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The molecular mechanisms responsible for the devel-
opment of testicular germ celi tumors (GCTs) have
not as yet been elucidated. The aim of the present
study was to determine whether genetic alterations of
p16IN 4 (MTSI) and/or cyclin-dependent kinase 4
(CDK4) occur in the genesis of these tumors. We have
analyzed these two genes in 29 testicular GCTs, sem-

inomas, and nonseminomas. None of the tumors
showed eitherpl6INK4 or CDK4 mutations. Only 1 of
the 29 GCTs displayed loss of heterozygosity of the
p16 14 gene. No homozygous deletions ofp16`N4
were detected. Evidence of hypermethylation of
p16't4 exon 1, however, was demonstrated in 13 of
the 26 (50%) GCTs analyzed. Tumor samples having
exon 1 ofp)6INK4 methylated expressed significantly
lower levels ofpl6"N"4 mRNA, as analyzed by reverse

transcriptase polymerase chain reaction. These re-

sults suggest thatp16Ir'4 inactivation plays a role in
the genesis of GCTs. (Am J Pathol 1997,
151:859-865)

p16INK4 (MTS1), a tumor suppressor gene,1 codes for an
inhibitor of cyclin-dependent kinase 4 (CDK4).2 The gene
is mutated or homozygously deleted in tumors of diverse
origin.3-13 Silencing of the p16INK4 gene promoter by de
novo methylation has been reported for a variety of tu-
mors.14-16 An alternative promoter of the p16INK4 gene
has been described, giving rise to a novel first exon (El f3)
spliced to the previously described second exon of
p16INK4.17-1 9 The novel protein is referred to as p 1gARF in
mouse and ORF2 in man.17-18 Overexpression of p19ARF
results in cell cycle arrest in mammalian fibroblasts.1"
The p16INK4 gene product acts as a negative regulator

of cellular proliferation by interacting with CDK4 and in-
hibiting its kinase activity.20 In the absence of functional
p16, CDK4 binds to cyclin D, which stimulates passage
through the Gl phase of the cell cycle. Recently, it has
been demonstrated that a CDK4 protein with a codon 24
mutation is unable to interact with the p16 protein.21 This

represents an alternative mechanism of achieving dereg-
ulation of the cell cycle.

Testicular germ cell tumors (GCTs) are the most fre-
quent malignant tumors in young men. The genetic alter-
ations underlying the development of these neoplasms,
especially the molecular mechanisms disrupting the cell
cycle regulation during testicular tumorigenesis, have not
been elucidated thus far. Recently, we have shown that
GCTs overexpress wild-type p53, indicating resistance of
tumor cells to the growth-inhibitory effects of wild-type
p53.22 The absence of detectable p21WAFl expression in
GCTs suggests that p53 is unable to activate p21 tran-
scription.22 A previous study failed to find p16INK4 gene
mutations in GCTs.23
To determine whether p16INK4 and CDK4 alterations

play a role during testicular tumorigenesis, we analyzed
the three exons of p16INK4 and the first exon of ORF2 as
well as codons 5 to 44 of CDK4 by polymerase chain
reaction single-strand conformation polymorphism (PCR-
SSCP) and DNA sequencing in 29 seminomatous and
nonseminomatous GCTs. In addition, we analyzed the
methylation status and allele loss frequency of the
p16INK4 gene.

Materials and Methods

Patients

Twenty-nine patients with seminomatous and nonsemino-
matous GCTs of the testis were investigated. The age of
the patients ranged from 2 to 62 years (average, 31.7
years). All cases had been previously investigated for
p53 alterations and p21WAFl and mdm2 expression.22

Histopathological Analysis
Tumors were classified according to the World Health
Organization International Histological Classification of
tumors. Histopathological typing was performed on H&E-
stained formalin-fixed sections used for diagnostic pur-
poses. There were 14 seminomas, 6 embryonal carcino-
mas, 3 yolk-sac tumors, 1 teratoma, 2 embryonal
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carcinomas combined with teratoma, 2 yolk-sac tumors
combined with teratoma, and 1 seminoma combined with
yolk-sac tumor. The percentage of tumor cells, assessed
semiquantitatively on hematoxylin and eosin (H&E)-
stained frozen sections adjacent to the tissue samples
used for molecular analysis, ranged from 30 to 96%. In
most cases, non-neoplastic tissue was also analyzed.

