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A Cell Cycle Regulator Potentially Involved development of all or even the majority of 

in Genesis of Many Tumor Types human cancers. The most common onco- 
genic mutations are in HMS. found in 10 to - 
15% of solid tumors (2). The most frequent- 
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A putative tumor suppressor locus on the short arm of human chromosome 9 has been 
localized to a region of less than 40 kilobases by means of homozygous deletions in 
melanoma cell lines. This region contained a gene, Multiple Tumor Suppressor 1 (MTSl), 
that encodes a previously identified inhibitor (pl6) of cyclin-dependent kinase 4. MTSl was 
homozygously deleted at high frequency in cell lines derived from tumors of lung, breast, 
brain, bone, skin, bladder, kidney, ovary, and lymphocyte. Melanoma cell lines that carried 
at least one copy of MTS1 frequently carried nonsense, missense, or frameshift mutations 
in the gene. These findings suggest that MTSl mutations are involved in tumor formation 
in a wide range of tissues. 

T h e  genetics of cancer involves positive underscores the complexity of the growth 
regulators of the transformed state (onco- control mechanisms that maintain the in- 
genes) as well as negative regulators (tumor tegrity of normal tissue. This complexity is 
suppressor genes). More than 100 onco- manifested in another way. So far no single 
genes have been characterized, and al- gene has been shown to participate in the 
though less than a dozen tumor suDpressor 
genes have been identified to date, the 
number is expected to increase beyond 50 Table 1. Deletions in tumor cells and primary tumors 

ly mutated tumor suppressor gene is in the 
p53 gene, mutated in roughly 50% of all 
tumors (3). Without a target that is common 
to all transformed cells, the dream of a 
"magic bullet" that can destroy or revert 
cancer cells while leaving normal tissue un- 
harmed is improbable. The hope for a new 
generation of specifically targeted antitumor 
drugs may rest on the ability to identify 
tumor suppressor genes or oncogenes that 
play general roles in control of cell division. 

One of the mechanisms for controlling 
tumor growth might involve direct regula- 
tion of the cell cycle. Genes that control 
the decision to initiate DNA replication are 
attractive candidates for oncogenes or tu- 
mor suppressor genes depending on whether 
they have a stimulatory or inhibitory role in 
the process. Indeed, several oncogenes and 
tumor suppressor genes have been found to 
participate directly in the cell cycle. For 
instance, one of the cyclins, a class of 
proteins that promotes DNA replication 

(1). The involvement of so many genes 
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Tumor type Lines (n) Deletions (n) Deletions (%) 

Astrocytoma 
Bladder 
Breast 
Colon 
Glioma 
Leukemia 
Lung 
Melanoma 
Neuroblastoma 
Osteosarcoma 
Ovary 
Renal 

Total 
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and mitosis, has been implicated as an 
oncogene (4), and the retinoblastoma tu- 
mor suppressor is a substrate of the cyclin- 
dependent protein kinases (cdks) (5). 

A hallmark of tumor suppressor genes is 
that they are deleted at high frequency in 
certain tumor types. The deletions often 
involve loss of a single allele, so-called loss 
of heterozygosity (LOH), but may also in- 
volve homozygous deletion of both alleles. 
For LOH, the remaining allele is presumed 
to be nonfunctional, either because of a 
preexisting inherited mutation or because 
df a secondary somatic mutation. 

The human 9p21 region contains chro- 
mosomal inversions, translocations, hetero- 
zygous deletions, and homozygous deletions 
in glioma cell lines, non-small cell lung 
cancer lines, leukemia lines, and melanoma 
lines (6-8). Certain 9p21 markers are de- 
leted in more than half of all melanoma 
lines (9). These findings suggest that 9p21 
contains a tumor suppressor locus that may 
be involved in genesis of several tumor 
types. In a previous study, we reported the 
results of a YAC and P1 chromosomal walk 
in a region of 9p2 1 (9). This work produced 
a physical map and a set of sequence tagged 
sites (STSs) that were used to analyze near- 
ly 100 melanoma cell lines for homozygous 
deletions. More than half of these cell lines 
contained homozygous deletions that clus- 
tered around a single cosmid, c5 (Fig. 1A). 
Fine structure mapping experiments with 
STSs derived from c5 revealed the presence 
of small, nonoverlapping, homozygous de- 
letions of c5 sequences in six melanoma cell 
lines. On  the basis of this result, it was 
probable that a tumor suppressor gene lay at 
least partly within cosmid c5. 

