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Abstract

DNA amplification is a common mechanism invoked by many human

tumors to elicit overexpresslon of genes whose products are involved in
drug resistance or cell proliferation. Although amplified regions In tumor
DNA may exceed several megabases in size, segments of amplicons with a
high probability of containing gene sequences may be amenable to detec
lion by restrictionlandmarkgenomicscanning(RLGS),a high-resolution
DNA analysis that separates labeled Not! fragments In two dimensions.

Here, we tested this by applying RLGS to matched samples of giloma and
normal brain DNA and found tumor-specific amplification of the gene
encoding cydlin-dependent kinase 6 (CDK6), an observation not previ
ously reported In human tumors. The CDK6 gene has been localized to
chromosome 7q21â€”22,but in the gliomas studied here, It was not coam
plified with either the syntenic MET (7q31) or epidermal growth factor
receptor (7pll-.pl2) genes, suggesting that this may be part of a novel
amplicon in gliomas. We then corroborated this finding by identifying
both amplification-associated and amplification-independent increases in
CDK6proteinlevelsin gliomasrelativeto matchednormalbrainsamples.
These data implicate the CDK6 gene In genomic amplification and Bins
trate the potential of RLGS for the more general identification and
cloning of novel genes that are amplified in human cancer.

Introduction

DNA amplification occurs frequently in human solid tumors, where
it is identifiable as extrachromosomal double minute elements or as
homogeneously staining chromosomal regions. The units of amplified
DNA that range in size from 150 kb to more than 10 Mb may derive
from continuous, or less commonly, nonsyntenic regions of the ge
nome and may be present in five to several hundred copies (1). The
known targets of DNA amplification are chromosomal regions con
taming genes that may confer resistance to chemotherapeutic agents
or act as oncogenes encoding cell growth regulators such as growth
factor receptors, intracellular signal transduction molecules, transcrip
tion factors, or cell cycle regulators.

To date, the majority of oncogenes involved in human tumors were
first discovered either as viral oncogenes, transforming genes in
transfection studies, or translocated genes in hematopoietic malignan
cies, with their frequency of amplification being subsequently tested.
A direct and unbiased identification of amplified DNA in tumor cells
might be useful for finding novel cellular genes involved in growth
control and for the development of potential diagnostic or prognostic
clinical markers. This direct approach has proven quite difficult how
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ever, because the amplified regions are usually too large for routine
molecular analysis.

RLGS3 is a recently developed method that allows the two-dimen
sional separation of radiolabeled genomic DNA into nearly 2000
discrete fragments that have a high probability of containing gene
sequences and are ideal in length for cloning and sequence analysis
(2). Radiolabeled Not! sites are frequently used as landmark sites
because an estimated 89% of Not! sites are within the CpG islands (3)
that are often characteristic of the 5' region of genes (4). The chro
mosomal origin of the majority of radiolabeled genomic Not! frag
ments in RLGS profiles has been previously determined by analysis of
DNA from flow-sorted human chromosomes (CA-RLGS; Ref. 5). The
profiles resulting from the RLGS technique are highly reproducible,
so they should be suitable for comparisons between DNA samples
obtained from tumor and normal tissues (6â€”9).

Here we tested the feasibility of this approach by determining the
RLGS profiles of a malignant glioma and normal brain from the same
patient. One labeled DNA fragment with a significantly increased
intensity in the tumor profile was identified and cloned from the
RLGS gel, and its nucleotide sequence was determined. The fragment
exhibited the characteristics expected for a CpG island, and its se
quence was identical to the 5' end of the gene encoding the cell cycle
regulator CDK6. A single-copy fragment present in a normal DNA
profile with two-dimensional gel coordinates identical to the intense
tumor fragment had been assigned to chromosome 7 (5), consistent
with a previous study that mapped CDK6 to chromosome 7q21â€”22
(10). Two additional genes from chromosome 7 that are amplified in
gliomas, the EGFR and METgenes (11), as well as ESTs mapped near
the CDK6 locus (10) did not show evidence of coamplification,
suggesting that the tumor-specific amplification may be restricted to
CDK6. Thus, this report demonstrates that the CDK6 gene is another
member of the p16/CDK4/cyclin D/RE pathway that may play a role
in human cancer and, in addition, that two-dimensional genome
scanning is an efficient means to identify genes whose copy number
changes in tumors.