Polymerase Chain Reaction (PCR)
Genomic DNA was extracted from frozen tissue using
standard methods.22 A 204-bp fragment containing exon
1 of the p16INK4 gene was amplified using the following
primers: lx, GGGAGCAGCATGGAGCCG, and ly,
AGTCGCCCGCCATCCCCT. For exon 2, three overlap-
ping fragments, 2A (171 bp), 2B (170 bp), and 2C (169
bp), were amplified separately using the following prim-
ers: 2Ax, CTGGCTCTGACCATTCTGT, and 2Ay, AGCAC-
CACCAGCGTGTCC; 2Bx, GACCCCGCCACTCTCACC,
and 2By, AGGTACCGTGCGACATCGC; 2Cx, GATGC-
CTGGGGCCGTCT, and 2Cy, CAGGGTACAAATTCTCA-
GAT. For exon 3, the following primers were used: 3x,
GTAGGGACGGCAAGAGA, and 3y, ACCTTCGGTGACT-
GATG, yielding a fragment of 159 bp.
A 316-bp fragment containing exon 1 of ORF2

(Exon13) was amplified using the following primers: 1,BA,
GCCTGCGGGGCGGAGAT, and 1 fB, GCGGCTGCTGC-
CCTAGA.
A 105-bp fragment containing the codon 24 of the

CDK4 gene was amplified using the following primers:
CDK4-A, AGCCAGTGGCTGAAATTGGT, and CDK4-B,
CATTGGGGACTCTCACACT.
The thermal cycle profile was 30 seconds at 940C, 45

seconds at 55°C (p16'NK4 exons 2C and 3, CDK4) or
580C (p16INK4 exons 1, 2A and 2B, ORF2 exon 1), and 45
seconds at 730C. This cycle was repeated 30 times.

Single-Strand Conformation Polymorphism
(SSCP)
The PCR products were directly subjected to nonradio-
active SSCP analysis as previously described.24

DNA Sequencing
The PCR products of interest were cloned in the pGEM-T
vector (Promega, Madison, WI) according to the manu-
facturer's specifications. The transformed clones were
screened by PCR-SSCP, and representative clones were
sequenced on a Pharmacia LKB ALF automatic se-
quencer (Pharmacia P-L Biochemicals, Milwaukee, WI).

Methylation Analysis ofp16INK4 First Exon
The methylation status of the first exon of p16INK4 was
performed essentially as described.15 All DNA samples
were individually digested with Mspl, Kspl, and Hpall,
extracted with chloroform/phenol, and precipitated with
ethanol before PCR. Undigested DNA was included as a

positive control. The primers used for PCR amplification
were lx (GGGAGCAGCATGGAGCCG) and 1 mety (CT-
GGATCGGCCTCCGACCGTA). The thermal cycle profile
was 30 seconds at 940C, 45 seconds at 57°C, and 45
seconds at 730C. This cycle was repeated 30 times. PCR
products were separated on 2% agarose gels. There are
two MsplIHpall sites and one Kspl site within the 160-bp
region amplified.

Loss of Heterozygosity (LOH) Analysis
p16INK4 gene allele loss was assessed by two different
technical approaches: 1) SSCP analysis of a two-allele
Mspl polymorphism situated 29 bp downstream of the
coding region in exon 3, as described previously,25 and
2) analysis of six microsatellite markers, D9S171,
D9S126, D9S1748, D9S1749, D9S156, and IFNa.Y1426

