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The D-type cyclins and their role in tumorigenesis

Gordon Peters
Imperial Cancer Research Fund Laboratories, PO Box 123, 44 Lincoln’s Inn Fields, London WC2A 3PX, UK

SUMMARY

The D-type cyclins are expressed during the progression 
from Go/Gi to S phase in the mammalian cell cycle. There 
is considerable evidence that they contribute to the devel
opment of specific cancers, both in humans and in mouse 
models. For example, cyclin D1 can be activated by chro
mosomal translocation, DNA amplification and retroviral 
integration. Cyclins Dl, D2 and D3 preferentially associate 
with two closely related members of the cyclin-dependent 
kinase family, Cdk4 and Cdk6 and the various complexes 
are each capable of phosphorylating the retinoblastoma

gene product (pRb), at least in vitro. This suggests that the 
growth promoting effects of the D-cyclins may be manifest 
via their interactions with tumour suppressor genes.

Key words: cell cycle, cyclin-dependent kinase, cyclins DI, D2 and 
D3, Cdk4 and Cdk6, DNA amplification, chromosome 1 lql3, 
chromosome translocation, retroviral integration, breast cancer, 
centrocytic lymphoma, PRAD1, CCND1, BCL1, retinoblastoma 
gene, DNA tumour virus

INTRODUCTION

The discovery of cyclin D l, first reported in 1991, is a striking 
example of convergent research where several groups, working 
independently on quite different aspects of biology, found 
themelves studying the same gene. Some were investigating 
the regulation of the cell cycle (Lew et al., 1991; Xiong et al.,
1991), some were looking for genes induced by specific 
cytokines (Matsushime et al., 1991), while others were trying 
to identify oncogenes associated with specific cancers 
(Motokura et al., 1991; Withers et al., 1991; Schuuring et al.,
1992). It is hardly surprising therefore that the D-cyclins have 
generated enormous interest over the last few years but such is 
the pace of these activities that the recorded information does 
not always concur. As well as summarizing the general 
features of the D-cyclins and the evidence linking them to 
cancer, this short review will try to distil some order from the 
recent literature and advance some speculative views as to the 
possible functions of these proteins.

REGULATION OF THE CELL CYCLE BY CYCLIN- 
DEPENDENT KINASES

In higher eukaryotes, cell division is regulated by a cyclical 
series of events in which two protein families play leading 
roles. The first are the cyclins, the classic example of which 
was discovered by its marked accumulation and destruction in 
synchrony with the cell division cycle (Evans et al., 1983). The 
second are the cyclin-dependent kinases (Cdks), for which the 
prototype is the 34 kDa serine/threonine kinase encoded by the 
cdc2 gene in Schizosaccharomyces pombe and the related 
CDC28 gene in Saccharomyces cerevisiae (reviewed by 
Norbury and Nurse, 1992; Reed, 1992). As the recently

adopted Cdk nomenclature implies (see for example Meyerson 
et al., 1992), the active enzyme complexes are formed by a 
partnership between a regulatory cyclin and a catalytic kinase 
subunit.

Historically, much of this information was gleaned from 
genetic analyses of the cell division cycle in yeast and studies 
on oocyte maturation in marine invertebrates and amphibia. 
These pioneering studies led to a model for the regulation of 
mitosis by the cyclin B/cdc2 complex in which kinase activity 
is ‘switched on’ by specific dephosphorylation of the catalytic 
subunit and ‘switched o ff  by the rapid destruction of the cyclin 
(Norbury and Nurse, 1992; Reed, 1992; Solomon, 1993). This 
paradigm appears to be conserved in all eukaryotes and 
although the players may be different the same principles are 
probably relevant to other critical phases of the cell cycle. For 
example, the Gi/S transition in Saccharomyces cerevisiae is 
regulated by a group of Gi cyclins, termed CLN1, 2 and 3, 
acting in conjunction with the CDC28 kinase (reviewed by 
Reed, 1992). Not surprisingly, the picture appears more 
complex in mammalian cells, where the numbers of potential 
Cdks and cyclins have expanded dramatically, and the details 
are just beginning to be unravelled.

The identification of new members of the cyclin family was 
largely stimulated by the search for mammalian equivalents of 
the yeast CLN genes in complementation assays (Koff et al., 
1991; Lew et al., 1991; Xiong et al., 1991). Cyclins C, D l and 
E were all identified in this way but in hindsight it seems that 
the assay may have been scoring the presence of a so-called 
‘cyclin box’, a region of sequence homology that is conserved 
in all cyclins (Fig. 1) and is probably critical in the interaction 
between cyclins and their respective kinase partners (Kobayashi 
et al., 1992; Lees and Harlow, 1993). The other notable char
acteristic of cyclins is their rapid turnover. In cyclins A and B, 
this is mediated by a motif near the amino terminus that appears
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Fig. 1. The mammalian cyclin family. The figure depicts 8 of the 
known cyciin-related polypeptides identified in human cells, 
designated A through E as indicated. The number of amino acid 
residues in each protein is shown on the right. The open box locates 
the region of homology termed the cyclin box. Other symbols show 
the presence of protein destabilization elements.

to target the protein for destruction via the ubiquitin pathway 
(Glotzer et al., 1991) whereas cyclins C, D and E have so-called 
PEST sequences near their carboxy termini (Fig. 1). Although 
such concentrations of proline, glutamic acid, serine and 
threonine residues are thought to contribute to protein instabil
ity (Rogers et al., 1986), their significance to cyclin turnover 
has yet to be confirmed experimentally.

Protein stability is clearly important for controlling the 
levels of the different cyclins throughout the cell cycle but only 
cyclins A, B and E show the classical periodic fluctuations that 
gave the family its name. Significantly, the levels of these 
proteins and their associated kinase activities peak in a distinct 
temporal order as illustrated in Fig. 2. A relatively cohesive 
model can thus be formulated in which specific cell cycle tran
sitions are regulated by the consecutive action of these 
cyclin/kinase complexes (Fig. 2). In this scheme, the cyclin 
E/Cdk2 complex regulates events at the Gi/S transition (Dulic 
et al., 1992; Koff et al., 1992; Ohtsubo and Roberts, 1993; Tsai 
et al., 1993), cyclinA/Cdk2 operates in S and G2 (Girard et al., 
1991; Walker and Mailer, 1991; Pagano et al., 1992; Tsai et 
al., 1993), and cyclin B/cdc2 orchestrates mitosis (Norbury and 
Nurse, 1992; Reed, 1992). However, this is clearly an over
simplification since the partnerships between cyclins and Cdks 
are not monogamous. For example cyclin A can form active 
complexes with either Cdkl (i.e. cdc2) or Cdk2 and, as 
discussed in more detail below, the latter can be found associ
ated with cyclins A, E or D.

