-7 cells but resulted in slight
increases in activity in HCT116 and C-33A cells despite
deletion of two potential Sp1 binding sites (Fig. 2B). Dele-
tion to —776 and —331 resulted in significant increases in
CAT activity in all three cell lines, indicating that a repres-
sive element may reside within this region. Fine deletions
nearer the transcription start site to —151, —67, —44, and
—19, which delete two, three, four, and five potential Spl
binding sites respectively, resulted in a gradual decline of
activity in COS-7 and C-33A cells. There was a slight in-
crease in activity upon deletion to —44 in HCT116 cells, the
reason for which is unclear; however, further deletion to
—19 resulted in low-level promoter activity in HCT116 cells.
Overall, the effects of the various promoter deletion con-
structs were similar in COS-7 and C-33A cells but differed
significantly from effects in the HCT116 line. This finding
may indicate a difference in the transcription factor milieu
in the colon cancer line HCT116; however, this analysis does
provide clear evidence that the region we have cloned up-
stream of ARF acts as a promoter.

A recent study using adenoviral vectors expressing the five
members of the E2F family of transcription factors indicat-
ed that ARF mRNA levels were elevated after infection with
adenoviruses expressing E2F1 and E2F2 but not E2F3 to E2F5
(9), and we have noted several potential E2F binding sites in
Fig. 2B. Good matches to the binding site consensus TTTCC
CGCC(A/T)(A/T)(A/T), found to be optimal binding sites for
E2F1 to E2F4 in a binding site selection assay (72), were
detected at —265 and +27, while poorer matches to this and
the standard E2F consensus binding site TTTCGCGC (re-
viewed in reference 24) were detected at —249 and —69. Fig-
ure 3 also indicated that these regions were important for
transcription in all cell lines. To determine if the previously
observed increase in ARF mRNA after E2F1 overexpression
was modulated at the transcriptional level, we cotransfected
various ARF reporter deletion constructs with an E2F1 expres-
sion vector or empty parental expression vector. Figure 4 in-
dicates that the ARF promoter is highly responsive to E2F1
(nearly 15-fold) and that the regions mediating this response
correlate with the locations of potential E2F binding sites.
We are at present unsure if the E2F site at +27 would be
utilized in the intact natural promoter since it is downstream
of the transcription start site. This will require further fine
mapping experiments. An INK4a reporter construct served
as a negative control and was unaffected by E2F1 overex-
pression.

Comparison of the overall activities of the ARF promoter
constructs in Fig. 3 showed that the cell lines could be ordered
as C-33A > COS-7 > HCT116 in terms of promoter strength,
which correlated with the p53 status of the lines. HCT116 con-
tains a wild-type p53 gene (47), while C-33A has a mutant p53
gene (22), and COS-7 cells express the simian virus 40 large T
antigen (T-Ag), which complexes with and inactivates both
p53 and pRb (reviewed in references 29 and 45). This is
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FIG. 4. The ARF promoter is upregulated by E2F1 expression. Each of the ARF or INK4a promoter constructs denoted schematically at the left was cotransfected
with an equal amount of an expression vector for E2F1 or empty parental expression vector. The results of duplicate transfections in the HCT116 cell line are presented
as the mean fold activation with E2F1 cotransfection (activity with E2F1/activity with empty expression vector). Error bars indicate the standard deviations (SD) from

the means.

particularly relevant since it has been noted that ARF levels
are elevated in cells lacking functional p53 (27, 52), the
implication being that p53 may suppress ARF transcription.
Results of the transfections studies were consistent with this
idea, and further direct evidence for the role of p53 in sup-
pressing ARF at the transcriptional level will be presented
later.