Materials and Methods

Tissue Samples and Cell Lines. Glioma and adjacent normal brain sam
ples from the same individuals were surgically resected from patients and
histopathologically analyzed at the University of Washington. Immediately
after resection, all tumors were frozen and stored in liquid nitrogen until the
time of analysis.

RLGS. RLGS was performed according to published protocols (2). Briefly,
the free ends of 2â€”5@gof gemomicDNA were blocked in a 10-pdreaction by
the addition of mucleotideanalogues (aS-dGTP, aS-dCTP, ddATP, dd'fl'P)

3 The abbreviations used are: RLGS, restriction landmark genomic scanning; CA

RLGS, chromosome-assigmedRLGS; CDK6, cyclin-dependent kimase6; EGFR, epider
mal growth factor receptor; EST, expressed sequence tag; RB, retinoblastoma.
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with 2 units of DNA polymerase I (37Â°C,20 mm) followed by enzyme
inactivation (65Â°C,30 mm). The buffer was themadjusted, and the DNA was
digested (37Â°C,2 h) with 20 units ofNotl (Promega, Madison, WI). Sequenase
(version 2.0; United States Biochemical Corp.) was then used to fill in the Not!
ends with [a-32P]dGTP(DuPontNew EnglandNuclear)and [a-32P]dCTP
(Amersham, Arlington Heights, IL) for 30 mm at 37Â°C.The labeled DNA was
digested (37Â°C,1 h) with 20 units of EcoRV (Promega), and a portion was
electrophoresed through a 60-cm-long, 0.8% agarose tube gel (first dimension
separation). The agarose gel was then equilibrated in buffer, and the DNA was
digested in the gel with 700 units of Hinfl (Promega) at 37Â°Cfor 2 h. The
agarose gel was then placed horizontally (rotated 90@relative to the first
electrophoresis) across the top of a nondenaturing 5% polyacrylamide gel, the

two gels were connected with molten agarose, and the DNA was electrophore
sed in the second dimension. The gels were dried and exposed to X-ray film
in the presence of intensifying screens (Quanta III; DuPont) for 2â€”10days.

Cloning of RLGS Fragments. One humdred @gof DNA from an anaplas
tic astrocytoma was enriched for Not! fragments using a Not! restriction
trapper (a kind gift from Dr. Yoshihide Hayashizaki, Tsukuba Life Science

Center,Riken, !baraki,Japan)that consisted of latex beads with covalemtly
attached double-stranded DNA adaptors with a free Not! restriction sequence
at its end (12). Tumor DNA was digested sequentially with Not! and EcoRV,
extracted with phenol/chloroform/isoamyl alcohol, precipitated, and resus
pended in double distilled H20. The DNA was ligated to the Not! restriction
trapper,followedby centrifugationto removemonligatedDNA.The trapper
ligated DNA was digested with EcoRV, centrifuged to remove EcoRV frag
ments,and themdigestedwithNot!.This NotI-enrichedDNA was then sub
jected to RLGS as described above, except that only one-fourth was labeled
(and coelectrophoresed with the remaining three-fourths of unlabeled DNA
that retained unmodified Not! ends). The NotLlHinflamplified fragment was
cut from the gel, eluted, and ligated to DNA adaptors with Not! and Hinfl ends.
Nested PCR was then performed with external and internal adaptor-specific
primers (10 and 30 cycles, respectively), and the PCR products were cloned
into a TA vector(!nvitrogen,San Diego,CA) and sequenced.

DNA Probes. The full-length CDK6 cDNA was a kind gift from Drs. Hubert
S. Chou and Ed Harlow (Massachusetts General Hospital, Charlestown, MA).
The hamster sorcin cDNA, correspondingto marker D7s23l3, was generously
provided by Dr. Masian B. Meyers (Memorial Sloan-Kettering, New YorlÃ§NY).
ESTs W!-8653, WI-8563, D7s2744, and W!-8704 were obtained from Genome
Systems, Inc. (St Louis, MO), and D7s539 and D7s548 were obtained from the