THE D-TYPE CYCLINS

The D-cyclins form a distinct subset within the cyclin family 
based on structural and functional criteria. Although the genes

Cyclin E Cyclin A Cyclin B

Fig. 2. The mammalian cell cycle. The phases of the cell cycle are 
shown in a linear form for cells leaving the resting Go state and 
entering the division cycle. DNA synthesis and mitosis occur, 
respectively, in the S and M phases, separated by two gap phases, Gi 
and G2. The curves above the line are a highly schematized 
impression of the levels of various cyclin proteins at different phases 
of the cycle.

map to different chromosomes (Inaba et al., 1992; Xiong et 
al., 1992a), they encode proteins that are between 57 and 62% 
identical in pairwise comparisons and absolutely conserved at 
140 residues spread throughout the respective molecules (Fig. 
3). Similarity to other cyclins is restricted to the cyclin box 
domain, and the D-cyclins are particularly well conserved in 
the amino-terminal half of this region. It was sequence relat
edness that pointed to the existence of cyclins D2 and D3, by 
cross-hybridization with cyclin D1 probes (Matsushime et al., 
1991), and the other members of the family were not 
uncovered by the various strategies that led to the discovery 
of cyclin D1.

As alluded to above, cyclin D1 was among a number of 
human cDNA clones that were able to complement for CLN 
activity in yeast (Lew et al., 1991; Xiong et al., 1991). It was 
also isolated as a ‘delayed-early’ gene in cytokine-stimulated 
mouse macrophages by differential screening of cDNA clones 
(Matsushime et al., 1991). In this system, the expression of 
cyclin D1 is dependent on the presence of CSF-1 and reaches 
a maximum in late Gi phase. Subsequent studies have shown 
that the expression of all three D-cyclins can be regulated by 
cytokines but the results and their interpretation are rather 
inconsistent (Matsushime et al., 1991; Cocks et al., 1992; 
Motokura et al., 1992; Surmacz et al., 1992; Won et al., 1992; 
Ajchenbaum et al., 1993; Jansen-Dürr et al., 1993; Musgrove 
et al., 1993; Sewing et al., 1993; Winston and Pledger, 1993). 
Perhaps the most contentious issue is whether the levels of the 
RNAs and/or proteins actually cycle, but some of the confusion 
undoubtedly reflects the way that cells were synchronised and 
analysed in different labs. Our own findings suggest that while 
cyclin D l, for example, accumulates significantly in Gi in 
serum-stimulated fibroblasts, it does not undergo the dramatic 
fluctuations that are characteristic of cyclins A and B. Other 
groups report similar conclusions but suggest that there are 
more subtle fluctuations and that the protein, which is normally 
found in the cell nucleus, may become redistributed during S 
phase (Baldin et al., 1993; Sewing et al., 1993; Lukas et al., 
1994).

Clearly, much remains to be learned about the regulation of 
cyclin D expression and the balance between synthesis and 
degradation of both transcripts and proteins. The interplay of 
positive and negative inputs from the signal transduction 
pathways has yet to be fully explored and there is currently no 
obvious explanation for the need for three closely related

undefined
instabil- ity

undefined
[  JOCES_ 1994_ S18_ 0089F1. tif] Fig. 1. The mammalian cyclin family. The figure depicts 8 of the known cyclin- related polypeptides identified in human cells, designated A through E as indicated. The number of amino acid residues in each protein is shown on the right. The open box locates the region of homology termed the cyclin box. Other symbols show the presence of protein destabilization elements.

undefined
tran- sitions

undefined
G1/

undefined
G1rard

undefined
over- simplification

undefined
associ- ated

undefined
[  JOCES_ 1994_ S18_ 0089F2. tif]

undefined
G1

undefined
< H1> THE D- TYPE CYCLINS The D- cyclins form a distinct subset within the cyclin family based on structural and functional criteria. Although the genes

undefined
relat- edness

undefined
DI

undefined
DI. [  JOCES_ 1994_ S18_ 0089F3. tif] Fig. 3. The human D- type cyclins. The chromosomal locations and transcript sizes for the human D- cyclin genes, CCNDl, CCND2 and CCND3 are indicated along with the characteristics and primary sequences of the encoded proteins, in single letter amino acid code. Vertical lines identify conserved residues and the square brackets delineate the so-called cyclin box.

undefined
DI

undefined
DI

undefined
G1

undefined
DI,

undefined
G1

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined



Chromosome RNA

The D-type cyclins and their role in tumorigenesis 

Protein Molecular weight
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CCND1 11 q13 4.5 kb 295 aa 33,729 Da

CCND2 12p13 ~7 kb 289 aa 33,045 Da

CCND3 6p21 2.2 kb 292 aa 32,482 Da
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Fig. 3. The human D-type 
cyclins. The chromosomal 
locations and transcript sizes 
for the human D-cyclin genes, 
CCND1, CCND2 and CCND3 
are indicated along with the 
characteristics and primary 
sequences of the encoded 
proteins, in single letter amino 
acid code. Vertical lines 
identify conserved residues and 
the square brackets delineate 
the so-called cyclin box.

genes. Many cell types express two and occasionally all three 
members of the family and few clear patterns have yet become 
apparent. Perhaps it is significant that, despite sporadic reports 
to the contrary, we have yet to identify a cell line that does not 
express at least some levels of cyclin D3 whereas cells lacking 
either D 1 or D2 are much more common (unpublished obser
vations).

CHROMOSOMAL REARRANGEMENTS AFFECTING 
CYCLIN D1

The other line of research that led to the identification of the 
D-cyclins was the search for oncogenes associated with 
specific genetic alterations. Most of the evidence relates to 
cyclin Dl and although largely circumstantial, it is becoming 
increasingly persuasive. As indicated in Fig. 4, the gene for 
cyclin D l (CCND1) maps to the karyotypically defined band 
q 13 on the long arm of human chromosome 11, a region known 
to be the site of tumour-specific chromosomal abnormalities. 
For example, some cases of benign parathyroid adenoma show 
a clonal inversion of chromosome 11 that places the cyclin Dl 
gene on 11 q 13 adjacent to regulatory elements of the parathy
roid hormone gene on 1 lp  15 (Arnold et al., 1989; Motokura 
et al., 1991). Although the frequency of this rearrangement in 
parathyroid adenomas is quite low, its clonality and the 
resultant increase in cyclin Dl expression are strongly sug
gestive of a role in the disease (Rosenberg et al., 1991a). It was 
through this association that the name PRAD1 was coined, 
whereas earlier reports referred to the anonymous locus desig
nation D l 1S287. Both names appear in the recent literature but 
are essentially synonymous for CCND1.