RT-PCR Analysis ofp1 6Nk4 mRNA Expression
Normal and tumor tissues from 11 patients (patients 19,
21, 22, 24, 25, 27, 28, 29, 30, 31, and 33) were available
for mRNA analysis. Total RNA was extracted from tissue
sections using the RNeasy kit (Qiagen, Hilden, Germany)
according to the manufacturer's instructions. Five hun-
dred nanograms of total RNA were reverse transcribed
using M-MLV reverse transcriptase (Promega) and an
oligo dT primer (2.5 ,umol/L) in 75 mmol/L KCI, 3 mmol/L
MgCl2, 10 mmol/L dithiothreitol, 50 mmol/L Tris/HCI, pH
8.3, containing 1 mmol/L each dNTP and 0.5 U/,ul RNasin
(Promega). Fragments at the 3' ends of the p16INK4 and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
genes cDNA were amplified simultaneously by PCR. For
p16INK4, the following primers yielding a 207-bp fragment
from exon 2 to exon 3 were used: 2Cx, GATGCCT-
GGGGCCGTCT, and 3y, ACCTTCGGTGACTGATG. For
GAPDH, the following primer set yielding a 238-bp frag-
ment from exon 7 to 8 was used: GAPDH-x, TTGT-
CAAGCTCATTTCCTG, and GAPDH-y, AGGCCCCTC-
CCCTCTTC. The thermal cycle (30 seconds at 940C, 45
seconds at 550C, and 45 seconds at 730C) was repeated
25 times. The PCR products were analyzed on a 3%
agarose gel.

Results

p 161NK4 Gene Sequence Alterations in GCTs
No tumor-specific migrational shift could be observed in
any of the 29 GCTs by PCR-SSCP analysis of the three
exons of p16INK4. Thus, no evidence of p16INK4 gene
mutation was observed.
A nucleotide substitution (GCG to ACG, Ala to Thr) at

codon 140 of the p16NK4 gene was found in two different
seminomas (cases 7 and 27) as well as in the corre-
sponding normal tissues. The SSCP pattern was charac-
terized by the presence of three aberrant bands, in ad-
dition to the single band corresponding to the normal
allele. This substitution alters a Kspl restriction site. Only
half of the PCR product of the tumors could be digested,
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Figure 1. MspI polymorphism 29 bp downstream of the p16INK third exon.

Patient 13, heterozygous for this polymorphism, is presented. A: PCR-SSCP of
patient 13. Tumor of patient 13 displays loss of the A2 allele. Analysis of the
cloned alleles is included for comparison. B: The PCR product corresponding
to the SSCP analysis was digested with MspI and separated on 12%o poly-
acrylamide gel (silver stained). Allele loss in the tumor of patient 13 is
demonstrated by the lower intensity A2 allele band. Al, allele 1 hands; A2,
allele 2 bands; T, tumor; NT, non-tumor tissuLe.

indicating a hemizygous alteration. This sequence alter-
ation has been described previously in different tumor
types7' 923 and is considered a polymorphism.9

p 1 611W4 Gene Allele Loss in GCTs

Seven patients (cases 7, 12, 13, 19, 23, 26, and 27) were

heterozygous for a C to G germline polymorphism affect-
ing a Mspl restriction site identified 29 bp downstream of
the coding region of p16INK4 exon 3.25 By SSCP analysis,
this two-allele polymorphism was characterized by three
additional bands (Figure 1). The PCR products were also
digested with Mspl to quantify the C (Al) and G (A2)
alleles (Figure 1). In non-tumor tissues, the band intensity
of the two alleles was equivalent, indicating heterozygos-
ity. In one tumor (case 13), by contrast, the G (A2) bands
were clearly weaker than the C (Al) bands, indicating G
(A2) allele deletion (Figure 1). Patient 13 was informative
for microsatellite marker D9S156 (see below) yet no LOH
was observed.