AmericanType Culture Collection(Rockville,MD).
Immunoblot Analysis of CDK6. Glioma tumor lysates were resolved

through 18% SDS-PAGE gels and transferred to !mmobilon-P membranes
(Millipore, Bedford, MA) as described (13). Sample loading was monitored by
Ponceau S staining (Sigma, St. Louis, MO). After blocking the nonspecific
sites, membranes were probed with a rabbit anti-human CDK6 polyclomal

antibody (a kind gift from Drs. Hubert S. Chou and Ed Harlow) at a 1:1000
dilution, and bound antibody was detected by enhanced chemiluminescence
accordingto the manufacturer'sprotocol (Amersham).Normal rabbit and
mouse sera were used as negative controls, and baculovirus-expressed CDK6
was loaded in each gel to serve as a positive control.

Results

Analysis of RLGS Proffles of Malignant Glioma for DNA Am
plification. Genomic DNA from a primary anaplastic astrocytoma
was analyzed for gene amplification by RLGS, using the sequential
combination of NotIJEcoRV/Hinfl restriction endonucleases. The re
sulting RLGS profile displayed nearly 2000 labeled genomic Not!
fragments, or spots, present at low copy number and 25â€”30intense
spots derived from repetitive sequences in the genome (Fig. 1; Ref.
14).@Because an estimated 89% of Not! sites are located in CpG
islands (3) and because Not! is unable to cleave methylated sites, as
many as 1780 of the RLGS spots shown in Fig. 1A likely represent
unmethylated CpG islands. As expected, the tumor and normal brain
profiles from the same patient were nearly identical in both the
positions and the relative intensities for low- and high-copy number
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Fig. 1. RLGS profiles derived from a malignant glioma (anaplastic astrocytoma) and
normal brain from the same patient. Genomic DNA from each sample was digested with
NotI, radiolabeled at the Not! sites, and then digested with EcoRV. Approximately 1.5 @sg
of the DNA sample were electrophoresed through an 0.8% agarose tube gel (first
dimension, right to left), digested in situ with Hinfl, and electrophoresed through a
nondenaturing 5% polyacrylamide gel (second dimension, top to bottom), followed by
autoradiography. A, RLGS profile of the tumor DNA. The boxed subregion is magnified
below. Bâ€”D,a magnified view ofthe subregion indicated mA from normal brain DNA (B)
and from two independentanalyses of the tumor DNA sample (C and D). The arrow
points to the intense spot found only in the tumor. The chromosomal assignments of three
single-copy spots present in normal DNA profiles with the same two-dimensional local
ization as the intense spot were determined from Ref. 5.

spots. One intense spot, however, of an approximately 2.4-kb size in
the first dimension (NotL'EcoRV) and 300â€”400 bp in the second
dimension (Hinfl), was present only in the profile derived from the
tumor (Fig. 1B). This intense spot as well as all other spots in this
region was reproducible in other RLGS profiles from the same tumor
DNA (Fig. lB. bottom panel). In the profile derived from the normal
brain samples, there were three low-copy number spots in this precise
location, and the chromosomes from which these spots were derived
(Fig. lB) have been previously determined by CA-RLGS (5). Thus,4 Unpublished observations.
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the spot displaying increased intensity in the tumor sample could have
represented either a similarly sized repetitive element that was de
methylated at the NotI site in the tumor or may have been composed
of amplified DNA from chromosomes 5, 7, or 19.

Cloning and Analysis of the Intense RLGS Spot from the
Tumor Profile. To distinguish between these possibilities, the frag
ment of increased intensity was excised from an RLGS cloning gel
(see â€œMaterialsand Methodsâ€•),ligated with Not! and Hinfl adaptors,
amplified by nested PCR with adaptor primers, and cloned. The clone
obtained was a 37l-bp NotI/Hinfl fragment that corresponded well
with the position in the second dimension expected for the fragment.
Southern blot analysis using the cloned fragment as a probe demon
strated hybridization to a single 2.4-kb NotlJEcoRV fragment that was
present at approximately 100 copies in the original tumor DNA as
compared to normal brain DNA or additional unrelated glioma sam
ples (Fig. 2A), indicating that the NotI/Hinfl clone was likely derived
from the intense RLGS spot in the tumor profile and that the increased
signal represented DNA amplification rather than demethylation of a
repetitive element.