A different and more frequent rearrangement of 11 q 13 has 
been observed in B-cell neoplasms, particularly centrocytic

lymphoma and multiple myeloma. In this t( 11; 14)(q 13 ;q32) 
translocation, a reciprocal exchange occurs between chromo
some 1 lq 13 and the Ig heavy chain locus on 14q32 (Erikson 
et al., 1984; Tsujimoto et al., 1984), exactly analogous to the 
translocations that activate MYC  in Burkitt’s lymphoma and 
BCL2 in follicular lymphoma. When the translocation break
point was cloned, and designated BCL1, it was naturally 
assumed that a nearby gene would be activated by juxtaposi
tion to the Ig enhancer. As it turns out, the nearest gene is 
CCND1, which is located some 120 kb distal to the original 
breakpoint cluster (Withers et al., 1991; Brookes et al., 1992) 
but it is now clear that the breaks can occur at multiple sites 
within the intervening DNA (see for example Williams et al., 
1992; de Boer et al., 1993). Nevertheless, the original expec
tations are fulfilled in that the translocation results in increased 
transcription of the cyclin Dl gene (Rosenberg et al., 1991b; 
Seto et al., 1992). Although such findings have led to refer
ences to the ‘BCL1 gene’, this is a potential source of confusion 
since the originally defined BCL1 probe is quite distant from 
the CCND1 gene.

AMPLIFICATION OF CYCLIN D1

The distinction between BCL1 and CCND1 becomes relevant 
in considering the other chromosomal abnormality that affects 
cyclin D l , DNA amplification. It has been widely documented 
that a significant subset of human breast cancers and squamous 
cell carcinomas show amplification of markers at l lq l3 , 
whereas this amplicon is rarely observed in other tumour types 
(reviewed by Lammie and Peters, 1991; Fantl et al., 1993). The 
amplification was originally detected using probes for two 
known oncogenes in the region, FGF3 and FGF4, often in con
junction with the BCL1 translocation breakpoint probe. We

undefined
D1

undefined
obser- vations). < H1>

undefined
{ CCNDl)

undefined
1 lql3

undefined
parathy- roid

undefined
lpl5

undefined
sug- gestive

undefined
desig- nation

undefined
CCNDl. [  JOCES_ 1994_ S18_ 0089F4. tif] Fig. 4. Chromosomal perturbations that affect cyclin DI. Syntenic regions of human chromosome 11 and mouse chromosome 7 are depicted in which the shaded boxes represent known CpG islands. The distances between these loci were established by a combination of cosmid walking and pulsed field gel electrophoresis. The islands corresponding to the cyclin DI gene ( CCND1 and Cyl- 1), and to FGF3 and FGF4 are as indicated and the arrows refer to the transcriptional orientation of the gene. The originally defined translocation breakpoints on human chromosome 11 q 13, in parathyroid adenomas and B- cell lymphomas, and the MuLV integration locus Fis- 1 on mouse chromosome 7 are as indicated.

undefined
1 lql3

undefined
11 ;

undefined
13;

undefined
chromo-some

undefined
Iq

undefined
break-point

undefined
juxtaposi-tion

undefined
CCNDl,

undefined
expec-tations

undefined
refer- ences

undefined
“

undefined
CCNDl

undefined
< H1>

undefined
CCNDl

undefined
Dl,

undefined
Hql3,

undefined
1991 ;

undefined
con- junction

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined



92 G. Peters

Fis-1
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Fig. 4. Chromosomal perturbations that affect cyclin D l. Syntenic 
regions of human chromosome 11 and mouse chromosome 7 are 
depicted in which the shaded boxes represent known CpG islands. 
The distances between these loci were established by a combination 
of cosmid walking and pulsed field gel electrophoresis. The islands 
corresponding to the cyclin Dl gene (CCND1 and Cyl-1), and to 
FGF3 and FGF4 are as indicated and the arrows refer to the 
transcriptional orientation of the gene. The originally defined 
translocation breakpoints on human chromosome 11 q 13, in 
parathyroid adenomas and B-cell lymphomas, and the MuLV 
integration locus Fis-1 on mouse chromosome 7 are as indicated.

now know that CCND1 (alias D11S287) maps between BCL1 
and FGF4 (Brookes et al., 1992) and is therefore a consistent 
component of the amplicon, a fact that was reported before the 
true nature of the gene became apparent (Lammie et al., 1991). 
More importantly, CCND1 is expressed at relatively low levels 
in normal breast epithelium and its expression is elevated upon 
DNA amplification (Lammie et al., 1991; Buckley et al., 1993; 
Gillett et al., 1994). Since this is not true for either FGF3 or 
FGF4, which remain silent in the adult mammary gland, cyclin 
D 1 is currently the best candidate for the key oncogene on the 
amplified DNA (Fantl et al., 1993).

The only point of contention is that CCNDl is not the only 
expressed gene affected by the amplification (Schuuring et al., 
1992, 1993), leading to suggestions that there may be more 
than one focus for amplification in the 1 lq  13 region (Gaudray 
et al., 1992). Thus, in some tumours, the BCL1 probe appears 
to be more highly amplified than CCNDl, while in others the 
converse is true. As we have argued elsewhere (Fantl et al., 
1993; Gillett et al., 1994), it is difficult to interpret these obser
vations without a better understanding of the function of cyclin 
D l, since it may have both positive and negative effects on 
proliferation depending on the cell type or level of expression 
achieved (see below). Whatever the resolution of these issues,

BCL1
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Cdk3

Cdk1
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------------------------------------------------  PITAIRE/CHED

-------  KKIALRE

Fig. 5. Evolutionary tree of known CDC-2 related polypeptides. An 
evolutionary tree was constructed from the published sequences of 
12 human proteins that show homology with p34cdc2 (Hanks et al., 
1988; Bunnell et al., 1990; Lapidot-Lifson et al., 1992; Matsushime 
et al., 1992; Meyerson et al., 1992; Okuda et al., 1992). The region 
of each protein that aligns with residues 11 to 230 inclusive of 
human CDC2, were subjected to pairwise comparisons and the 
percentage divergence converted into a linear distance using the 
Intelligenetics GeneWorks software.

it is now possible to detect the amplification of the CCNDl 
gene at the protein level, by staining tumour sections with 
cyclin Dl antibodies (Jiang et al., 1993b; Gillett et al., 1994). 
This should greatly facilitate the analysis of clinical material 
and there are preliminary indications that the frequency of over 
expression of cyclin Dl may be much higher than concluded 
from DNA analyses. Thus, in our own study, approximately 
one in three breast tumours stained above normal for cyclin Dl 
(Gillett et al., 1994). As these are almost exclusively tumours 
that are positive for oestrogen receptor, staining for cyclin D l 
holds considerable promise for refining the classification of 
breast cancers and may well have prognostic significance.