To search for candidate tumor suppres- 
sor genes, the DNA sequence of parts of 
cosmid c5 was determined (10). When this 

Fig. 1. Maps of cosmid c5 region. These maps 
are part of a larger physical map derived from a 
chromosomal walk in the region (1). (A) Rele- 
vant STSs used for the deletion analysis are 
shown, as are cosmids and P IS  mentioned in 
the text. The c1.b marker lies proximal to PI 
1062 and is not shown. The transcriptional 
orientations of MTSl and MTS2 are shown by 
arrows. (B) Restriction map and STS map of 
cosmid c5. Positions of coding exons for MTSl 
and MTS2 are shown as thick bars. E l  and E2, 
coding exon 1 and coding exon 2, respectively; 
B, Bam HI; S, Sal I; R1, Eco RI; and R5, Eco RV. 
(C) Deletions in tumor cell lines of STSs. Posi- 
tive controls and negative controls were includ- 
ed in every polymerase chain reaction (PCR) 
experiment and cell lines in which only one or 
two of the STSs were deleted (such as class 20) 
were retested at least twice. The cell lines used 
for this study and their class designations are 
available from the authors upon request. +, 
presence of DNA; - ,  absence (homozygous 
deletion). 

sequence was compared with sequences in 
GenBank, two distinct regions of c5 were 
identified that were similar to a region of a 
previously defined gene encoding human 
cdk4 inhibitor, or p16 (11). These two 
sequences were named Multiple Tumor 
Suppressor 1 (MTSI) and MTS2 (Fig. 1B). 

Detailed comparison of genomic se- 
quence from c5 with the p16 mRNA se- 
quence revealed that MTSl contained a 
stretch of 307 bp that was identical to a 
portion of the p16 coding sequence. This 

stretch of nucleotides in MTSI was flanked 
by recognizable splice junction sequences. 
Further characterization of MTSl showed 
that it included the entire coding sequence 
of p16 plus two introns. The two introns 
divided the coding sequence of p16 into 
three regions: a 5' region of 126 bp (coding 
exon I), a middle region of 307 bp (coding 
exon 2), and a 3' region of 11 bp (coding 
exon 3). 

MTS2 contained a region of DNA se- 
quence 93% identical to p16 sequence 

A 
MTS 1 MTS2 Proximal + 

f Distal - t- 
I 1  I 1062 

I I 
1063 

I 1069 I 1 1 5  I 

+Distal Proximal + 

MTSl I kb MTSZ 

Total 
Deletions 133 94 114 126 125 126 115 113 103 66 
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which extended from the 5' end of coding 
exon 2 roughly 255 bp toward intron 2. By 
analogy with MTSI , we refer to this region 
in MTS2 as coding exon 2. The coding 
exon 2 sequences of MTSI and MTS2 
diverged abruptly at a point 50 bp upstream 
of intron 2 in MTSI (Fig. 2). No obvious 5' 
splice sequence was found at the position 
equivalent to the 5' splice junction of 
intron 2 in the MTSI gene. A stop codon 
occurred in the open reading frame of cod- 
ing exon 2 at the codon immediately fol- 
lowing the divergence point. Thus, if the 
proteins encoded by MTS I and MTS2 were 
identical in size upstream of the divergence 
point, and if an alternative splice site up- 
stream of the divergence point were not 
used, the MTS2 product would be 20 resi- 
dues shorter than p16. The sequence simi- 
larity between MTSl and MTSZ also ex- 
tended nearly 40 nucleotides upstream from 
the 3' splice junction of intron 1. Thus, 
portions of presumptive noncoding DNA 
were as conserved as some areas of presump- 
tive coding DNA (1 2). 

The occurrence of two closely related 
genes on cosmid c5 suggested that other 
related genes might exist in the region. To 
test this possibility, Southern blots were 
prepared from restriction enzyme digests of 
cosmids c5, c12, c59, Pls 1063 and 1062, 
and human genomic DNA (Fig. 1A). These 
blots were probed with a fragment containing 
most of exon 2 from MTSI, including the 
region shared with MTS2. Two Eco RI frag- 

ments and two Hind 111 fragments were de- 
tected with the probe in both cloned DNA 
and genomic DNA (Fig. 3). Because coding 
exon 2 sequences from MTSI and MTS2 do 
not contain Eco Rl or Hind III sites, this 
result was mi s t en t  with the presence of only 
two pl6-like genes in the genome, MTSI and 
MTS2. A second Southern blot identical to 
the tirst was probed with coding exon 1 from 
MTSI . Only a single hybridizing fragment 
was seen in genomic DNA and in cloned 
DNA (13). This suggested that MTS2 does 
not contain an exon that closely resembles 
coding exon 1 of MTSI. 