Suppression of ARF promoter activity by CpG methylation.
The previous results indicated that the ARF promoter was
silent in only two cell lines (HCT15 and LoVo) and that
AREF transcription could be activated in HCT15 cells after
treatment with 5-aza-CdR. HCT15 and LoVo cells were
investigated in more detail to determine if this transcrip-
tional silence might be mediated by hypermethylation of the
CpG island associated with the ARF promoter. Genomic
DNA from these lines was digested with various methyla-
tion-sensitive restriction enzymes and analyzed by Southern
blotting (Fig. 5). The digestion pattern obtained with re-
striction enzymes sensitive to CpG methylation with DNA
obtained from the ARF-expressing HCT116 cells was con-
sistent with complete hypomethylation of the CpG sites
examined since the high-molecular-weight Sacl band of ap-
proximately 8.5 kb was absent in the double digests. The
exception was the Aatll site, which was partially methylated
in this line (Fig. 5A). A similar result was obtained with nor-
mal leukocyte DNA except that the AatIl site was complete-
ly hypomethylated (not shown), showing that the CpG island
of ARF was unmethylated in normal tissues and in HCT116
cells which expressed the ARF transcript (Table 1 and Fig.
1A). Many of the CpG sites within the promoter were,
however, hypermethylated in HCT15 cells, as indicated by
the presence of higher-molecular-weight bands, relative to
the HCT116 digests, indicating the the 8.5-kb SacI fragment
was only partially cut by the methylation-sensitive enzymes.
The results, summarized in Fig. SB and C, indicated that
there was a relatively small region of hypermethylation at

the 3’ end of the ARF CpG island which did not extend
significantly beyond —450 relative to the transcription start
site.

Sensitivity of the ARF promoter to CpG methylation was
further examined by in vitro methylation and transfection.
The AREF construct containing sequences from +49 to —151
fused to the CAT gene was chosen for this study since the
Southern blotting studies (Fig. SA to C) indicated that hy-
permethylation was confined to the region close to the tran-
scription start site and that this construct possessed a sig-
nificant degree of promoter activity in its unmethylated
state. The —151 construct was methylated in vitro with
Hpall methylase (1 recognition site), Hhal methylase (4
recognition sites), and CpG methylase (16 recognition sites)
and transfected into HCT116 and COS-7 cells. Figure 5D
shows that CpG methylase had the most repressive effect,
reducing reporter gene activity to 10% or less of that of the
mock-methylated control in both lines. Interestingly, meth-
ylation at the single Hpall site had a larger repressive effect
than methylation at the four Hhal sites. This finding may
indicate that the Hpall site resides in or near the binding
site of a critical transcription factor, although no matches to
consensus binding sites of known transcription factors were
detected in this region.

ARF and INK4a promoter constructs are expression com-
petent in all cell lines. We next determined if the expression
patterns for INK4a and ARF shown in Table 1 were a result
of differences in the transcription factor milieu or differ-
ences in the methylation status of the endogenous gene
promoter sequences. A series of ARF and INK4a promot-
er reporter constructs were transfected into cells with each
of the previously mentioned expression patterns. Both the
ARF promoter and the INK4a promoter were capable of
driving expression of the CAT gene in all cell lines regard-
less of whether the endogenous ARF or INK4a gene was
transcribed (Fig. 6). Both promoters were also nearly equal
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FIG. 5. Methylation analysis of the ARF promoter. (A) Representative Southern blots after digestion of HCT116 and HCT15 genomic DNAs with the enzymes
indicated and probing with the fragment shown in panels B and C. The presence of higher-molecular-weight bands in the HCT15 digests compared to the
HCT116 digests is indicative of methylation. The low level of hybridization after digestion with enzymes like Hpall and Hhal is a result of the large number of
such sites, creating many small restriction fragments which hybridize poorly. (B) Schematic of the location of several of the rare-cutting methylation-sensitive
restriction enzyme sites, a CpG plot of the entire sequenced region, and the transcription start site (+1). Brackets in the CpG plot indicate the boundaries used
for the calculation of CpG island status. The location of the probe is indicated by the thick bar, and the methylation status at the CpG sites analyzed by restriction
digest is indicated by the lollipops. (C) Blowup of the region immediately adjacent to the ARF promoter (=930 to +49) and summary of the methylation status
of CpG sites in this region as determined from blots in panel A for the HCT15 cell line. Asterisks indicate that these particular CpG sites, while partially
methylated in HCT15 cells, were completely methylated in the LoVo cell line (not shown). The sizes of the fragments are indicated below the lines. A lollipop
displaced below a group of restriction enzyme sites indicates that the sites were too close together to accurately determine which site was digested. (D) Analysis
of the methylation sensitivity of the p(—151)19ARF promoter CAT construct after in vitro methylation and transfection into HCT116 or COS-7 cells. Results
after treatment with the various methylases are presented as the mean percent activity relative to the mock-methylated control (no methylase) for triplicate

transfections. Error bars represent the standard deviations.