VIRAL ACTIVATION OF CYCLINS D1 AND D2

The final piece of evidence connecting D-cyclins and tumori- 
genesis is their activation by tumour viruses. For example, both 
the cyclin D 1 and D2 genes are transcriptionally activated by 
the nearby integration of murine leukaemia virus in mouse T- 
lymphomas (Lammie et al., 1992; Hanna et al., 1993). For 
cyclin D l, the insertions occur at the previously defined Fis-1 
locus on mouse chromosome 7 in a region that is a direct 
parallel of l l q l 3  (see Fig. 4). Although the exact distance 
between Fis-1 and the cyclin D 1 gene has not been established, 
it seems reasonable to conclude that proviral insertions at 
Fis-1 are functionally analogous to translocations at BCL1
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(Lammie et al., 1992). With cyclin D2 on the other hand, the 
insertions occur adjacent to the gene and the genomic DNA 
was cloned independently as a common site of viral integra
tion, termed Vin-1 (Hanna et al., 1993). To date, there are no 
obvious parallels for Vin-1 disruption in human tumours. 
However, we have noted one potential link between cyclin D2 
and lymphomagenesis in that the immortalisation of primary 
B-lymphocytes by Epstein-Barr virus is accompanied by tran
scriptional activation of cyclin D2 (Palmero et al., 1993; 
Sinclair et al., 1994). We are currently exploring the possiblity 
that this is a direct effect of viral gene expression and a key 
step in the immortalisation process.

INTERACTION OF D-CYCLINS AND CDKS

Apart from one isolated case of hepatitis-B virus integration 
into the cyclin A gene (Wang et al., 1990), none of the other 
cyclins have yet been implicated in tumorigenesis. Does this 
mean that there is something fundamentally different about the 
D-cyclins? An obvious question is whether they interact with 
catalytic subunits in the same way as cyclins A, B and E, and 
several groups set out to determine the kinase partners for 
cyclins D l, D2 and D3. The strategies used were dictated by 
the availability of cDNA clones and specific antisera to 
potential candidates but the most significant outcome was the 
demonstration that a 33 kDa protein kinase designated PSK-J3 
(now renamed Cdk4) is a major partner for the D-cyclins (Mat
sushime et al., 1992; Xiong et al., 1992b). PSK-J3 had been 
isolated previously in a general screen for new kinases and was 
recognised as a distant cousin of cdc2 (Hanks et al., 1988). 
However, its close association with the D-cyclins not only 
solved some of the mysteries surrounding this kinase but 
provided encouraging evidence that the cyclin/kinase paradigm 
might be extended to new members of the respective families. 
For example, the growing list of cdc2-related sequences in the 
literature included a 38 kDa protein, originally referred to as 
PLSTIRE, that is very closely related to Cdk4 (see Fig. 5). We 
and others have recently shown that this protein, now desig
nated Cdk6, also associates with the D-cyclins (Bates et al., 
1994a; Meyerson and Harlow, 1994). Thus, just as the D- 
cyclins form a distinct subset of the cyclin family, so Cdk4 and 
Cdk6 form a distinct subset of the Cdk family, and appear to 
interact exclusively with the D-cyclins. All six possible 
pairings can be detected by immunoprécipitation of cell lysates 
(Bates et al., 1994b).

These are not the only interactions observed for the D-cyclins; 
Xiong et al. (1992b) reported that in primary human fibroblasts, 
cyclin D l can be associated with Cdk2 and yet another member 
of the family designated Cdk5. The significance of the latter 
remains uncertain but the association with Cdk2 clearly demands 
some explanation, since this is also a partner for cyclins A and 
E. A possible clue may be that it is the hypophosphorylated and 
hence inactive form of Cdk2 that is found associated with cyclin 
D l (Dulic et al., 1993; Bates et al., 1994a). A further clue may 
be that this complex accumulates as primary cells undergo 
senescence (Dulic et al., 1993; Lucibello et al., 1993). It is 
therefore conceivable that cyclin D l performs two contrasting 
functions, as a positive regulator of Cdk4 and Cdk6 and as a 
negative regulator that sequesters Cdk2 in an inactive form. Our 
inability to detect the cyclin Dl/Cdk2 complex in tumour cell

lines (Bates et al., 1994a) and its absence in transformed cells 
(Xiong et al., 1993) would therefore tie in with an escape from 
senescence. If the recently described p21 protein is also part of 
this complex (El-Deiry et al., 1993; Harper et al., 1993; Xiong 
et al., 1993; Noda et al., 1994), this would provide an additional 
arm to p53-mediated cell cycle arrest.

The notion that the D-cyclins may have double lives could 
of course explain why some functional experiments have 
produced paradoxical results. For example, transfection of 
cells with vectors expressing D-cyclins from constitutive or 
inducible promoters has been shown to accelerate the Gi/S 
transition, exactly as one might expect for over-expression of 
a Gi cyclin (Ando et al., 1993; Jiang et al., 1993a; Quelle et 
al., 1993; Resnitzky et al., 1994). However, at least one 
published and several anecdotal reports testify to the toxicity 
of the D-cyclins in transfection assays (Quelle et al., 1993). 
This would make some sense if cyclin D is having contrasting 
influences depending on its Cdk partner. It might also explain 
why early attempts to demonstrate the oncogenic potential of 
cyclin D l by DNA transfection were unrewarding, yet if the 
appropriate levels are achieved then it can cooperate with RAS 
in transforming primary rodent cells (Hinds et al., 1994; Lovec 
et al., 1994). Finally, such considerations might explain why 
the over-expression of cyclin D l as a result of DNA amplifi
cation is not always as dramatic as one might expect and why 
in some tumours there appear to be rearrangements that down- 
regulate cyclin D l expression from the amplified DNA (Gillett 
et al., 1994).

INTERACTION BETWEEN THE D-CYCLINS AND pRB

The evidence that D-cyclins can interact with Cdks and can 
accelerate cell cycle progression raises an obvious question - 
what are the substrates for the multiple kinase combinations? 
Perhaps the most attractive candidates and certainly the current 
favourites are the product of the retinoblastoma gene, pRb and 
its close relative p i07. As discussed elsewhere in this volume, 
pRb is known to act as a negative regulator of Gi progression, 
leading to a relatively robust model in which the inactivation 
of pRb by phosphorylation is a critical step in permitting entry 
into S phase. A number of studies have shown that pRb can be 
phosphorylated by various cyclin/Cdk combinations (Lees et 
al., 1991; Lin et al., 1991; Hinds et al., 1992; Hu et al., 1992) 
but the timing of the initial phosphorylation events have 
encouraged the idea that the D-cyclins may be involved. 
Certainly, the phosphorylation of pRb can be demonstrated in 
vitro using mixtures of the D-cyclins and Cdk2, Cdk4 or Cdk6 
expressed in insect cells using baculovirus vectors (Mat
sushime et al., 1992; Ewen et al., 1993; Kato et al., 1993; 
Meyerson and Harlow, 1994). However, it has proved much 
more difficult to detect such activities in immunoprecipitates 
from cycling cells (Matsushime et al., 1994; Meyerson and 
Harlow, 1994) and there are still some puzzling features about 
the specificities of the different complexes. It would seem 
strange that all six complexes involving D-cyclins, Cdk4 and 
Cdk6 are doing exactly the same thing.