Analysis of p16INK4 allele loss with microsatellite mark-
ers D9S171, D9S126, D9S1748, D9S1749, D9S156, and
IFNa14'26 allowed informative analysis of all 29 patients.
Figure 2 shows microsatellite results for patients 6 and 7.
No additional cases with allele loss were detected (Table
2). As no LOH was observed with six microsatellite mark-
ers located at varying distances (centromerically and
telomerically) from the p16INK4 gene, homozygous
p16INK4 gene deletion could not be assessed.26 A similar

set of microsatellites allowed Cairns et al to detect small
homozygous deletion of p16INK4 in diverse primary hu-
man tumor samples.26

1
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D9S1749
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Figure 2 Analysts of tumor (T) and non-tumor (NT) tissue from patients 6

and 7 with six different rnicrosatellite markers (D9S171, D9S126, D9S1748,

D9S1749, D9S156, and IFNa). Patient 6 is informative for all markers except

D9S1748 whereas patient 7 is informative for all markers except D9S1749. No

LOH is evident in the tumors of these two patients.

Overall, only 1 deletion of 29 informative GCTs (3.4%)

was observed.

De Novo Methylation of Exon 1 of the p1 6NK4
Gene in GCTs

The pl16_INK4 methylation status was analyzed in 26 of the

29 GCTs. Digestion of tumor DNAs, before PCR amplifi-

cation, with methylation-sensitive restriction enzymes

(Kspl and Hpall) having sites within exon 1 of p16N4

allows the determination of methylation status of the orig-

inal genomic DNA.1-5 When the pl6INK4 gene exon 1 is

methylated, then the restriction enzymes fail to cut and a

PCR product is obtained. In this approach, undigested

and non-methyl-sensitive Mspl-digested samples serve

as positive and negative controls, respectively, for each

sample analyzed.
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Table 1. Clinicopathological Data and p16, ORF2, and CDK4 status in 29 GCTs

Tumor p16 status ORF2
Case Histology* cell %* Sequencet exon 1 methylation* exon 1 3§ CDK411

1 EC/T 40 wt wt wt
2 EC 35 wt + wt wt
3 S 40 wt + wt wt
4 S 30 wt + wt wt
5 S 53 wt ND wt wt
6 S 40 wt wt wt
7 S 38 140 GCG ACG wt wt
8 S 85 wt ND wt wt
9 S 68 wt + wt wt
10 YS 54 wt wt wt
11 YS/T 48 wt wt wt
12 S 80 wt + wt wt
13 YS 35 wt wt wt
14 EC 76 wt + wt wt
15 EC 67 wt + wt wt
16 T 79 wt wt wt
17 S 57 wt + wt wt
18 EC/T 58/82 wt wt wt
19 YS/T 42 wt + wt wt
20 EC 57 wt ND wt wt
21 S 86 wt wt wt
22 S 56 wt wt wt
23 EC 78 wt + wt wt
24 S 72 wt + wt wt
25 S 64 wt + wt wt
26 S/YS 42/64 wt wt wt
27 S 52 140 GCG >ACG + wt wt
28 EC 44 wt wt wt
29 YS 96 wt wt wt

S, seminoma; EC, embryonal carcinoma; YS, yolk-sac tumor; wt, wild-type sequence; ND, not done.
*Percentage of tumor tissue in the sample submitted to analysis.
tSequence of p16 exons 1 to 3 determined by PCR-SSCP screening and DNA sequencing. 140GCG to ACG, Ala to Thr polymorphism at codon

140.
tMethylation of p16 exon 1. +, methylation; -, no methylation.
§Sequence analysis of ORF2 exon 1,3 determined by PCR-SSCP screening.
I"Sequence analysis of CDK4 codons 5 to 44 determined by PCR-SSCP screening.

Using this procedure, we found that 13 of 26 (50%)
tumors analyzed exhibited de novo methylation of the
p16INK4 gene exon 1 (Table 1). All non-tumor tissues were
unmethylated within exon 1 (Figure 3).