in their overall activities when the most active construct for
each promoter was compared, with the exception of the
ARF* INK4a® and ARF" INK4a~ cell lines, in which the
ARF promoter gave a slightly higher level of expression.
This effect was most notable in the ARF" INK4a~ SW48
line and may indicate that there is some differential regula-
tion of these two promoters in some situations. There was,
however, some correlation between the absolute CAT activ-
ity levels and the activity levels of the endogenous promot-
ers. For example, the overall activities of the ARF and
INK4a CAT constructs were highest in the ARF" INK4a™
and ARF" INK4a~ lines (Fig. 6A and B), while the ARF~
INK4a™ HCT15 cell line had the lowest overall promoter
activity (Fig. 6C). Thus, the transcription factors necessary
for ARF and INK4a promoter activity are present in all cell
lines, although the relative levels of these factors may vary
to some extent. The inactivity of the endogenous promoter
was related to its methylation status. It has been shown that
the ARF promoter is hypermethylated and inactive in the
HCT15 line (Fig. 1A and 5A) and the INK4a promoter is
inactive and hypermethylated in the HCT15 and SW48 lines
(Fig. 1A; references 2 and 21). It should also be noted that
the INK4a promoter analysis presented here differed in
some respects from previously published data in that dele-
tions beyond —654 retained relatively high activity levels
(18). The reasons for this are unclear but may be due to
differences in promoter construction, since our constructs
contained less sequence at the 3’ end than in the previous
analysis.

Regulation of the INK4a/ARF locus by p53. The above stud-
ies showed that the ARF promoter region can become de novo
methylated and transcriptionally silenced; however, this ap-
peared to be a low-frequency event in cell lines, making it
unlikely that this phenomenon would occur frequently in pri-

mary tumors. Another potential regulatory control mechanism
of ARF expression may be mediated by the tumor suppressor
gene p53, since ARF levels are elevated in cell lines lacking
functional p53, implying that p53 may suppress ARF. While
not rigorously quantitated, the increase in ARF expression in
previous reports has ranged from 5- to 10-fold (18, 27, 52).
Since we now had available the ARF promoter, we were able
to test the hypothesis that p53 may suppress ARF at the tran-
scriptional level.

Initially we transfected a series of ARF and INK4a re-
porter deletion constructs with a fixed amount of wild-type
pS3 expression vector or empty parental expression vector
into the pS53-mutant cell line C-33A. The results (Fig. 7)
indicated that both the ARF and INK4a promoters were
significantly repressed and that the majority of the repressive
effect was mediated by the region encompassing the transcrip-
tion initiation sites. A small proportion of the repressive effect
also appeared to be mediated by additional regions from —151
to —67 of the ARF promoter and —654 to —474 of the INK4a
promoter. The majority of the repressive effect being mediat-
ed by the region containing the transcription start site is en-
tirely consistent with the proposed mechanism of p53 re-
pression, that is, interaction with the TBP component of the
TFIID complex, causing a reduction in transcriptional ini-
tiation of certain promoters which do not contain p53 bind-
ing sites (62). We did not detect any p53 binding sites within
the sequenced region of ARF or the reported INK4a pro-
moter sequence. It should also be noted that although both
promoters are TATA-less, the TBP-TFIID complex has
been shown to be required for transcriptional initiation at
TATA-less promoters (5).

To further study the effects of p53 overexpression on the
ARF and INK4a promoters, we cotransfected reporter con-
structs demonstrating a high degree of repression in the
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FIG. 6. Comparison of activities of ARF and INK4a promoter-CAT constructs after transfection into ARF* INK4a™ (A), ARF*" INK4a~ (B), and ARF~ INK4a~
(C) cell lines. The map of each of the reporter constructs relative to the transcription start site of each promoter (for INK4a, the 5'-most initiation site was defined
as +1) is indicated at the left and the mean relative activity (percent acetylation/B-galactosidase activity) for triplicate (duplicate for SW48 and HCT15) transfections
is shown at the right. Error bars indicate the standard deviations (SD) from the means.