Despite these reservations, it does seem very likely that the 
function of the D-cyclins is somehow connected to pRb, if for 
no other reason than the presence of a sequence feature near 
their amino termini that suggests they may interact directly
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with pRb (Dowdy et al., 1993). This is the LxCxE motif that 
is common to the SV40 T-antigen, adenovirus E l A, and human 
papilloma virus E7 proteins, each of which is thought to bind 
to and functionally inactivate pRb. For the respective DNA 
tumour viruses this would have the advantage of promoting 
entry into S-phase, a prerequisite for viral DNA replication. 
For the D-cyclins, it raises the possibility, albeit unlikely, that 
they can inactivate pRb by direct binding and displacement of 
associated transcription factors. Supportive evidence for this 
idea has been reported, based on the reversal of pRb-induced 
cell cycle arrest in SAOS-2 cells (Hinds et al., 1992), but it 
remains curious that cyclin D l can apparently achieve this 
effect without concomitant phosphorylation of pRb, whereas 
cyclins D2 and D3 are thought to inactivate pRb by phospho
rylation (Dowdy et al., 1993; Ewen et al., 1993). Either way, 
one can rationalise how the elevated expression of a D-cyclin 
in a tumour cell could accelerate Gi progression.

However, there are a number of uncomfortable facets to such 
ideas, not least of which is the potential for functional redun
dancy implicit in the findings. Why should elevated expression 
o f a D-cyclin be so critical to a cell that already expresses one 
of its close relatives? Moreover, tumour cells do not cycle more 
rapidly than normal cells and it would be much more attrac
tive to postulate that the D-cyclins are in some way regulating 
exit from Go or the cell’s ability to return to a Go state after 
completing mitosis. Finally, it seems clear that pRb is not the 
master regulator of all cell cycles so that it is premature to settle 
for pRb as the substrate for D-cyclin/kinases. As if matters 
were not already confusing enough, we have recently noted 
that, in cells in which pRb has been inactivated, either by DNA 
tumour virus infection or as a result of naturally occurring 
mutations, it is very difficult to detect associations between the 
D-cyclins and any of their kinase partners (Bates et al., 1994b). 
Taken at face value, the data suggest that the substrate for D- 
cyclin/Cdk complexes must be present for the active enzyme 
to be formed.

As in all rapidly advancing fields, it is almost impossible to 
draw all the published and soon to be published data into a 
cohesive picture. Models are being formulated, modified and 
discarded at an alarming rate as each new component appears 
on the scene. Within the last few months, two more players 
have entered the arena, the p21 protein that links p53 to the 
cyclin/Cdk framework (El-Deiry et al., 1993; Harper et al., 
1993; Xiong et al., 1993; Noda et al., 1994) and p l6 , a specific 
inhibitor of Cdk4 (Serrano et al., 1993). Exciting times lie 
ahead.

REFERENCES

Ajchenbaum, F., Ando, K., DeCaprio, J. A. and Griffin, J. D. (1993). 
Independent regulation of human D-type cyclin gene expression during Gi 
phase in primary T lymphocytes. J. Biol. Chem. 268,4113-4119.

Ando, K., Ajchenbaum-Cymbalista, F. and Griffin, J. D. (1993). Regulation 
of Gi/S transition by cyclins D2 and D3 in hematopoietic cells. Proc. Nat. 
Acad. Sci. USA 90,9571-9575.

Arnold, A., Kim, H. G., Gaz, R. D., Eddy, R. L., Fukushima, Y., Byers, M. 
G., Shows, T. B. and Kronenberg, H. M. (1989). Molecular cloning and 
chromosomal mapping of DNA rearranged with the parathyroid hormone 
gene in a parathyroid adenoma. J. Clin. Invest. 83, 2034-2040.

Baldin, V., Likas, J., Marcotte, M. J., Pagano, M. and Draetta, G. (1993). 
Cyclin D 1 is a nuclear protein required for cell cycle progression. Genes Dev. 
7,812-821.

Bates, S., Bonetta, L., MacAllan, D., Parry, D., Holder, A., Dickson, C. and 
Peters, G. (1994a). CDK6 (PLSTIRE) and CDK4 (PSK-J3) are a distinct 
subset of the cyclin-dependent kinases that associate with cyclin D l. 
Oncogene 9, 71-79.

Bates, S., Parry, D., Bonetta, L., Vousden, K., Dickson, C. and Peters, G.
(1994b). Absence of cyclin D/cdk complexes in cells lacking functional 
retinoblastoma protein. Oncogene 9 (in press).

Brookes, S., Lammie, G. A., Schuuring, E., Dickson, C. and Peters, G.
(1992). Linkage map of a region of human chromosome band llq l3  
amplified in breast and squamous cell tumors. Genes Chrom. Cancer. 4 ,290
301.

Buckley, M. F., Sweeney, K. J. E., Hamilton, J. A., Sini, R. L., Manning, D. 
L., Nicholson, R. I., de Fazio, A., Watts, C. K. W., Musgrove, E. A. and 
Sutherland, R. L. (1993). Expression and amplification of cyclin genes in 
human breast cancer. Oncogene 8, 2127-2133.

Bunnell, B. A., Heath, L. S., Adams, D. E., Lahti, J. M. and Kidd, V. J.
(1990). Increased expression of a 58-kDa protein kinase leads to changes in 
the CHO cell cycle. Proc. Nat. Acad. Sci. USA 87, 7467-7471.

Cocks, B. G., Vairo, G., Bodrug, S. E. and Hamilton, J. A. (1992). 
Suppression of growth factor-induced CYL1 cyclin gene expression by 
antiproliferative agents. J. Biol. Chem. 267, 12307-12310. 

de Boer, C. J., Loyson, S., Kiuin, P. M., Kluin-Nelemans, H. C., Schuuring, 
E. and van Krieken, J. H. J. M. (1993). Multiple breakpoints within the 
BCL-1 locus in B-cell lymphoma: rearrangements of the cyclin D l gene. 
Cancer Res. 53 ,4148-4152.

Dowdy, S. F., Hinds, P. W., Louie, K., Reed, S. I., Arnold, A. and Weinberg, 
R. A. (1993). Physical interaction of the retinoblastoma protein with human 
D cyclins. Cell 73,499-511.

Dulic, V., Lees, E. and Reed, S. I. (1992). Association of human cyclin E with 
a periodic Gi-S phase protein kinase. Science 257, 1958-1961.

Dulic, V., Drullinger, L. F., Lees, E., Reed, S. I. and Stein, G. H. (1993). 
Altered regulation of Gi cyclins in senescent human diploid fibroblasts: 
accumulation of inactive cyclin E-Cdk2 and cyclin Dl-Cdk2 complexes. 
Proc. Nat. Acad. Sci. USA 90, 11034-11038.

El-Deiry, W. S., Tokino, T., Velculescu, V. E., Levy, D. B., Parsons, R., 
Trent, J. M., Lin, D., Mercer, W. E., Kinzler, K. W. and Vogelstein, B.
(1993). WAF1, a potential mediator of p53 tumor suppression. Cell 75, 817
825.