Because of the high frequency of dele- 
tions at 9p21 in multiple tumor types, we 
analyzed cell lines derived from 12 dgerent 
types of tumor for deletions of MTSI, 
MTS2, or both. A set of STSs located in or 
around MTSI and MTS2 was used to test 
genomic DNA from tumor cell lines for the 
presence or absence of the expected frag- 
ment (Fig. 1) (14). Lack of amplification of 
the predicted STS fragment from cell line 
genomic DNA was interpreted as indicative 
of homozygous deletion of the specific STS 
in that cell line. Homozygous deletions of at 
least one marker were detected in all tumor 
types tested other than neuroblastoma lines 
and colon tumor lines (Table 1). Excluding 
these types, the percentage of deletions var- 
ied from 25% in lung cancer and leukemia 
lines to 82% in astrocytomas. Collectively, 
133 of 290 tumor lines contained deletions 
of at least one marker in the region tested. 

MTSl 0 n ; n ; ~ T C T G C ~ Q O % A G G G G G C T C T A C A C A A O C T P C C ~ G T C A ~  
MTS2 0 A A T T A Q O T O ~ ~ A A A T O O C T C C A C C ~ ; ~ ~ C C C O G C C G G C A T C T C C C A T A C C T  

MTSl 60 Q C C C C C A ~ C C A ~ ~ T C A T C U T C U ~ O C O C  
MTS2 60 Q C C C C C A C ~ C C A C ~ ~ ~ T O A T C U ~ O C O C  

MTSl 12  0 C C G A G T G G C G G A G C T W ~ C O Q C O C G G A ~ C T G C G C C O A C C C C O C C A C  
MTS~ 12  o C C ~ G ~ ~ M C T C ~ C O Q C ~ C K : C C M C T Q C ~ A O A C C C T Q C C A C  

M T S l  2 4 0 O C A C C O O a C C O O Q O C ~ C ~ ~ C O T C T G C C C Q T a a A C C T  
MTS2 240 O C A C C w G c C O Q a Q C d C ~ C O T O C ~ O A ~ T c Q ~ ~ C T r  

I---------1---------I---------I---------l---------[--------- 

1 
MTS1 300 ~ w O C n ; 0 0 C C A n : O C O A n ; T C ~ C O O T A C ~ C G O C n ; C ~ A C  
MTS2 3 00 Q O C C O A ~ O C G ~ C A C C C 3 C Q A C C 1 T T G C A G G G T A C C M  

I---------I---------I---------I---------l---------l--------- 

v 
MTSl 360 CAGAGGCAGTAACCATGCCCGCATAGA%CCGCGGAAGGTCCCTCXGGn;AGGAC%A% 

MTSl 420 ATC%AGAATPTGTACYCTGAGAGCTPCCAAAGCTCA 
MTS2 420 CCCACCTMTPCGATGAAGQCTGCCAACGGGGAGCGG 

I---------I---------I---------I--------- 

Flg. 2. DNA sequence alignment of MTSl and MTS2. Regions of sequence identity between MTSl 
and MTS2 are shown in boldface. The poslions of the 3' splice junction of intron 1 and 5' splice 
junction of intron 2 for MTSl are shown by triangles. The divergence point near the 3' end of coding 
exon 2 is indicated by an arrow. 

This number represented a minimum esti- 
mate of the percentage of tumor lines that 
harbor homozygous deletions, because the 
STSs used for the analysis did not complete- 
ly cover the two genes. Thus, certain small 
deletions could escape detection. In addi- 
tion. lesions such as insertions or deletions 
of a few nucleotides, and nucleotide substi- 
tutions, would be missed by this approach. 

To improve the estimate of the total 
number of cell lines containing MTSI or 
MTS2 mutations, a set of melanoma cell 
lines that did not contain obvious homozy- 
gous deletions of MTSI or MTS2 sequences 
were examined more closely for genetic 
lesions. Genomic DNA sequences from 
coding exons 1 and 2 of MTSI, comprising 
97% of the coding sequence, were amplified 
and screened for polymorphism (1 5).  Eigh- 
teen mutations, distributed in 14 of 34 
melanoma lines, were observed (Table 2). 
Three of these mutations were frameshih, 
seven were nonsense mutations, four were 
missense mutations, and four were silent. 
Three of the four lines that contained silent 
mutations also contained additional muta- 
tions and 16 of 18 mutations were located 
in coding exon 2. All but one line con- 
tained exclusively hemi- or homozygous 
polymorphism, suggesting that the other 
homologous chromosomes had incurred de- 