previous experiment (—331 for ARF and —654 for INK4a) mutant) (22). The total amount of expression vector was
with increasing amounts of an expression vector encoding held constant by addition of parental expression vector con-
wild-type p53 or mutant p53 (DNA binding domain, Val- taining no cDNA (Fig. 8). Promoter activities were repressed
143—Ala) into both the HCT116 cell line (endogenous p53 approximately 1.6-fold for INK4a and 2.5-fold for ARF at the
wild type) (47) and the C-33A cell line (endogenous p53 highest levels of wild-type p53 in the HCT116 cell line (Fig.
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FIG. 7. Mapping p53-responsive regions of the ARF and INK4a promoters. Each of the reporter constructs indicated schematically at the left of each graph
was cotransfected with 1.0 pg of wild-type p53 expression vector or empty parental expression vector into the C-33A cell line. Results are presented as the mean
activity for triplicate transfections relative to the transfection containing no p53 expression vector, set at 100%. Error bars represent the standard deviations

(SD).

8A). Transfection into the C-33A line with wild-type p53 re-
sulted in an even greater degree of repression, approximately
5.5-fold for INK4a and 17.2-fold for ARF at the highest levels
of p53 (Fig. 8A). Clear differences in the sensitivities of the two
promoters to p53 could been seen (1.6- and 3.1-fold for
HCT116 and C-33A, respectively), indicating that the re-
pression was unlikely to be a nonspecific effect of p53 over-
expression. The degree of repression seen with wild-type
pS3 overexpression, particularly in C-33A, appears sufficient
to account for the previously observed differences in ARF
expression between p53-expressing and -nonexpressing cell
lines (18, 27, 52). Transfection with increasing amounts of
mutant p53 resulted in an approximately twofold increase in
the activities of both the INK4a and ARF promoters in the
HCT116 cell line, with no clear difference between the two
promoters; however, in C-33A cells a very slight increase in
INK4a promoter activity was observed with increasing
amounts of mutant p53, while the ARF promoter appeared
not to be significantly affected (Fig. 8B). The differences in
the effect of overexpression of mutant p53 in HCT116 and
C-33A cells were most likely due to differences in the status
of the endogenous p53 gene. Two additional CAT reporter
constructs were used as comparison and control. A CAT
reporter vector driven by the human p53 gene promoter
(pS3proCAT) served as a negative control for the effects of
p53 overexpression (Fig. 8A), and a CAT reporter plasmid
containing two copies of a consensus p53 binding site driving
an E1b TATA minimal promoter [2X(p53)BSCAT] was
used as a positive control for a promoter containing p53
binding sites (46) and therefore able to be activated by p53.
Cotransfection of increasing amounts of wild-type p53 with
the latter CAT reporter plasmid showed that the repressive
effects were not due to nonspecific inhibition of all tran-
scription in these cells. Reporter gene activity (expressed as
the percent acetylation) was dramatically (approximately
20-fold) increased in both cell lines, while cotransfection
with mutant p53 had little effect (Fig. 8C).

The previously described experiments relied on overex-
pression of p53, and so we next wished to determine if
similar effects on transcription could be observed under

physiologic conditions in which p53 is known to be upregu-
lated. We chose to use the DNA-damaging drugs CMT, an
inhibitor of topoisomerase I known to induce p53 in a time-
and dose-dependent manner (41), and Ara-C, an S-phase-
specific antimetabolite that does not directly damage DNA
(53) and which has been shown not to induce p53 (28). The
latter was used as a comparison with the CMT treatment to
control for nonspecific effects on transcription due to drug
cytotoxicity and cellular insult. The HCT116 and C-33A cell
lines were used again to compare effects on ARF (—331)
and INK4a (—654) reporter constructs. Figure 9 shows that
CAT activity driven by the ARF and INK4a promoters was
less in HCT116 cells treated with CMT than in HCT116 cells
treated with Ara-C. The degree of repression was similar to
that observed previously with the wild-type p53 expression
vector in HCT116 cells (Fig. 8A). No effect on ARF and
INK4a reporter activity was observed in C-33A cells treated
in a similar manner, also consistent with previous experi-
ments (Fig. 8B), indicating that repression of the ARF and
INK4a promoters can occur at physiologic levels of p53. The
2X(p53)BSCAT reporter plasmid served as a positive con-
trol to show that the CMT treatment did indeed result in
an increase in functional wild-type p53 protein. The activ-
ity of this construct was activated nearly sixfold in CMT-
treated HCT116 cells relative to Ara-C-treated HCT116
cells but unaffected in similarly treated C-33A cells (Fig.
9). An additional negative control for the effects of drug
treatment, employing the p53proCAT vector used previ-
ously as a negative control for p53 overexpression (Fig.
8A), was unchanged by drug treatment in both cell lines

(Fig. 9).

