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ABSTRACT

analyzed the pl6/CDKN2 gene and its expression in a series of
primary low and high grade gliomas. Despite mutation or deletion of
the pl6/CDKN2 gene being uncommon in this series, its protein was
undetectable in one-half of the high grade tumors. Moreover, some of
the remaining cases in which the protein could be detected had
amplified or overexpressed CDK4 genes. These results support the
role of P16INK4 in glioma progression and suggest that its inactivation

P16INK4 is a cell cycle regulator that specifically binds to and inactivates
cyclin-dependent kinase 4 (CDK4). Its encoding gene (pl6/CDKN2) maps
to chromosome 9p21, a region that undergoes frequent loss of heterozygosity in a variety of human tumors. We have analyzed the pl6/CDKN2
gene and its expression in a series of primary glioma samples. Although
homozygous deletion or mutation of thepI6/CDKN2 gene was uncommon
in this series and P16INK4 protein was detectable in all grade II tumors, it

can occur by mechanisms apart from mutation or deletion.

was present in only 50% of grade III and grade IV samples. Conversely,
in some grade IV tumors the level of P16INK4 protein was elevated; in
these cases, its target, CDK4, was amplified and overexpressed. These
results suggest: (a) the involvement of P16INK4 in glioma progression;

MATERIALS

(b) that mechanisms

Tumor Samples. Glioma samples were obtained from 21 brain tumor
patients who had operations at the University of Washington, Seattle, WA. All
tumors were classified on the basis of the WHO criteria for tumors of the
central nervous system (22) and quick frozen at the time of resection until
analysis. The series consisted of 6 cases of low grade astrocytoma (WHO grade
II), and 15 cases of high grade disease [6 cases of anaplastia astrocytoma
(WHO grade III) and 9 cases of glioblastoma multiforme (WHO grade IV)].
Nucleic Acid Isolation and Analysis. High molecular weight genomic
DNA was prepared from tumor tissues by proteinase K digestion and phenol/
chloroform extraction. Approximately 10 jj.g of DNA were digested with
EcoRl, separated by electrophoresis through 0.9% agarose gels and transferred
to nylon membranes. A pI6/CDKN2 cDNA probe covering nucleotides 25 to
960 (3) and a full length human CDK4 cDNA probe (23) were 12P-labeled by

other than mutation

or deletion can down-regulate

expression of the pl6/CDKN2 gene; and (c) that the balance between
CDK4 and its cognate inhibitor, P16INK4, may confer a cell growth
advantage and facilitate tumor progression.

INTRODUCTION
Mammalian cell cycle progression is regulated by the sequential
activation and subsequent inactivation of various cyclin-dependent
kinases at different stages of the cell cycle (1). CDK44 associates with
and is activated by D-type cyclins in G, (2), and it can be negatively
modulated by the cell cycle inhibitor, P16INK4 (3). The mechanism for
this inhibition is not well characterized, but in vitro evidence suggests
that P16INK4 may compete with cyclin D in binding to CDK4 and
thereby prevent the kinase from being activated (3). Thus, mutation or
deletion of pl6/CDKN2 may affect the balance between P16INK4 and
D cyclins resulting in abnormal cell growth. In agreement with this
hypothesis, homozygous mutation or deletion of the pl6/CDKN2 gene
has been found to be very common in tumor cell lines of different
origins (4, 5). However, subsequent studies have demonstrated a much
lower frequency of mutations in corresponding primary tumors (410), with only a few exceptions (8, 11-13), raising questions about the
role of pI6/CDKN2 in tumor development or progression.
The p!6/CDKN2 gene is located in chromosome 9p21 (14), a
region with frequent loss of heterozygosity in malignant (grade III and
grade IV) gliomas (15, 16). Recently, several authors have studied
large numbers of glioma samples and shown that 27 to 34% of the
clinical samples of malignant cases (17-19) and 68% of xenografts of
glioblastomas (20) have homozygous deletion of pl6/CDKN2 locus.
However, thus far, only a single case of missense mutation has been
reported in clinical samples of gliomas that had lost the second alÃ-ele
(21). To date, it has been unclear whether the pI6/CDKN2 gene is the
target of the 9p21 deletions seen in this tumor type or whether the
actual target is another gene located nearby (20, 21). Here we have
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AND METHODS