Fig. 3. Southem blot of PI 1062 (a and b), PI 
1063 (c and d), and genomic DNA (e and f )  
digested with Eco RI (a, c, and e) and Hind Ill 
(b, d, and f). PI DNA (500 pg) and 5 pg of 
human genomic DNA were blotted from a 0.7% 
agarose gel. Size markers in kilobases from top 
to bottom of the autoradiogram are: 23.1, 9.4, 
6.6,4.4, 2.3, and 2.0. The probe was a 142-bp 
PCR product that contained nucleotides 98 to 
240 of MTSl coding exon 2 (Fig. 2). Hybridiza- 
tion was performed with standard procedures 
(19). The final wash was in 0.1 x SSPE, 0.1% 
SDS at 50°C for 15 min. 
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letions. The single line that was heterozy- 
gous contained two nonsilent mutations, a 
finding consistent with the view that each 
homolog had undergone independent mu- 
tational events. Based on this DNA se- 
quence and deletion analysis of MTSl, a 
minimum of 75% melanoma lines con- 
tained mutant MTSl or had lost the gene 
from both homologs. 

A similar analysis of coding exon 2 from 
MTS2 did not reveal any polymorphisms. In 
addition, no deletions unequivocally in- 
volved MTSZ alone (Fig. IC). When 
RNl. 1, the marker within MTSZ, was de- 
leted, markers within MTSl were also lost 
with five exceptions (classes 4, 8, and 12 in 
Fig. 1C). However, two of these exceptional 
lines were shown to have MTSl mutations 
or deletions: melanoma line SK-MEL-26 
(class 8) was missing coding exon 1 from 
MTS 1 (1 3) and melanoma line SK-MEL-12 
(class 8) contained a hemizygous missense 
mutation in coding exon 2 of MTSl (Table 
2) (1 3). The remaining three lines apparent- 
ly did contain coding exon 1 of MTSI; 
however, it is possible that the regulatory 
region of MTSl was affected by the deletion 
breakpoints located upstream. Thus, the 
function of MTSZ has not been resolved. 
The striking sequence similarity between 
MTSl and MTSZ implies that MTS2 may 
also inhibit one or more cdks, perhaps in- 
cluding cdk4. The majority of homozygous 
deletions removed both MTSl and MTS2. 
Thus, MTSZ may have some role in tumor- 
igenesis. Alternatively, MTSZ may be a 
nonfunctional gene or may have a role 
entirely different from MTS 1. 

It is possible that mutation or loss of 
MTSl is a product of cell growth in culture. 
However, a high percentage of primary 
leukemia cells also contain homozygous de- 

Table 2. Mutations in melanoma lines determined 

letions of the a-interferon gene cluster, a 
gene family located less than 500 kb from 
MTS 1 (8). Studies of melanoma cell lines 
suggest that deletions of a-interferon genes 
invariably involve markers that extend be- 
yond MTSl toward the centromere (1 3). In 
addition, LOH studies of human primary, 
non-small cell lung cancer and primary 
head and neck carcinoma have demonstrat- 
ed that the minimal area of heterozygous 
deletion in these tumors encompasses 9p21- 
22 (8). Finally, nonsense and splice-junc- 
tion mutations in MTSl have been ob- 
served in primary melanomas and bladder 
tumors (1 6). Because deletions of the 9p2 1 
region and nonsense mutations of MTSl 
occur in primary tumor cells as well as 
cultured cell lines, the deletions observed 
in tumor cell lines are unlikely to be purely 
a result of cell growth in culture. 

Dividing eukaryotic cells must pass 
through two critical decision points: the 
GI-S transition where DNA synthesis com- 
mences and the G,-M transition where mi- 
tosis begins. The machinery that controls 
cell division has multiple components, many 
of which are related (1 6). The cdks may be 
at the heart of the control apparatus in that 
they regulate by phosphorylation a number 
of key substrates that in turn trigger the 
transition from G I  to S and from G2 to M. 
So far, four types of cdk have been defined 
(cdk2-5) that may participate in GI-S con- 
trol as well as a set of positive regulators of 
these cdks (for example, cyclins C, Dl-3, 
E). Recently several negative regulators 
have also been identified, including p21 
(p20 in mouse), and the MTS 1 gene product 
p16 (11, 17, 18). On  the basis of in vitro 
studies and on its interaction with p53, p21 
has been proposed as a general inhibitor of 
all cdks (18). Thus, in vitro, p16 appears 

by DNA sequence analysis 

Cell line Mutation Coding effect Location? 