DISCUSSION

We have cloned and characterized the promoter region of
the ARF putative tumor suppressor gene and investigated
suppression of this CpG island promoter by DNA methyl-
ation. Two colon cancer-derived cell lines had hypermeth-
ylation of the ARF promoter, although this occurred infre-
quently in cell lines and is therefore unlikely to be common
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in uncultured tumors. We have also provided functional ev-
idence that hypermethylation can suppress ARF promoter
activity. Transfection of ARF and INK4a promoter con-
structs revealed that they were active in all cell lines tested.
Activity of the endogenous genes, however, was correlated
with promoter methylation status. Transfection studies also
revealed that the ARF promoter was highly responsive to
E2F1 overexpression, in keeping with previous results (9).
Studies with overexpression of both wild-type and mutant
forms of p53 indicated that the ARF promoter was re-
pressed by wild-type p53 and, unexpectedly, so was its down-
stream neighbor INK4a, although there were clear differ-
ences in the degree of repression. This repression was also
observable under physiologic conditions in which p53 levels
are increased due to DNA damage.

Sequence analysis of the ARF promoter region revealed
that it possessed many of the characteristics of a housekeep-
ing gene in that it was a CpG island and a TATA-less pro-
moter containing a region homologous to the initiator ele-
ment which is responsible for correctly positioning the site
of transcriptional initiation (5). Deletion analysis revealed
that several of the potential Spl binding sites, as well as
potential E2F binding sites, were important; however, other
regions not containing recognizable binding sites were also
important. It was interesting that the largest ARF construct
was less active than smaller constructs in the HCT116 cell
line and that this inhibitory activity appeared to be some-
what cell type dependent. Whether a repressor protein bind-
ing site is present in this region or an active silencer element
is present is currently under investigation, but such elements
have been noted previously in other promoters (77). This
region, however, clearly possesses many of the features of a
promoter and is capable of driving significant levels of re-
porter gene activity.

Treatment of the HCT15 cell line with 5-aza-CdR combined
with RT-PCR expression data was interesting in several
respects. First, ARF activation preceded INK4a activation
after drug treatment, and second, both transcripts could
clearly be expressed at the same time. Based on previous
work and the structure of the INK4a/ARF locus, we had
predicted that a transcriptional interference model may be
in operation and that transcripts originating from the up-
stream ARF promoter might reduce INK4a transcriptional
initiation. It was in fact observed that INK4a levels were
elevated in ARF-null mice (27). Our results do not support
a transcriptional interference mechanism such as has been
observed in other situations containing two promoters in
tandem, where it has been shown that when the upstream
promoter was active the downstream one was not, and vice
versa (7, 49, 50, 74, 75). It is not clear how the INK4a/ARF
situation differs from these examples except that the two
promoters are very widely spaced (estimated at 20 kb in
humans [36, 68]). We cannot rule out the possibility of al-
lele-specific transcription of each gene, as has been ob-
served for imprinted genes (reviewed in reference 10). We
have no evidence for differential methylation of this region
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and have not yet detected a polymorphism in the transcribed
regions of the ARF and INK4a genes in the HCT15 line to
allow for investigation of this possibility.

Methylation-mediated silencing of INK4a has been reported
in numerous situations (14, 21, 39, 59), and so it is interesting
that its neighbor ARF appeared to only rarely be subject to
such regulation. It is believed that CpG islands may be pro-
tected from de novo methylation by binding of the Spl tran-
scription factor (35). A comparison of the ARF and INK4a
CpG islands revealed that the CpG density of the ARF CpG
island (number of CpG sites/bp = 0.085) was significantly
higher than the INK4a CpG island (number of CpG sites/bp =
0.048) over a similarly sized region (bracketed regions in Fig.
2A). A more dense, or larger, CpG island may confer a greater
protective effect against de novo methylation. The ARF pro-
moter contains seven potential Spl sites whereas the INK4a
promoter contains four potential Spl sites upstream of the
transcription initiation sites, and this may also help explain
the differences in the propensity of the two promoters to
become de novo methylated. An additional influence on de
novo methylation of the INK4a CpG island may arise from
transcription through the INK4a promoter region from the
upstream ARF gene. The INK4a/ARF locus provides a nat-
urally occurring system in which to study such possible ef-
fects.