random priming (24). The amount and integrity of the loaded DNA were
determined by reprobing the membranes with the ABL gene located on the
chromosome 9q arm. Quantitative densitometric analysis of Southern blot
hybridizations was performed using a laser densitometer (UltroScan XL; LKB,
Bromma, Sweden). Densities of each signal corresponding lopl6/CDKN2 and
CDK4 were normalized to that of the ABL gene. A relative increase in gene
dosage of more than 5 times that of DNA extracted from peripheral blood
lymphocytes of a healthy volunteer was considered amplification. RNA was
isolated using the guanidinium thiocyanate method (25) Approximately 20 j^g
of total cellular RNA were electrophoresed through a 1% denaturing agaroseformaldehyde gel and blotted onto nylon membranes. Northern blot hybrid
ization and washing was performed using Quickhyb solution (Stratagene, La
Jolla, CA). A 5' region p!6/CDKN2-specific
12P-labeled probe containing 172
base pairs [nucleotides -40 to 132 (5' sequences were acquired from GeneBank)] was generated by PCR using primers 5'-CGGAGAGGGGGAGAACAGACAACG-3'
(sense) and 5'-GCCTCCGACCGTAACTATTCGG-3'
(antisense). RNA quality and blotting efficiency was assessed by reprobing the
membranes with the glyceraldehyde-3-phosphate
dehydrogenase cDNA (26).
pl6/CDKN2 Genomic DNA Sequencing. For exons 1 and 3, direct
PÃŒ6/CDKN2 DNA "S sequencing in both directions was accomplished
using a Cyclist kit (Stratagene) with tumor genomic DNA as template. Each
exon sequence was obtained independently with the primer sets (sense/
antisense) 5'-TGGCTGGTCACCAGAGGGTGGG-3'/5'-TGCAAACTrCGTCCTCCAGAGTCGCC-3'
for exon 1 and 5'-TTGCGAGAACTTTATCCATA-3'/5'-ATGAAAACTACGAAAGCGGG-3'
for exon
3. PCR
reactions were performed under standard conditions, except for the pres
ence of 10% dimethyl sulfoxide (American Type Culture Collection, Bethesda, MD) in exon 1 amplifications. Annealing temperatures used were
65Â°Cfor exon 1 and 60Â°C for exon 3. For exon 2, genomic PCR using
primers 5'-TCTGACCATTCTGTTCTCTC-3'
(sense) and 5'-CTCAGCTTTGGAAGCTCTCA-3'
(antisense) was performed at an annealing temper
ature of 60Â°C.PCR products from each tumor sample were subcloned into
TA vectors (Invitrogen, San Diego, CA) and at least 10 clones/tumor
sample were pooled. Sequencing of each pool was accomplished using a
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Fig. 1. Analysis of pl6/CDKN2 in human gliomas. //, astrocytoma (WHO grade II); ///, anaplastic astrocytoma (WHO grade III); IV, glioblastoma
multiforme (WHO grade IV). The case numbers are
marked on the top of each panel. Lane C, positive
control sample (a P161NK'1expressing human gli
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Sequenase kit (USB, Cleveland, OH), with the same primer set described
above and additional internal primers, 5'-CCCCGCCACTCTCACCCG-3'
(sense) and 5'-CAGCACCACCAGCGTGT-3' (antisense). For cases with
questionable analyses of exon 2 using this approach, direct sequencing
using the Cyclist kit described above was performed for confirmation.
Western Blot Analysis. Frozentumorsamples were processedin a tissue
grinder and lysed in a solution containing 100 mMTris-HCl (pH 6.8), 2% SDS,
3.2 Murea, 4% 2-mercaptoethanol, 5 mg/ml leupeptin, 5 mg/ml pepstatin A, 5
mg/ml antipain, 1 mMphenylmethylsulfonyl fluoride, and 0.25% bromophenol
blue. Tumor lysates were boiled, size-fractionated through SDS-12.5% polyacrylamide gels, and transferred onto nitrocellulose membranes. Membranes
were probed with anti-pi6/CDKN2 rabbit polyclonal antibody (PharMingen,
San Diego, CA) or anti-CDK4 mouse monoclonal antibody (Transduction
Laboratories, Lexington, KY) and enhanced chemiluminescence detection was
performed according to the manufacturer's protocol (Amersham Corp.,
Arlington Heights, IL).
RESULTS
We first examined P16INK4 protein expression in a series of low
and high grade glioma samples by Western blot analysis. While
P16INK4 was clearly detectable in each of the low grade tumors, it was
apparent in only a little over one-half of the high grade samples (6 of
6 grade II, 3 of 6 grade III, and 5 of 9 grade IV tumors) (Fig. 1/4; Table
1). Since the pl6/CDKN2 gene maps to chromosome 9p21, a region
with frequent loss of heterozygosity in high grade gliomas, we rea
soned that the lack of detectable P16INK4 protein might be due to