The sequence of the Notllllinfl clone was then determined, and a
comparison with nucleotide sequences in the Genbank database iden
tified it as the 5' portion of the gene encoding CDK6 (Fig. 2B). The
perfect nucleotide homology between the RLGS spot clone and the
CDK6 cDNA sequence extended 303 nucleotides 3' from the Not! site
and included the translation start site and the nucleotides encoding the
signature amino acid motif of the CDK6 protein, PLST!RE, that

distinguishes it from other related CDKs (15). The RLGS subclone
sequence diverged from the CDK6 cDNA sequence exactly at a
consensus exonhintron junction sequence (16) and then continued 68
mucleotides to the Hinfl site. The 371 bp that were contiguous in
genomic DNA have definite CpG island characteristics (17); a OC
content of 72%, an observed:expected CpG ratio of 1.0, and a lack of
methylation (at two CpGs of the Not! site) in all normal DNA samples
tested thus far, consistent with the predicted bias for the occurrence of
Not! sites in CpG islands. The complete coding sequence of the CDK6
cDNA was also used as a probe in Southern blotting, and similar
amplification of all known CDK6 exoms was observed (data not
shown). Thus, these data identify the CDK6 gene as a novel target of
gene amplification.

Regional Chromosomal Specificity of the CDK6 Gene Amplifi
cation. The previous localization of the CDK6 gene to chromosome
7q2lâ€”22(10, 18) was consistent with both the chromosome 7 derivation
of this single-copy spot determined by CA-RLGS (5) and our own
confumation by PCR amplification (using primers corresponding to the
5' and 3' ends of the RLGS spot clone) of products exclusively from a
hamster cell line harboring human chromosome 7 among a panel of
somatic cell hybrids (data not shown). Although other amplified genes in

this region have not been identified, several examples of discontinuous or
nonsyntenic amplification of multiple genes have been described in
human tumors (1 1, 19). We thereforedetermined the copy numberof two
additional genes on chromosome 7, EGFR (7pl 1â€”12)and MET (7q31),
which have been shown to be independently amplified in malignant
gliomas (11). We attempted to distinguish gene amplification from an
increase in the number of chromosome 7s by only scoring as positive for
amplification those samples that had a copy number greater than five for

a particular gene while having near-diploid levels for other distant genes
on the same chromosome (1). In Fig. 2C, Southern blot analyses with
MET (upperpanel) and EGFR (lowerpanel) cDNA probes showed equal
hybridization to each glioma DNA sample, indicating a lack of coampli
fication with CDK6. CDK6 amplification was detected in 2 of 37 ma
lignant gliomas but in none of 13 low-grade astrocytomas, 16 human
tumor cell lines, and 12 normal brain samples (data not shown).
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Fig. 2. Hybridization and sequence analysis of the cloned tumor-specific RLGS spot.
The tumor-specific intense spot was excised from the RLGS gel and cloned, as described
in â€œMaterialsand Methods.â€•A. the NotI/Hinfl cloned fragment was radiolabeled and
hybridized to a Southern blot of NotI/EcoRV-digested DNA from the same malignant
glioma (Lane 1), normal brain (Lane 2), and additional glioma samples (Lanes 3â€”6).B.
nucleotide sequence of the spot clone that contains 303 nucleotides that are identical to the
5' end of human CDK6 gene (upper case), including the nucleotides encoding the putative
translation start site (underline) and the PLSTIRE motif (double underline; Ref. 15). The
spot clone also contains a consensus exoWintron junction (AG gtgagc) and 68 mucleotides
of presumed intron sequence (lower case). C, the Southern blot shown in A was rehy
bridized sequentially with probes for the MEl' and EGFR loci.
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Copy Number Analysis of ESTs Mapped Near the CDK6 Locus.
To examine the possibility that genes closer to the CDK6 locus than
EGFR or MET might be coamplified, several ESTs that were previ
ously mapped to the same relative region of chromosome 7 as CDK6
(10) were used to probe a DNA sample with approximately two copies
of CDK6 and also a tumor with CDK6 amplification (Fig. 3). The
relative order of the ESTs was derived from a published YAC contig
containing CDK6 (chromosome l7q21â€”22; Ref. 10) and from a
Massachusetts Institute of Technology database (http:llwww.
genome.wi.mit.edu/cgi-bin/contig/stsJnfo/601). Two distal ESTs,
D7s539 and W!-8704, showed little amplification in the tumor with
CDK6 amplification. The D7s2744 probe recognized two fragments
in the tumor DNA, only the larger of which was present in all other
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the CDK6 protein was undetectable to minimally detectable in two
malignant gliomas without CDK6 amplification (Fig. 4, Lanes 3 and
4) but was abundant in duplicate samples from a tumor with CDK6
amplification (Lanes 1 and 2). In another malignant glioma without
CDK6 amplification, we also observed increased levels of CDK6
protein relative to normal brain from the same patient (Lanes 5 and 6,
respectively), suggesting that it is the increase in CDK6 protein that is
the important result for the tumors, rather than the gene amplification
itself.