Studies of the effect of E2F expression on the ARF pro-
moter indicated a high level of responsiveness to E2F1, an
effect that was unlikely to be nonspecific because the stimula-
tion correlated with deletion of potential E2F binding sites and
had no effect on an INK4a promoter construct. This stimula-
tion at the transcriptional level clearly correlated with the
increased levels of ARF mRNA observed previously with E2F
overexpression (9). The significance of this finding implies that
increased levels of cellular E2F, resulting from pRb phosphor-
ylation or mutations in the pRb pathway, would increase ARF
levels, which would in turn act to increase the levels of func-
tional p53 (48). We speculate that in normal cells, this might
account for the observed increase in p53 levels as cells enter
the cell cycle from quiescence (54). In a malignant or prema-
lignant cell resulting from mutation in the pRb pathway, this
transient increase in the level of p53 may be a mechanism to
induce apoptosis since pRb dysfunction, would, unlike DNA
damage, be irreparable. Such potential relationships will be the
subject of future study.

Investigation of the role of p53 in regulating ARF expres-
sion at the transcriptional level was motivated by the find-
ings in previous work that ARF levels were elevated approx-
imately 5- to 10-fold in p53-deficient cell lines at the protein
level (27, 52). Our results from the wild-type p53 dose-
response transfections show that the ARF promoter is re-
pressed 3- to 17-fold at the highest levels of wild-type p53
and that the degree of repression correlated with the status
of the endogenous p53 gene. We attribute the muted effect
in HCT116 cells compared to C-33A cells to the presence of
wild-type endogenous p53 in the former, which would be
expected to reduce the initial levels of reporter gene activity

FIG. 8. Effects of p53 on ARF and INK4a promoter-CAT constructs. (A) Dose-response cotransfection of wild-type p53 expression vector and p(—331)
19ARF, p(—654)16INK4a, or p53proCAT promoter-CAT constructs into the HCT116 and C-33A cell lines. (B) The identical CAT reporter constructs
cotransfected with increasing amounts of a mutant (Val-143—Ala) p53 expression vector. Results in panels A and B are presented as the mean activity for
triplicate transfections relative to the transfection containing no p53 expression vector, set at 100%. Error bars represent the standard deviations. The total
amount of expression vector was held constant by addition of parental vector containing no cDNA. (C) Representative results after transfection of a CAT
reporter construct containing two copies of a consensus p53 binding site with increasing amounts of wild-type or mutant p53 expression vector into the HCT116
and C-33A cell lines. Results are presented as percent acetylation; independent experiments yielded similar results. Note that the endogenous p53 gene is wild

type in HCT116 and mutant in C-33A.
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in this line. Further support for the role of p53 came from
dose-response studies utilizing a mutant form of p53. Co-
transfection of mutant p53 with the ARF and INK4a re-
porter constructs into HCT116 resulted in an increase in
activity, presumably due to heterotetramerization with the
endogenous wild-type p53 interfering with its repressive
abilities, while in C-33A, cotransfection of the mutant form
of p53 had little to no effect.

Is the repression observed with p53 overexpression a non-
specific effect, and is it physiologically relevant? Overexpres-
sion of p53 has been shown to repress a variety of other
promoters (for the c-fos, c-jun, hsc70 [13], PCNA [38], and
interleukin-6 [58] genes), while other promoters are unaffected
(the human p53 gene promoter in our studies; the B-actin,
c-Ha-ras, epidermal growth factor [6], and B2-microglobulin
[38] gene promoters). We feel that the repression of the ARF
and INK4a promoters is meaningful for several reasons. First,
the degree of repression seen with the ARF promoter was
reproducibly greater than that observed with the INK4a pro-
moter even though the two promoters had similar activities in
the absence of added p53 and were within the same plasmid
backbone. Second, the effects were reproducible in two differ-
ent cell lines and correlated with the status of the endogenous
p53 gene in each line. Third, the effect of mutant p53 was se-
lective in that promoter activity actually increased significantly
in the cell line in which the endogenous p53 gene was wild type,
while little to no effect of mutant p53 overexpression was
observed in the cell line containing a mutant endogenous p53
gene. Lastly, a similar degree of transcriptional repression of
the ARF and INK4a promoters was observed after induction
of physiologic levels of p5S3 by DNA-damaging agents in a
cell line with wild-type p53 function but not in a cell line
with a mutant p53 gene compared to the p53 overexpression
studies.