'\ .k o
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Figure 3. De novo methylation of the p16NK4 gene in two GCTs. Genomic
DNA of non-tumor tissue (left panel) and tumor tissue (right panel) from
patients 19 and 23 was digested with MspI, Kspl, and HpaII (see Materials and
Methods) before PCR amplification of pj6ONK4 exon 1. Undigested genomic
DNA was included as a control. PCR reactions were separated on 2% agarose
gels. Both non-tumor tissues are unmethylated as no amplification by PCR is
seen after digestion with KspI and HpaII. In contrast, the tumor DNA from
patients 19 and 23 is methylated as digestion with KspI and HpaII does not
affect amplification. T, tumor; NT, non-tumor tissue.

p16fNK4 Gene Expression by RTPCR
As methylation of the p16INK4 promoter has previously
been shown to be associated with loss or lowered ex-
pression of p16INK4 mRNA, we wished to determine
whether p16INK4 methylated tumor samples exhibited re-
duced mRNA levels. RT-PCR was performed with 11
cases, only 5 of which were interpretable (cases 23 to
27). GAPDH was used as an internal control. The results
of these analyses are presented in Figure 4. The four
p16INK4 methylated tumor samples shown (cases 23, 24,
25, and 27) all exhibited significantly lower levels of
p16INK4 mRNA relative to adjacent normal tissue controls.
The p16INK4 unmethylated tumor (case 26) did not have
lower p16INK4 mRNA levels than the normal tissue con-
trol. Unfortunately, the RNA of the other normal tissue-
tumor samples was not amenable to analysis (data not
shown).

ORF2 Exon 1,B Sequence and CDK4 Codon 24
Status in GCTs
No sequence alteration was detected within ORF2 exon
1(3 or at codon 24 of the CDK4 gene by PCR-SSCP
analysis in any of the GCTs (Table 1).
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Figure 4. RT-PCR analysis of normal-tumor tissue pairs. cDNA was synthe-
sized using oligo dT. M indicates molecular weight markers. The positions of
GAPDH(238 bp) and pl6NK4 (207 bp) PCR products are indicated. Tumors
of patients 23 to 25 and 27 displayed a methylated exon 1 of pl161NK (see
Table 1). The tumor of patient 26 had an unmethylated exon 1 ofplNK4 . T,
tumor; NT, non-tumor tissue.

Discussion

Little is known about the molecular changes occurring in
GCTs of the testis. Mutations of the p53 tumor suppressor
gene, which are the most common genetic alterations in
human malignancies, are not present in GCTs.22 LOH at
the sites of known tumor suppressor genes such as APC/
MCC, Rb, and WT-1 occur in GCTs,27 but the functional
loss of these genes has not been demonstrated. In ad-
dition, chromosomic lesions on 2q, 3p, 3q, 1 1 p, 12p, 18q,
and 22q have been observed in GCTs.2"

Thep161NK4 (MTS1) tumor suppressor gene is mutated
or homozygously deleted in tumors of diverse origin.313
Silencing of the p16INK4 gene promoter by de novo meth-
ylation has been observed in a variety of tumors.14-16
Several groups have demonstrated a correlation between
methylation status of exon 1 and expression of p16INK4
mRNA. 14-16 When p16INK4 exon 1 is methylated, p16INK4
mRNA is not detected, either in cell lines or in primary
tumors. 14

In agreement with a previous study,23 we did not find
any p16'N14 gene mutations in the 29 GCTs examined.
However, we observed that 50% of GCTs contained a
hypermethylated p16INK4 exon 1, indicating that p16INK4
gene inactivation does occur in one-half of GCTs and that
the lack of p16INK4 expression might be an important
mechanism leading to cell cycle deregulation in testicular
neoplasms. Although the RNA of only five normal-tumor
sample pairs was of sufficiently good quality to analyze
by RT-PCR, there was perfect correspondence between
methylation and loss of p16INK4 gene expression (see
Figure 4). Our present determination of methylation ana-
lyzed two MsplIHpall and one Kspl sites of the first exon
of p16lNK4. It is not necessarily anticipated that this meth-
ylation is functionally important, but it is a valuable diag-
nostic marker of p16INK4 promoter methylation.16
We found a hemizygous deletion of p16INK4 in only 1 of

29 cases. This LOH was not confirmed by the informative
microsatellite D9S156. The latter marker is physically far
away (greater than 100 kb) from the p16iNK4 gene, and