Discussion

The strong bias for the occurrence of Not! sites in CpG islands
suggests that RLGS profiles like those described here display more
than 1000 CpG islands, rather than a random sampling of genomic
DNA fragments. This assertion has been supported by the demonstra
tion that 12 of 16 randomly chosen NotI-containing genomic frag
ments had definite CpG island characteristics (21) and by the RLGS
based cloning of 2 novel imprinted genes (22, 23). The latter two
studies relied partly on the identification of RLGS spots with a parent
of origin-specific pattern of methylation, a modification causing a
50% reduction of intensity of a single-copy spot. Such a reduction is
also obvious with X chromosome-specific spots from either males or
females because of methylation-related inactivation of one X chro
mosome in the latter. These studies promote the use of RLGS for
widespread methylation analysis of CpG islands (24) and also define
a level of genetic or epigenetic change that can be detected with
RLGS. Many DNA amplifications, including those not detectable
with other systems, could be identified by RLGS, provided a number
of different landmark enzymes are used.

The present study extends the potential of RLGS to the direct
identification of genes involved in DNA amplification in human
tumors. In addition to the novel CDK6 amplification identified here,
previously known amplifications such as FGF3 (INT2) in breast
cancer and NMYC in neuroblastoma have also been identified in
RLGS profiles (6). However, because not all amplified genes would
be expected to have NotI sites, the coverage of possible amplifications
is somewhat limited. Estimates of the number of Not! sites in the
human genome range from 3000 to 5000 (3, 25, 26), corresponding to
an average of 1 Not! site every 750 kb, which is within the range of
some but not all amplicons. This problem may be circumvented by
using other rare cutting landmark enzymes such as BssHII, Sad, or
Eag!, all of which have an estimated 74% of their restriction sites in
CpG islands (3). Alternative direct approaches to identifying novel
amplified regions such as microdissection of DNA from homoge
neously staining chromosomal regions and comparative genome hy
bridization have also been successfully applied to human tumors (27,
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Fig. 4. Western blot analysis of CDK6 protein levels in malignant gliomas. Two
separateextractsfroma single tumorwith CDK6 amplification(Lanes I and2), extracts
from malignantgliomas withoutCDK6 gene amplification(Lanes 3â€”5),extractsfrom a
tumor without CDK6 amplification and from normal brain extracts from the same
individual (Lanes 5 and 6, respectively). Sample loading was monitored by Ponceau S
staining.
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Fig. 3. Southernblot analysisof ESTs in the same chromosomalregion as the CDK6
gene (7q21â€”22).Not! digestsof DNA froma tumor(7) withCDK6gene amplificationand
a sample with approximately normal copy number (N) at the CDK6 locus. CDK6, D7s539,
and D7s548 are located on a single YAC clone spanning 1.1 Mb (10). Based on radiation
hybridmaps,the ESTsexaminedhere are distributedover 13 cR. Copynumberwas
estimatedfrom phosphorimagerand densitometricanalyses.

samples tested. This result could have been due to methylation dif
ferences at a Not! site or polymorphic restriction sites or genetic
alterations in the tumor. D7s2744 is part of the sorcin gene that codes
for a calcium-binding protein and has been shown to be overexpressed
in some vincristine-resistant human tumor cells (20). Regardless of
inclusion of both tumor fragments in copy number estimates, the
sorcin gene did not exceed five copies. CDK6 was therefore the only
gene of those studied here to have high levels of amplification
(approximately 100 copies).