except this case. A larger band of 6.0 kilobases possibly representing
cross-hybridization to the recently cloned pl5INK4H gene (29) was also
found in those tumors containing the pl6/CDKN2 gene. To further
investigate whether intragenic alterations (such as point mutations or
small deletions/insertions) that would be undetectable by Southern
blot analysis might result in gene inactivation, we have sequenced all
three exons of the pl6/CDKN2 gene from 5 of the tumors in which the
protein could not be detected. The results showed not only that their
coding sequences were identical to that of the wild type but also that
the splice sequences were preserved (Table 1). Thus lack of P16INK4
protein in these tumors is unlikely to be due to mutations of the gene.
To confirm that those tumors expressing P16INK4 contain a wild-type
gene, we also sequenced the exons of the pl6/CDKN2 gene from 5
such samples; in no case were mutations detected (Table 1).
In order to determine if the absence of P16INK4 protein was due to
a lack of transcription of the gene or instability of the message, we
examined p!6/CDKN2 mRNA by Northern blot analysis. A piÃ³/
CDKN2-speciiic probe (see "Materials and Methods") which does not
cross-hybridize with pl5INK4B mRNA revealed the two expected
transcripts, 0.8 and 1.1 kilobases, in those samples expressing
P16INK4 proteins, while no message could be detected in the tumors
that lacked P16INK4 product (Fig. 1C). Moreover, the level of pl6
message was directly correlated to the amount of pl6INK4 protein
suggesting that pI6/CDKN2 expression in gliomas may be regulated
at the transcriptional level or by a mechanism governing message
stability.
In initial analyses of the P16INK4 protein described above, we noted

mutation or deletion of the gene. Southern blot analysis revealed that
homozygous deletion of the pl6/CDKN2 gene was uncommon in this
series of gliomas (Fig. IÃŸ);among the high grade tumors, only one
(grade III, case 6) had clearly lost both alÃ-eles. While this low
frequency is concordant with one study (21), it is lower than others
(17-19). It is unlikely that this was due to contaminating normal tissue

that 3 of the 5 high grade tumors were expressing the protein at
unusually high levels (Fig. L4, Lanes IV-1 to IV-3). Since it appears
that P161NK4exerts its effect on cell proliferation by binding to and

inasmuch as the histopathology indicated greater than 95% tumor
cells for each specimen. Moreover, wherever possible (in informative
females) X-chromosome clonality assays (27, 28) were conducted and
were consistent with the cytology. The 4.3-kilobase band on the blot
which represents the pl6/CDKN2 gene was present in all samples

in these cases. Western blot analysis of CDK4 showed that in 2 of 3
cases overexpressing pl6INK4, CDK4 levels were elevated (Fig. 2A,

Table 1 pl6/CDKN2

inhibiting the function of CDK4 (3) and since amplification of the
CDK4 gene has been observed in gliomas (30), we reasoned that
overexpression of CDK4 may override the P16INK4 inhibitory activity