Table 2. Loss of Heterozygosity in the p16 Chromosomal Region

Case

2
3
4
5
6
7
8
9
10
1 1
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29

MspI

NI
NI
NI
NI
NI
NI

NI
NI
NI
NI

+
NINlNI
NI
NI
Nl

NI
NI
NI

NI
NI

D9S1 71

NI

NI

NI
NI
NI
NI
NI
NI

NI
NI

NI

NI

NI
NI

NI

NI
NI

D9S 1 26

NI
NI
NI

NI
NI

NI

NI
NI
NI
NI
NI

NI
NI
NI
NI
NI
NI
NI

D9S 1 748

NI

NI

NI

NI
NI

NI
NI

NI
NI

D9S 1 749 D9S 1 56

NI
NI

NI

NI

NI

IFNa

NI
NI

NI

NI
NI

NI

NI
NI

NI

NI

NI

NI

NI

NI

NI
NI
NI
NI
NI

Loss of heterozygosity in GCTs was determined by studying the Mspl polymorphism localized 29 bp downstream of p16 exon3 or by analysis with
microsatellites D9S171, D9S126, D9S1748, D9S1749, D9S156, and IFNa.

+, loss of one allele; -, no allele loss; NI, not informative.
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therefore the end point of the deletion may be in the
interval between the two markers. The functional signifi-
cance of this allele loss remains unclear.
As one-half of the GCTs of the present series con-

tained a normal p16'INK4 gene, one can hypothesize that
not only p16INK4 but also another cell cycle regulator
might be altered in GCTs. Recently, it has been demon-
strated that an alternative promoter of the p16INK4 gene
can be used, resulting in a novel first exon (exon 1,3),
which is spliced to exon 2 of p16INK4 17-19 This alterna-
tively spliced mRNA encodes a novel protein referred to
as p19ARF in mouse and ORF2 in man.17'18 Overexpres-
sion of p19ARF results in cell cycle arrest in mammalian
fibroblasts.18 We did not find any ORF2 gene alterations
in 29 GCTs, indicating that ORF2 inactivation is unlikely to
be involved in cell cycle deregulation during the devel-
opment of GCTs.

Another potential target for cell cycle deregulation
might be the CDK4 gene. Mutations of CDK4 codon 24
prevent p16-CDK4 complex formation in human melano-
ma.21 In the GCTs of the present series, we found no
evidence of CDK4 mutation by PCR-SSCP analysis of
codons 5 to 44.
An intact Rb tumor suppressor gene is necessary for

p16 alterations to exert their effect on the cell cycle, as
demonstrated previously.29,30 Aberrations of p 161NK4 and
Rb occur in distinct subsets of human cancer cell lines.31
Mutation and deletion of the Rb gene occur infrequently
in testicular malignancies,3233 supporting the idea that
p16INK4 inactivation by promoter methylation is likely to
play an important role in the genesis of testicular GCTs.

Acknowledgments
We thank J. Maillardet and C. Chiesa for technical assis-
tance.

References

1. Serrano M, Lee HW, Chin L, Cordon-Cardo C, Beach D, Depinho RA:
Role of the INK4a locus in tumor suppression and cell mortality. Cell
1996, 85:27-37

2. Serrano M, Hannon GJ, Beach D: A new regulatory motif in cell-cycle
control causing specific inhibition of cyclin D/CDK4. Nature 1993,
366:704-707

3. Kamb A, Gruis NA, Weaver-Feldhaus J, Liu Q, Harshman K, Tavtigian
SV, Stockert E, Day RS, Johnson BE, Skolnick MH: A cell cycle
regulator potentially involved in genesis of many tumor types. Science
1994, 264:436-440

4. Nobori T, Miura K, Wu DJ, Lois A, Takabayashi K, Carson DA: Dele-
tions of the cyclin-dependent kinase-4 inhibitor gene in multiple hu-
man cancers. Nature 1994, 368:753-756