CDK6 Protein Levels in Giomas. Because DNA amplificationin
tumors is often accompanied by overexpression of the amplified gene
(1),weassessedthelevelofCDK6proteininmalignantgliomaswith
and without CDK6 amplification. Western blot analysis showed that
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28). Comparative genome hybridization of malignant glioma genomes
has revealed single cases of previously unsuspected amplification
from 7q2 1.2â€”3,7q2 1.1, l2p, and 22ql2, although the genes involved
in these amplifications have not yet been identified (27). The RLGS
analysis of DNA amplification has the significant advantage that any
spot of increased intensity can be directly isolated and characterized
and, in conjuctiom with the CA-RLGS data (5), an immediate chro
mosome assignment of the amplification event may be obtained. The
possibility that an intense spot from the RLGS profile represents a
repetitive element may be partially or completely eliminated by corn
parison with matched normal DNA profiles and by close analysis of
the restriction patterns of the ribosomal DNA repeat sequences that,
because of their GC-rich nature, contribute many of the high-copy
number spots on RLGS profiles (14).

The approximately 50-fold (100 copies) amplification of the CDK6
gene reported here was associated with an increased level of CDK6
protein, suggesting the typical relationship between gene amplifica
tion and overexpression. Because mRNA for this sample was not
available, we could not perform direct gene expression studies and
thus cannot rule out the possibility that the high level of CDK6 protein
was due to posttranscriptional changes such as increased mRNA or
protein stability, rather than a consequence of gene amplification. This
possibility seems less likely, though, due to the very high level of gene
amplification, and the fact that we were unable to find amplification
of other genes, either proximal or distal to CDK6, that might be the
primary target of amplification. In the published 3.5-cM YAC contig
that includes the CDK6 locus (10), genes other than those tested in this
study have not been identified. It remains possible that additional
unidentified genes may be coamplified with the CDK6 gene. Although
CDK6 amplification was infrequent in this series of malignant glio
mas, the identification of increased CDK6 protein in one of four
additional gliomas and a known role of CDK6 in regulating RB
phosphorylation (29) warrant further analysis of the function of CDK6
in gliomas. Abrogation of RB-mediated growth suppression seems to
be a critical event for malignant progression of gliomas because the
majority of high-grade gliomas exhibit defects in one of the known
components of this pathway, including RB gene deletion, p16/
CDKN2A gene deletion or inactivation, or CDK4 amplification/over
expression (30). The present results add the CDK6 gene to the
members of this pathway that are targets for cell cycle deregulation in
cancer.

Acknowledgments

We thank Dr. Lukas Amler for many helpful discussions and critical review of
the manuscript, Dr. Yoshihide Hayashizaki for helpful discussions and for gener
ously supplying Not! restriction trapper, Dr. Hisato Okuizumi for assistance in
obtaining RLGS supplies, Drs. Eric W. Johnson and Eric D. Green for valuable

communications concerning the physical order of chromosome 7 ESTs, Drs. Ed

Harlowand HubertS. (lou for the CDK6 antibodyand full-lengthCDK6 cDNA,
Dr. Masian Meyers for the sorcin probe, and Dr. Morag Park for the Mfl@ probe.

We arealso indebtedto Ute Plassfor experttechnicalassistance.

References

I. Schwab, M., and Amler, L. C. Amplification of cellular oncogenes: a predictor of
clinical outcome in human cancer. Genes Chromosomes & Cancer, I: 181â€”193,1990.

2. Hatada, I., Hayashizaki, Y., Hirotsune, S., Komatsubara, H., and Mukai, T. A
genomic scanning method for higher organisms using restriction sites as landmarks.
Proc. Nail. Acad. Sci. USA, 88: 9523-9527, 1991.

3. Lindsay. S., and Bird, A. P. Use of restriction enzymes to detect potential gene
sequences in mammalian DNA. Nature (Land.), 327: 336â€”338,1987.

4. Larsen, F., Gundersen, G., Lopez, R., and Prydz, H. CpG islands as gene markers in
the human genome. Genomics, 13: 1095â€”1107, 1992.

5. Yoshikawa, H., Delamonte, S., Nagai, H., Wands, J. R., Matsubara, K., and Fujiyama,
A. Chromosomal assignment of human genomic Not! restriction fragments in a
two-dimensional electrophoresis profile. Genomics, 31: 28â€”35,1996.