G+A 
G-A 
C-T 
G+A 
5-base deletion 
C+T 
G+A 
C+T 
8-base deletion 
C-A 

SK-MEL-150(het)* C+T 
C+T 
C-T 

SK-MEL-12 C+T 
SK-MEL-156 C+T 
SK-MEL-101 G+A 
SK-MEL-158 C+T 
SK-MEL-145 2-base deletion 

None 
Gly+Ser 
Arg js top  
Ala-Thr 
Frameshift 
A rg js top  
Trp js top 
Arg js top  
Frameshift 
None 
Pro+Leu 
None 
Arg js top  
Pro-Leu 
None 
Trp-stop 
Gln js top 
Frameshift 

- -- 

*Het stands for heterozygote and refers to the presence In the sample of both the wild-type and mutant 
sequence tThe nucleotlde posltlons of the base changes (location) derlve from the numbering scheme used 
In Serrano et a/ ( I  I )  

more specific than p2 1. Both of these inhib- 
itors are expected to antagonize entry into S 
phase. 

If pl6 inhibits cdk4 in vivo, cdk4 and its 
cyclin partners are strong candidates for 
oncogenes that could be major factors in 
tumorigenesis. The prevalence of mutations 
in the p16 gene suggests the possibility that 
cdk4 may serve as a general activator of cell 
division in most, if not all, cells. Further 
biochemical studies of the effects of 016 on 
different cdks may help clarify the hierarchy 
of cdk activity in both normal cells and 
transformed cells. Proof of our model awaits 
direct demonstration of the tumor suppres- 
sor function of p16 and of the interaction 
between p16 and cdk4 in vivo. 
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the 3' end of coding exon 2), and one marker on the 
proximal slde of MTS2 (c l  .b). The method for prep- 
aration of cell line DNA has been described (9) The 
PCR conditions used for STS amplification were one 
cycle at 95°C (5 min): four cycles at 95°C (10 s) with 
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the annealing temperature (T,,,) = 68°C (10 s) and 
72% (10 s); four cycles wlth Tan, = 66"C, four cycles 
w~th Tan, = 64"C, four cycles with Tan, = 62°C; and 
30 cycles wlth Tan, = 60°C. The DNA sequences of 
primers used for the STS analysis were 1063 7F, 
CCGTTCAGCTTCTCATCAC, 1063.7R CCGACT- 
GTCCCATGTGAlT cl8.bF C M G A C T T A T G -  
GATGGGG c18 bR TCCATTTCTCTGCTTGCTC - - - - -  - - - 

~ 5 . 1  F, GAAGTCTTGGTCCTGATGTC; c5 1 R, CTC: 
TTCTGCACAACTCAACT, RN3.1 F, GGATAGAGA- 
ACTCAAGAAGG; RN3.1 R, TCTGAGCTTGGAA- 
GCTCT; c5.3F, GTGGTAGAACTAGGACAGGG; 
c5.3R, CTGTGTTAAGCCTTCATAGA; R2.3F, GA- 
MTGMCTGTACCCATTG;  R2.3R GGGACA- 
CACATTAAATACACT. R2 7F. GAGAACAGGTTT- 
TGGGCAG R2 7R AACTAGACCTAGGGATAA- 
GG c l  bF AAGCTllCCCACMCTGGC c l  bR 
AATGCCTTGGCATAAGGGAC 

15. Fragments for DNA sequence determination were 
amplified as described (14), except that 5% dl- 
methyl sulfoxide was added to the reaction. The 

products were purlfied from a 1.2% agarose gel 
with Q~aex beads (QIAGEN). Genomic fragments 
corresponding to codlng exons 1 or 2 from MTSI 
or codlng exon 2 from MTSP were amplified wlth 
speclfic prlmers and analyzed by cycle sequenc- 
ing with [n-P3z]deoxyadenosine trlphosphate 
(19) Products were run on 6% polyacrylamlde 
gels All A reactions were loaded s~de  by side, 
followed by the C reactions, and so on. Detection 
of polymorph~sms was by eye with confirmation 
on the other strand. The DNA sequences of the 
primers used for amplification and sequence de- 
termination were 
Coding exon 1, MTSI Amplification. 2F, GAA- 
GMGAGGAGGGGCTG; 11 08R, GCGCTACC- 
TGATTCCAATTC. Sequencing: 11 08R 
Codlng exon 2, MTSI. Amplification 42F, GG- 
AAATTGGAAACTGGAAGC: 551 R, TCTGAGCT- 
TGGAAGCTCT. Sequencing: 42F and 551 R 
Coding exon 2, MTS2 Ampllficat~on 89F, TGA- 

GTTTAACCTGAAGGTGG; 50R, GGGTGGGAA- 
ATTGGGTAAG. Sequencing: 89F and 50R. 
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