5. Schmidt EE, Ichimura K, Reifenberger G, Collins VP: CDKN2 (p16/
MTS1) gene deletion or CDK4 amplification occurs in the majority of
glioblastomas. Cancer Res 1994, 54:6321-6324

6. Herbert J, Cayuela JM, Berkeley J, Sigaux F: Candidate tumor-sup-
pressor genes MTS1 (p16 INK4A) and MTS2 (p15 INK4B) display
frequent homozygous deletions in primary cells from T- but not from
B-cell lineage acute lymphoblastic leukemias. Blood 1994, 84:4038-
4044

7. Spruck CH, Gonzalez-Zulueta M, Shibata A, Simoneau AR, Lin MF,
Gonzales F, Tsai YC, Jones PA: p16 gene in uncultured tumours.
Nature 1994, 370:183-184

8. Jen J, Harper JW, Bigner SH, Bigner DD, Papadopoulos N, Markowitz

S, Willson JKV, Kinzler KW, Vogelstein B: Deletion of p16 and p15
genes in brain tumors. Cancer Res 1994, 54:6353-6358

9. Hussussian CJ, Struewing JP, Goldstein AM, Higgins PAT, Ally DS,
Sheahan MD, Clark WH, Tucker MA, Dracopoli NC: Germline p16
mutations in familial melanoma. Nature Genet 1994, 8:15-21

10. Caldas C, Hahn SA, da Costa LT, Redston MS, Schutte M, Seymour
AB, Weinstein CL, Hruban RH, Yeo CJ, Kern SE: Frequent somatic
mutations and homozygous deletions of the p16 (MTS1) gene in
pancreatic adenocarcinoma. Nature Genet 1994, 8:27-32

11. Mori T, Miura K, Aoki T, Nishihira T, Mori S, Nakamura Y: Frequent
somatic mutation of the MTS1/CDK4I (multiple tumor suppressor/
cyclin-dependent kinase 4 inhibitor) gene in esophageal squamous
cell carcinoma. Cancer Res 1994, 54:3396-3397

12. Zhou X, Tarmin L, Yin J, Jiang HY, Suzuki H, Rhyu MG, Abraham JM,
Meltzer SJ: The MTS1 gene is frequently mutated in primary human
esophageal tumors. Oncogene 1994, 9: 3737-3741

13. Giani C, Finocchiaro G: Mutation rate of the CDKN2 gene in malignant
gliomas. Cancer Res 1994, 54:6338-6339

14. Merlo A, Herman JG, Mao L, Lee DJ, Gabrielson E, Burger PC, Baylin
SB, Sidransky D: 5' CpG island methylation is associated with tran-
scriptional silencing of the tumour suppressor p16/CDKN2/MTS1 in
human cancers. Nature Med 1995, 1:686-692

15. Gonzalez-Zulueta M, Bender CM, Yang AS, Nguyen T, Beart RW, Van
Tornout JM, Jones PA: Methylation of the 5' CpG island of the p16/
CDKN2 tumor suppressor gene in normal and transformed human
tissues correlates with gene silencing. Cancer Res 1995, 55:4531-
4535

16. Herman JG, Merlo A, Mao Li, Lapidus RG, Issa JPJ, Davidson NE,
Sidransky D, Baylin SB: Inactivation of the CDKN2/p16/MTS1 gene is
frequently associated with aberrant DNA methylation in all common
human cancers. Cancer Res 1995, 55:4525-4530

17. Stone S, Jiang P, Dayananth P, Tavtigian SV, Katcher H, Parry D,
Peters G, Kamb A: Complex structure and regulation of the p16
(MTS1) locus. Cancer Res 1995, 55:2988-2994

18. Quelle DE, Zindy F, Ashmun RA, Sherr CJ: Alternative reading frames
of the INK4a tumor suppressor gene encode two unrelated proteins
capable of inducing cell cycle arrest. Cell 1995, 83:993-1000

19. Mao L, Merlo A, Bedi G, Shapiro GI, Edwards CD, Rollins BJ, Sidran-
sky D: A novel p16INK4A transcript. Cancer Res 1995, 55:2995-2997