6. Hirotsune, S., Hatada, I., Komatsubara, H., Nagai, H., Kuma, K., Kobayakawa, K.,

Kawara, T., Nakagawara, A., Fujii, K., Mukai, T., and Hayashizaki, Y. New approach
for detection of amplification in cancer DNA using restriction landmark genomic
scanning. Cancer Res., 52: 3642â€”3647,1992.

7. Nagai, H., Tsumura, H., Ponglikitmongkol, M., Kim, Y. S., and Matsubara, K.
Genomic aberrations in human hepatoblastomas detected by two-dimensional gel
analysis. Cancer Res., 55: 4549â€”4551,1995.

8. Ohsumi,T., Okazaki,Y., Okuizumi,H., Shibata,K., Hanami,T., Mizuno, Y., Takahara,
T., Sasaki, N., Ueda, M., Muramatsu,M., Kems, K. A., Chapman, V. M., Held. W. A.,
and Hayashizaki,Y. Loss of heterozygosityin chromosomes 1, 5, 7, and 13 in mouse
hepatoma detected by systematic genome-wide scanning using RLGS genetic map.
Biochem. Biophys. Res. Commun., 212: 632â€”639,1995.

9. Miwa, W., Yashima, K., Sekine, T., and Sekiya, T. Demethylation of a repetitive
DNA sequence in human cancers. Electrophoresis, 16: 227â€”232,1995.

10. Johnson, E. W., Iyer, L. M., Rich, S. S., Orr, H. T., Gilnagel, A., Kurth, J., Zabranski,
J. M., Marchuk, D. A., Weissenbach, J., Clericuzio, C. L., Davis, L. E., Hart, B. L.,
Gusella, J. F., Kosofsky, B. E., Louis, D. N., Morrison, L. A., Green, E. D., and
Weber, J. L. Refined localization of the cerebral cavernous malformation gene
(CCMJ) to a 4-cM interval of chromosome 7q contained in a well-defined YAC
contig. Genome Res., 5: 368â€”380,1995.

11. Collins, V. P. Gene amplification in human gliomas. GLIA, 15: 289â€”296,1995.
12. Hayashizaki, Y., Hirotsune, S., Hatada, I., Tamatsukuri, S., Miyamoto, C., Furuichi,

Y.,andMukai,T. AnewmethodforconstructingNot!linkingandboundarylibraries
using a restriction trapper. Genomics, 14: 733â€”739,1992.

13. Arap, W., Nishikawa, R., Furman, F. B., Cavenee, W. K., and Huang, H. J. Replace
ment of the p16/CDKN2 gene suppresses human glioma cell growth. Cancer Res., 55:
1351â€”1354,1995.

14. Kuick, R. M., Asakawa, J., Ned, J. V., Kodaira, M., Satoh, C., Thoraval, D.,
Gonzalez, I. L., and Hanash, S. M. Studies of the inheritance of human ribosomal
DNA variants detected in two-dimensional separations of genomic restriction frag
ments. Genetics, 144: 307â€”316,1996.

15. Meyerson, M., Enders, G. H., Wu, C. L., Su, L. K., Gorka, C., Nelson, C., Harlow,
E.. and Tsai, L. H. A family of human cdc2-related protein kinases. EMBO J., 11:
2909â€”2917,1992.

16. Lewin, B. The organization of interrupted genes. in: Genes III, pp. 384â€”396.New
York: John Wiley & Sons, 1987.

17. Gardiner-Garden, M., and Frommer, M. CpG islands in vertebrate genomes. J. Mol.
Biol., 196: 261â€”282,1987.

18. Bullrich, F., MacLachlan, T. K., Sang, N., Druck, 1., Veronese, M. L., Allen, S. L.,
Chiorazzi, N., Koff, A., Heubner, K., Croce, C. M., and Giordano, A. Chromosomal
mapping of members of the cdc2 family of protein kinases, cdk3, cdk6, P!SSLRE, and
PITALRE, and a cdk inhibitor, @27K@Ito regions involved in human cancer. Cancer
Res., 55: 1199â€”1205, 1995.