Erikson, J., Finan, J., Tsujimoto, Y., Nowell, P. C. and Croce, C. M. (1984). 
The chromosome 14 breakpoint in neoplastic B cells with the t(l 1; 14) 
translocation involves the immunoglobulin heavy chain locus. Proc. Nat. 
Acad. Sci. USA 81 ,4144-4148.

Evans, T., Rosenthal, E. T., Youngblom, J., Distel, D. and Hunt, T. (1983). 
Cyclin: a protein specified by maternal mRNA in sea urchin eggs that is 
destroyed at each cleavage division. Cell 33, 389-396.

Ewen, M. E., Sluss, H. K., Sherr, C. J., Matsushime, H., Kato, J. and 
Livingston, D. M. (1993). Functional interactions of the retinoblastoma 
protein with mammalian D-type cyclins. Cell 73,487-497.

Fantl, V., Smith, R., Brookes, S., Dickson, C. and Peters, G. (1993). 
Chromosome 1 l q l 3 abnormalities in human breast cancer. Cancer Surveys 
18,77-94.

Gaudray, P., Szepetowski, P., Escot, C., Birnbaum, D. and Theillet, C.
(1992). DNA amplification at l lq l3  in human cancer: from complexity to 
perplexity. Mutat. Res. 276, 317-328.

Gillett, C., Fantl, R., Fisher, C., Bartek, J., Dickson, C., Barnes, D. and 
Peters, G. (1994). Amplification and overexpression of cyclin D l in breast 
cancer detected by immunohistochemical staining. Cancer Res. 54 (in press). 

Girard, F., Stausfeld, U., Fernandez, A. and Lamb, N. J. C. (1991). Cyclin A 
is required for the onset of DNA replication in mammalian fibroblasts. Cell 
67, 1169-1179.

Glotzer, M., Murray, A. W. and Kirschner, M. W. (1991). Cyclin is 
degraded by the ubiquitin pathway. Nature 349, 132-138.

Hanks, S. K., Quinn, A. M. and Hunter, T. (1988). The protein kinase family: 
conserved features and phylogeny of the catalytic domains. Science 241,42
52.

Hanna, Z., Janowski, M., Tremblay, P., Jiang, X., Milatovich, A., Francke, 
U. and Jolicoeur, P. (1993). The Vin-1 gene, identified by provirus 
insertional muatgenesis, is the cyclin D2. Oncogene 8,1661-1666.

Harper, J. W., Adami, G. R., Wei, N., Keyomarsi, K. and Elledge, S. J.
(1993). The p21 Cdk-interacting protein Cipl is a potent inhibitor of Gi 
cyclin-dependent kinases. Cell 75, 805-816.

Hinds, P. W., Mittnacht, S., Dulic, V., Arnold, A., Reed, S. I. and Weinberg, 
R. A. (1992). Regulation of retinoblastoma protein functions by ectopic 
expression of human cyclins. Cell 70,993-1006.

undefined
El

undefined
DI

undefined
phospho- rylation

undefined
G1

undefined
redun- dancy

undefined
attrac- tive

undefined
D-cyclin/

undefined
D- cyclin/

undefined
JOCES_ 1994_ S18_ 0089C1 journal

undefined
F. ,

undefined
K. ,

undefined
G1

undefined
268,4113–

undefined
JOCES_ 1994_ S18_ 0089C2 journal

undefined
K. ,

undefined
G1/

undefined
90,9571–

undefined
JOCES_ 1994_ S18_ 0089C3 journal

undefined
A. ,

undefined
G. ,

undefined
D. ,

undefined
L. ,

undefined
Y. ,

undefined
G. ,

undefined
2034–

undefined
JOCES_ 1994_ S18_ 0089C4 journal

undefined
V. ,

undefined
J. ,

undefined
J. ,

undefined
7,812–

undefined
JOCES_ 1994_ S18_ 0089C5 journal

undefined
S. ,

undefined
L. ,

undefined
D. ,

undefined
D. ,

undefined
A. ,

undefined
DI.

undefined
71–

undefined
JOCES_ 1994_ S18_ 0089C6 journal

undefined
S. ,

undefined
D. ,

undefined
L. ,

undefined
K. ,

undefined
JOCES_ 1994_ S18_ 0089C7 journal

undefined
S. ,

undefined
A. ,

undefined
E. ,

undefined
1992) .

undefined
llql3

undefined
4,290– 301. JOCES_ 1994_ S18_ 0089C8 journal

undefined
F. ,

undefined
E. ,

undefined
A. ,

undefined
L. ,

undefined
L. ,

undefined
L ,

undefined
A. ,

undefined
W. ,

undefined
2127–

undefined
JOCES_ 1994_ S18_ 0089C9 journal

undefined
A. ,

undefined
S. ,

undefined
E. ,

undefined
1990) .

undefined
7467–

undefined
JOCES_ 1994_ S18_ 0089C10 journal

undefined
G. ,

undefined
G. ,

undefined
12307–

undefined
JOCES_ 1994_ S18_ 0089C11 journal

undefined
J. ,

undefined
S. ,

undefined
M. ,

undefined
C. ,

undefined
B-cell

undefined
DI

undefined
53,4148–

undefined
JOCES_ 1994_ S18_ 0089C12 journal

undefined
F. ,

undefined
W. ,

undefined
K. ,

undefined
I. ,

undefined
73,499–

undefined
JOCES_ 1994_ S18_ 0089C13 journal

undefined
V. ,

undefined
G1-

undefined
1958–

undefined
JOCES_ 1994_ S18_ 0089C14 journal

undefined
V. ,

undefined
F. ,

undefined
E. ,

undefined
G1

undefined
11034–

undefined
JOCES_ 1994_ S18_ 0089C15 journal

undefined
S. ,

undefined
T. ,

undefined
E. ,

undefined
B. ,

undefined
R. ,

undefined
M. ,

undefined
D. ,

undefined
E. ,

undefined
1993) .

undefined
817– 825. JOCES_ 1994_ S18_ 0089C16 journal

undefined
J. ,

undefined
J. ,

undefined
Y. ,

undefined
ll;

undefined
81,4144–

undefined
JOCES_ 1994_ S18_ 0089C17 journal

undefined
T. ,

undefined
T. ,

undefined
J. ,

undefined
389–

undefined
JOCES_ 1994_ S18_ 0089C18 journal

undefined
E. ,

undefined
K. ,

undefined
J. ,

undefined
H. ,

undefined
D-type

undefined
73,487–

undefined
JOCES_ 1994_ S18_ 0089C19 journal

undefined
V. ,

undefined
R. ,

undefined
S. ,

undefined
lql3

undefined
18,77–

undefined
JOCES_ 1994_ S18_ 0089C20 journal

undefined
P. ,

undefined
P. ,

undefined
C. ,

undefined
1992) .