Lanes IV-2 and IV-3). Southern blot analysis revealed that the CDK4
and CDK4 in glioma
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of the VHL gene is an alternative mechanism for inactivation in a
significant portion of these cancers (33). Since the 5' and coding

and Northern blot analysis showed a corresponding increase in their
mRNA levels (data not shown). The third tumor contained relatively
normal amounts of CDK4 protein (Fig. 2A, Lane IV-1) and a normal
copy number of the gene (Fig. 2B, Lane IV-1).

sequences of pi6 also have CpG island characteristics, it may be that
inactivation of pl6/CDKN2 expression in the high grade gliomas is
commonly mediated through its aberrant methylation.
If inactivation of a cell cycle inhibitor is one of the mechanisms
conferring a cell growth advantage, overexpression of cell cycle
activators might be expected to exert the same effect. Consistent with
this hypothesis, we have found that CDK4 was amplified and overexpressed in two grade IV gliomas which expressed high levels of
P16INK4, but not in the low grade samples or other high grade tumors
which did not express P161NK4. CDK4 gene amplification has been

DISCUSSION
Homozygous deletion of the pJ6/CDKN2 gene was uncommon in
this series of gliomas; of 6 grade II, 6 grade III, and 9 grade IV tumors
examined, only one grade III sample lost both alÃ-elesof the pl6/
CDKN2 gene. This frequency is consistent with one study (21) but
lower than some others (17-19). Subtle alterations, such as small
deletions or insertions and point mutations, also are unlikely to be the
major mechanisms for inactivating this gene, since the sequence of all
three coding exons of the pl6/CDKN2 from ten high grade (grade III
and IV) tumors were wild type. However, P16INK4 protein was
undetectable in about 50% of high grade tumors, while all grade II
samples expressed obvious amounts of this product. This observation
suggests lhatpl6/CDKN2 inactivation occurs in glioma progression at
the transition from grade II to grade III and thatpI6/CDKN2 may play
an important role in glioma progression. In support of this theory, we
have recently transferred a full-length pl6/CDKN2 cDNA into pl6null glioblastoma cell lines and demonstrated that expression of the
exogenous p!6/CDKN2 indeed could suppress cell growth (31).
Absence of pl6/CDKN2 message in the samples lacking P16INK4

reported in about 14% of grade IV gliomas, but an analysis of CDK4
protein was not performed (30, 34). Nevertheless, these results further
support the idea that perturbation of the balance of CDK4 and its
cognate inhibitor may play an important role in glioma development.
It is not clear whether amplification and overexpression of CDK4
takes place first thereby up-regulating the cognate inhibitor by a
homeostatic mechanism, or alternatively overexpression of P16INK4

protein suggests that pl6/CDKN2 is likely regulated at the transcriptional level or by an mRNA stability mechanism. We cannot rule out
the possibility that mutation may occur in the promoter region of the
pl6/CDKN2 gene with the consequence of gene inactivation. Alter
nate mechanisms such as aberrant methylation of the gene may also
suppress pl6/CDKN2 transcription. Methylation of CpG islands
around gene promoters has been documented in association with loss
of gene expression in normal biological processes and pathological
events (32). While mutational inactivation and allelic loss of the von
Hippel-Lindau (VHL) gene seems to underlie the majority of sponta
neous clear-cell renal carcinomas, it has also been shown that hypermethylation of a normally unmethylated CpG island in the 5' region

leads to selection of a subpopulation of cells with CDK4 amplification
and overexpression. Overexpression of CDK4 is also likely not the
only way to overcome elevated levels of P16INK4 in glioma as
suggested by the one sample in this study containing a high amount of
p16iNK4 but no Q5K4 elevation. It will be interesting to determine
whether other factors in the P16INK4/CDK4 pathway, such as cyclin D
or the retinoblastoma protein Rb, are deregulated or mutated, because
these may have the same effect as increased levels of CDK4 (1, 2).
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