19. Corvi, R., Savelyeva, L., Breit, S., Wemzel, A., Handgretinger, R., Barak, J., Oren, M.,
Amler, L., and Schwab, M. Nonsyntenic amplification of MDM2 and MYCN in
human neuroblastoma. Oncogene, 10: 1081â€”1086,1995.

20. Meyers, M. B., Spengler, B. A., Chang, T. D., Melera, P. W., and Biedler, J. L.
Gene amplification-associated cytogenetic aberrations and protein changes in
vincristine-resistant Chinese hamster, mouse, and human cells. J. Cell Biol., 100:
588â€”597,1985.

21. Plass, C., Kawai, J., Kaicheva, !., Davis, L., Watanabe, S., Hayashizaki, Y., and
Chapman, V. Comparative analysis of mouse Not! linking clones with mouse and
human genomic sequences and transcripts. DNA Res., 2: 27â€”35,1995.

22. Plass,C.,Shibata,H., Kalcheva,I., Mullins,L., Kotelevtseva,N.,Mullins,J., Kato,
R., Sasaki, H., Hirotsune, S., Okazaki, Y., Held, W. A., Hayashizaki, Y., and
Chapman,V. Identificationof grfl onmousechromosome9 asanimprintedgeneby
RLGS-M. Nat. Genet., 14: 106â€”100,1996.

23. Hayashizaki, Y., Shibata, H., Hirotsune, S., Sugino, H., Okazaki, Y., Sasaki, N.,
Hirose, K., Imoto, H., Okuizumi, H., Muramatsu, M., Komatsubara, H., Shirooishi,
1., Moriwaki, K., Katsuki,M., Hatano,N., Sasaki,T., Veda, T., Misc, N., Takagi, N.,
Plass, C., and Chapman, V. M. Identification of an imprinted U2af binding protein
related sequence on mouse chromosome 11 using the RLGS method. Nat. Genet., 6:
33â€”40,1994.

24. Kawai, J., Hirose, K., Fushiki, S., Hirotsune,S., Ozawa. N., Hara, A., Hayashizaki,Y.,
and Watanabe, S. Comparison of DNA methylation pattems among mouse cell lines by
restrictionlandmarkgenomic scanning.Mol. Cell. BioL, 14: 7421â€”7427,1994.

25. Imoto, H., Hirotsune, S., Muramatsu, M., Okuda, K., Sugimoto, 0., Chapman, V. M.,
and Hayashizaki, Y. Direct determination of Not! cleavage sites in the genomic DNA
of adult mouse kidney and human trophoblast using whole-range restriction landmark
genomic scanning. DNA Res., 1: 39-43, 1994.

26. Antequera, F., and Bird, A. Number of CpG islands and genes in human and mouse.
Proc. Nail. Acad. Sci. USA, 90: 1995â€”1999,1993.

27. SchrOck, E., Thiel, G., Lozanova, T., du Manoir, S., Meffert, M. C., Jauch, A.,
Speicher, M. R., Nurnberg, P., Vogel, S., Janisch, W., Donis-Keller, H., Ried, T.,
Witkowski, R. and Cremer, T. Comparative genomic hybridization of human
malignant gliomas reveals multiple amplification sites and nonrandom chromo
somal gains and losses. Am. J. Pathol., 144: 1203â€”1218, 1994.

28. Guan, X. Y., Xu, J., Anzick, S. L., Zhang, H., Trent, J. M., and Meltzer, P. 5. Hybrid
selection of transcribed sequences from microdissected DNA: isolation of genes
within amplified region at 20q11â€”q13.2in breast cancer. Cancer Res., 56: 3446â€”
3450, 1996.

29. Kato, J., Matsushime, H., Hiebert, S. W., Ewen, M. E., and Sherr, C. J. Direct binding
of cyclin D to the retinoblastoma gene product (pRb) and pRb phosphorylation by the
cyclin D-dependent kinase CDK4. Genes & Dcv., 7: 331â€”342,1993.

30. He, J., Olson, J. J., and James, C. D. Lack of pl6@'â€•or retinoblastoma protein (pRb)
or amplification-associated overexpression of cdk4 is observed in distinct subsets of
malignant glial tumors and cell lines. Cancer Res., 55: 4833â€”4836, 1995.

1254

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/57/7/1250/2465988/cr0570071250.pdf by guest on 19 M

ay 2023