undefined
1 lql3

undefined
Mutât.

undefined
317–

undefined
JOCES_ 1994_ S18_ 0089C21 journal

undefined
C. ,

undefined
R. ,

undefined
C. ,

undefined
J. ,

undefined
C. ,

undefined
DI

undefined
JOCES_ 1994_ S18_ 0089C22 journal

undefined
F. ,

undefined
U. ,

undefined
1169–

undefined
JOCES_ 1994_ S18_ 0089C23 journal

undefined
M. ,

undefined
132–

undefined
JOCES_ 1994_ S18_ 0089C24 journal

undefined
K. ,

undefined
241,42– 52. JOCES_ 1994_ S18_ 0089C25 journal

undefined
Z. ,

undefined
M. ,

undefined
P. ,

undefined
X. ,

undefined
A. ,

undefined
l

undefined
8,1661–

undefined
JOCES_ 1994_ S18_ 0089C26 journal

undefined
W. ,

undefined
R. ,

undefined
N. ,

undefined
1993) .

undefined
G1

undefined
805–

undefined
JOCES_ 1994_ S18_ 0089C27 journal

undefined
W. ,

undefined
S. ,

undefined
V. ,

undefined
A. ,

undefined
70,993–

undefined
JOCES_ 1994_ S18_ 0089C28 journal

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined



The D-type cyclins and their role in tumorigenesis 95

Hinds, P. W., Dowdy, S. F., Eaton, E. N., Arnold, A. and Weinberg, R. A.
(1994). Function of a human cyclin gene as an oncogene. Proc. Nat. Acad. 
Sci. USA 91,709-713.

Hu, Q., Lees, J. A., Buchkovich, K. J. and Harlow, E. (1992). The 
retinoblastoma protein physically associates with the human cdc2 kinase. 
Mol. Cell Biol. 12,971-980.

Inaba, T., Matsushime, H., Valentine, M., Roussel, M. F., Sherr, C. J. and 
Look, A. T. (1992). Genomic organization, chromosomal localization, and 
independent expression of human cyclin D genes. Genomics 13, 565-574.

Jansen-Dürr, P., Meichle, A., Steiner, P., Pagano, M., Finke, K., Botz, J., 
Wessbacher, J., Draetta, G. and Eilers, M. (1993). Differential modulation 
of cyclin gene expression by MYC. Proc. Nat. Acad. Sci. USA 90, 3685
3689.

Jiang, W., Kahn, S. M., Zhou, P., Zhang, Y.-J., Cacace, A. M., Infante, A. 
S., Doi, S., Santella, R. M. and Weinstein, I. B. (1993a). Overexpression of 
cyclin D l in rat fibroblasts causes abnormalities in growth control, cell cycle 
progression and gene expression. Oncogene 8, 3447-3457.

Jiang, W., Zhang, Y.-J., Kahn, S. M., Hollstein, M. C., Santella, R. M., Lu, 
S.-H., Harris, C. C., Montesano, R. and Weinstein, I. B. (1993b). Altered 
expression of the cyclin Dl and retinoblastoma genes in human esophageal 
cancer. Proc. Nat. Acad. Sci. USA 90, 9026-9030.

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

Kobayashi, H., Stewart, E., Poon, R., Adamczewski, J. P., Gannon, J. and 
Hunt, T. (1992). Identification of the domains in cyclin A required for 
binding to, and activation of, p34cdc2 and p32cdk2 protein kinase subunits. 
Mol. Biol. Cell 3,1279-1294.

Koff, A., Cross, F., Fisher, A., Schumacher, J., Leguellec, K., Philippe, M. 
and Roberts, J. M. (1991). Human cyclin E, a new cyclin that interacts with 
two members of the CDC2 gene family. Cell 66, 1217-1228.

Koff, A., Giordano, A., Desai, D., Yamashita, K., Harper, J. W., Elledge, S., 
Nishimoto, T., Morgan, D. O., Franza, B. R. and Roberts, J. M. (1992). 
Formation and activation of a cyclin E-cdk2 complex during the Gi phase of 
the human cell cycle. Science 257, 1689-1694.

Lammie, G. A., Fantl, V., Smith, R., Schuuring, E., Brookes, S., 
Michalides, R., Dickson, C., Arnold, A. and Peters, G. (1991). Dl 1S287, a 
putative oncogene on chromosome 1 l q l 3, is amplified and expressed in 
squamous cell and mammary carcinomas and linked to BCL-1. Oncogene 6, 
439-444.

Lammie, G. A. and Peters, G. (1991). Chromosome 1 l q l 3 abnormalities in 
human cancer. Cancer Cells 3,413-420.

Lammie, G. A., Smith, R., Silver, J., Brookes, S., Dickson, C. and Peters, G.
(1992). Proviral insertions near cyclin D l in mouse lymphomas: a parallel for 
BCL1 translocations in human B-cell neoplasms. Oncogene 7, 2381-2387.

Lapidot-Lifson, Y., Patinkin, D., Prody, C. A., Ehrlich, G., Seidman, S., 
Ben-Aziz, R., Benseler, F., Eckstein, F., Zakut, H. and Soreq, H. (1992). 
Cloning and antisense oligodeoxynucleotide inhibition of a human homolog 
of cdc2 required in hematopoiesis. Proc. Nat. Acad. Sci. USA 89, 579-583.

Lees, E. M. and Harlow, E. (1993). Sequences within the conserved cyclin 
box of human cyclin A are sufficient for binding to and activatin of cdc2 
kinase. Mol. Cell. Biol. 13, 1194-1201.

Lees, J. A., Buchkovich, K. J., Marshak, D. R., Anderson, C. W. and 
Harlow, E. (1991). The retinoblastoma protein is phosphorylated on 
multiple sites by human cdc2. EMBO J. 10,4279-4290.

Lew, D. J., Dulic, V. and Reed, S. I. (1991). Isolation of three novel human 
cyclins by rescue of Gi cyclin (Cln) function in yeast. Cell 66,1197-1206.

Lin, B. T.-Y., Gruenwald, S., Morla, A. O., Lee, W.-H. and Wang, J. Y. J.
(1991). Retinoblastoma cancer suppressor gene product is a substrate of the 
cell cycle regulator cdc2 kinase. EMBO J. 10, 857-864.

Lovec, H., Sewing, A., Lucibello, F. C., Müller, R. and Möröy, T. (1994). 
Oncogenic activity of cyclin Dl revealed through cooperation with Ha-ras: 
link between cell cycle control and malignant transformation. Oncogene 9, 
323-326.

Lucibello, F. C., Sewing, A., S, B., Bürger, C. and Müller, R. (1993). 
Deregulation of cyclins D l and E and suppression of cdk2 and cdk4 in 
senescent human fibroblasts. J. Cell Sci. 105,123-133.