We were initially surprised by the effects of pS3 on the

ARF

\)Q%QW\ p53
Regulatory

MDM2 \)QE&'HMU\ Cycle

FIG. 10. Proposed regulatory cycle controlling cellular p53 levels mediated
by p53, MDM2, and ARF. Interaction between MDM2 and AREF results in in-
creased degradation of MDM2 (78) (shown by light stipple) and an increase in
functional p53 (upward arrow) (48). This then represses ARF (X) and activates
MDM2 (large arrow) transcription (1, 76). Elevated levels of MDM2 and de-
creased levels of ARF then promote degradation of p53 (shown by light stipple)
and continue the cycle as shown. E2F levels may be one of the outside influences
on the cycle.



VoL. 18, 1998

INK4a reporter construct. It had been reported that the INK4a
promoter was repressed three- to fivefold by pRb overexpres-
sion and that p53 status had no effect in a cell line containing
a temperature-sensitive simian virus 40 T-Ag. T-Ag binds to
and inactivates both pRb and p53 (reviewed in reference 40),
and this study concluded that the repressive effect observed
when the T-Ag was inactivated after shift to the nonpermis-
sive temperature was due solely to the pRb component. The
effect of p53 was not directly tested (18), and so reinterpre-
tation of both this study and others is consistent with the
notion that p53 overexpression may have a repressive effect
on INK4a levels. For example, INK4a levels were elevated
after transfection of the E6 oncoprotein (which specifically
inactivates p53 [reviewed in reference 40]) into a cell line
with otherwise wild-type pRb and p53 function (70). Thus,
we propose that both pRb and p53 may regulate INK4a and
AREF. The regulation is, however, differential, with p53 be-
ing the dominant component for ARF and pRb being the dom-
inant component for INK4a. The effect of p53 on INK4a
may in fact be mediated through pRb as has been previously
proposed (70).

The nearly 20-fold decrease in ARF-driven reporter gene
activity in the C-33A cell line when wild-type p53 was over-
expressed may well be sufficient to account for the corre-
sponding increase in ARF levels in p53-deficient cell lines
that has been reported previously (27, 52); however, two
additional factors need to be considered: (i) the stability of
the RNA and (ii) the stability of the protein. It has been
shown that the INK4a RNA is very stable (18), although sim-
ilar information is not available for the ARF RNA. INK4a
protein has a long half-life of at least 3 h (44), while ARF
has a significantly shorter half-life of approximately 90 min
(78). This has important implications for our results because
in order to rapidly change the level of a protein by control-
ling the rate of transcription, a short-lived RNA or pro-
tein is essential. The short half-life of ARF indicates that
control at the transcriptional level would allow for rapid
changes in protein levels when p53 levels are elevated un-
der physiological situations and why less of an effect of
p53 overexpression is seen on the INK4a protein level
with its long half-life. We cannot rule out the possibility
that there are other levels of regulation between ARF and
p53; however, it is clear from these studies that the ARF
promoter can be regulated by p53 at the transcriptional
level.

Recent work has shown that the role of ARF in p53-
dependent cell cycle checkpoint control is mediated by its
binding to the MDM2 proto-oncogene accompanied by an
increase in functional p53 levels and an enhancement of
the capability of p53 to transactivate promoters containing
pS3 binding sites (48). Based on this study and the work
presented here, we propose the existence of an autoregu-
latory feedback loop which allows for tight controls over
the levels of p53 in normal cells (Fig. 10). In this model,
ARF expression and binding to MDM2 results in an in-
crease in functional p53 levels, allowing for either cell cycle
arrest or induction of apoptosis. The increased levels of p53
will then feed back on the ARF promoter, resulting in a
down-regulation of ARF transcription and concomitant de-
creases in ARF protein. This will then free MDM?2 to bind
to p53 and reduce its levels by targeting it for degradation.
Additional elements of this pathway, such as the factors
regulating MDM?2 and AREF levels, and the role of E2F and
pRb, will no doubt be the focus of much future study given
that the INK4a/ARF locus now stands firmly at the cross-
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roads of two of the most important cell cycle regulatory
pathways.
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