20. Cordon-Cardo C: Mutation of cell cycle regulators: biological and
clinical implications for human neoplasia. Am J Pathol 1995, 147:545-
560

21. Wolfel T, Hauer M, Schneider J, Serrano M, Wolfel C, Klehmann-Hieb
E, De Plaen E, Hankeln T, Meyer zum Buschenfelde KH, Beach D: A
p161NK4a-insensitive CDK4 mutant targeted by cytolytic T lympho-
cytes in a human melanoma. Science 1995, 269:1281-1284

22. Guillou L, Estreicher A, Chaubert P, Hurlimann J, Kurt AM, Metthez G,
Iggo R, Jichlinski P, Leisinger HJ, Benhattar J: Germ cell tumors of the
testis overexpress wild-type p53. Am J Pathol 1996, 149:1221-1228

23. Hatta Y, Hirama T, Takeuchi S, Lee E, Pham E, Miller CW, Strohmeyer
T, Wilczynski SP, Melmed S, Koeffler HP: Alterations of the p16
(MTS1) gene in testicular, ovarian, and endometrial malignancies.
J Urol 1995, 154:1954-1957

24. Chaubert P, Bautista D, Benhattar J: An improved method for rapid
screening of DNA mutations by nonradioactive single-strand confor-
mation polymorphism procedure. Biotechniques 1993, 15:586

25. Chaubert P, Shaw P, Pillet N: Informative Mspl polymorphism adja-
cent to exon 3 of the p16ink4(MTS1) gene. Mol Cell Probes 1996,
10:467-468

26. Cairns P, Polascik TJ, Eby Y, Tokino K, Califano J, Merlo A, Mao L,
Herath J, Jenkins R, Westra W, Rutter JL, Buckler A, Gabrielson E,
Tockman M, Cho KR, Hedrick L, Bova GS, Isaacs W, Koch W,
Schwab D, Sidransky D: Frequency of homozygous deletion at p16/
CDKN2 in primary human tumours. Nature Genet 1995, 11:210-212

27. Peng HQ, Bailey D, Bronson D, Goss PE, Hogg D: Loss of heterozy-
gosity of tumor suppressor genes in testis cancer. Cancer Res 1995,
55:2871-2875

28. Lothe RA, Peltomaki P, Tommerup N, Fossa SD, Stenwig AE, Borre-
sen AL, Nesland JM: Molecular genetic changes in human male germ
cell tumors. Lab Invest 1995, 73:606-614

29. Guan KL, Jenkins CW, Li Y, Nichols MA, Wu X, O'Keefe CL, Matera
AG, Xiong Y: Growth suppression by p18, a p16INK4/MTS1- and
p14lNK4B/MTS2-related CDK6 inhibitor, correlates with wild-type
pRb function. Genes Dev 1994, 8:2939-2952



p16 Inactivation in Testicular Tumors 865
AJP September 1997, Vol. 151, No. 3

30. Lukas J, Parry D, Aagaard L, Mann DJ, Bartkova J, Strauss M, Peters
G, Bartek J: Retinoblastoma-protein dependent cell-cycle inhibition
by the tumour suppressor p16. Nature 1995, 375:503-506

31. Aagaard L, Lukas J, Bartkova J, Kjerulff AA, Strauss M, Bartek J:
Aberrations of p16Ink4 and retinoblastoma tumour-suppressor genes
occur in distinct sub-sets of human cancer cell lines. Int J Cancer
1995, 61:115-120

32. Strohmeyer T, Reissmann P, Cordon-Cardo C, Hartmann M, Acker-
mann R, Slamon D: Correlation between retinoblastoma gene expres-
sion and differentiation in human testicular tumors. Proc Natl Acad Sci
USA 1991, 88:6662-6666

33. Peng HQ, Bailey D, Bronson D, Goss PE, Hogg D: Loss of heterozy-
gosity of tumor suppressor genes in testis cancer. Cancer Res 1995,
55:2871-2875