Lukas, J., Pagano, M., Staskova, Z., Draetta, G. and Bartek, J. (1994). 
Cyclin D l protein oscillates and is essential for cell cycle progression in 
human tumour cell lines. Oncogene 9, 707-718.

Matsushime, H., Roussel, M. F., Aslimun, R. A. and Sherr, C. J. (1991). 
Colony-stimulating factor 1 regulates novel cyclins during the Gi phase of 
the cell cycle. Cell 65, 701-713.

Matsushime, H., Ewen, M. E., Strom, D. K., Kato, J.-Y., Hanks, S. K., 
Roussel, M. F. and Sherr, C. J. (1992). Identification and properties of an 
atypical catalytic subunit (p34PSif"'/'3/cdk4) for mammalian D type Gi cyclins. 
C e lil i ,  323-334.

Matsushime, H., Quelle, D. E., Shurtleff, S. A., Shibuya, M., Sherr, C. J. 
and Kato, J.-Y. (1994). D-type cyclin-dependent kinase activity in 
mammalian cells. Mol. Cell. Biol. 14,2066-2076.

Meyerson, M., Enders, G. H., Wu, C.-L., Su, L.-K., Gorka, C., Nelson, C., 
Harlow, E. and Tsai, L.-H. (1992). A family of human cdc2-related protein 
kinases. EMBOJ. 11, 2909-2917.

Meyerson, M. and Harlow, E. (1994). Identification of Gi kinase activity for 
cdk6, a novel cyclin D partner. Mol. Cell. Biol. 14, 2077-2086.

Motokura, T., Bloom, T., Kim, H. G., Jiippner, H., Ruderman, J. V., 
Kronenberg, H. M. and Arnold, A. (1991). A novel cyclin encoded by a 
bd./-linked candidate oncogene. Nature 350, 512-515.

Motokura, T., Keyomarsi, K., Kronenberg, H. M. and Arnold, A. (1992). 
Cloning and characterization of human cyclin D3, a cDNA closely related in 
sequence to the PRADl/cyclin DI proto-oncogene. J. Biol. Chem. 267, 
20412-20415.

Musgrove, E. A., Hamilton, J. A., Lee, C. S. L., Sweeney, K. J. E., Watts, C. 
K. W. and Sutherland, R. L. (1993). Growth factor, steroid, and steroid 
antagonist regulation of cyclin gene expression associated with changes in T- 
47D human breast cancer cell cycle progression. Mol. Cell Biol. 13, 3577
3587.

Noda, A., Ning, Y., Venable, S. F., Pereira-Smith, O. M. and Smith, J. R.
(1994). Cloning of senescent cell-derived inhibitors of DNA synthesis using 
an expression screen. Exp. Cell Res. 211,90-98.

Norbury, C. and Nurse, P. (1992). Animal cell cycles and their control. Annu. 
Rev. Biochem. 61,441-470.

Ohtsubo, M. and Roberts, J. M. (1993). Cyclin-dependent regulation of Gi in 
mammalian fibroblasts. Science 259,1908-1912.

Okuda, T., Cleveland, J. L. and Downing, J. R. (1992). PCTAIRE-1 and 
PCTAIRE-3, two members of a novel cdc2/CDC28-related protein kinase 
gene family. Oncogene 7,2249-2258.

Pagano, M., Pepperhok, R., Verde, F., Ansorge, W. and Draetta, G. (1992). 
Cyclin A is required at two points in the human cell cycle. EMBO J. 11,961
971.

Paimero, I., Holder, A., Sinclair, A. J., Dickson, C. and Peters, G. (1993). 
Cyclins D l and D2 are differentially expressed in human B-lymphoid cell 
lines. Oncogene 8, 1049-1054.

Quelle, D. E., Ashmun, R. A., Shurtleff, S. A., Kato, J.-Y., Bar-Sagi, D., 
Roussel, M. F. and Sherr, C. J. (1993). Overexpression of mouse D-type 
cyclins accelerates Gi phase in rodent fibroblasts. Genes Dev. 7, 1559
1571.

Reed, S. I. (1992). The role of p34 kinases in the Gi to S-phase transition. Annu. 
Rev. Cell Biol. 8, 529-561.

Resnitzky, D., Gossen, M., Bujard, H. and Reed, S. I. (1994). Acceleration of 
the Gi/S phase transition by expression of cyclins Dl and E with an inducible 
system. Mol. Cell. Biol. 14, 1669-1679.

Rogers, S., Wells, R. and Rechsteiner, M. (1986). Amino acid sequences 
common to rapidly degraded proteins: the PEST hypothesis. Science 234, 
364-368.

Rosenberg, C. L., Kim, H. G., Shows, T. B., Kronenberg, H. M. and 
Arnold, A. (1991a). Rearrangement and overexpression of D11S287E, a 
candidate oncogene on chromosome 1 l q l 3 in benign parathyroid tumors. 
Oncogene 6,449-453.

Rosenberg, C. L., Wong, E., Petty, E. M., Bale, A. E., Tsujimoto, Y., Harris, 
N. L. and Arnold, A. (1991b). PRAD1, a candidate BCL1 oncogene: 
mapping and expression in centrocytic lymphoma. Proc. Nat. Acad. Sci. USA 
88,9638-9642.

Schuuring, E., Verhoeven, E., Mooi, W. J. and Michalides, R. J. A. M.
(1992). Identification and cloning of two overexpressed genes, 
U21B31/P/MD1 and EMS1, within the amplified chromosome llq l3reg ion  
in human carcinomas. Oncogene 7, 355-361.

Schuuring, E., Verhoeven, E., Litvinov, S. and Michalides, R. J. A. M.
(1993). The product of the EMS1 gene, amplified and overexpressed in 
human carcinomas, is homologous to a y-src substrate and is located in cell- 
substratum contact sites. Mol. Cell. Biol. 13,2891-2898.

Serrano, M., Hannon, G. J. and Beach, D. (1993). A new regulatory motif in 
cell-cycle control causing specific inhibition of cyclin D/CDK4. Nature 366, 
704-707.

Seto, M., Yamamoto, K., Iida, S., Akao, Y., Utsumi, K. R., Kubonishi, I., 
Miyoshi, I., Ohtsuki, T., Yawata, Y., Namba, M., Motokura, T., Arnold, 
A., Takahashi, T. and Ueda, R. (1992). Gene rearrangement and

undefined
W. ,

undefined
F. ,

undefined
N. ,

undefined
1994) .

undefined
91,709–

undefined
JOCES_ 1994_ S18_ 0089C29 journal

undefined
Q. ,

undefined
A. ,

undefined
12,971–

undefined
JOCES_ 1994_ S18_ 0089C30 journal

undefined
T. ,

undefined
H. ,

undefined
M. ,

undefined
F. ,

undefined
565–

undefined
JOCES_ 1994_ S18_ 0089C31 journal

undefined
Diirr, P. ,

undefined
A. ,

undefined
P. ,

undefined
M. ,

undefined
K. ,

undefined
J. ,

undefined
J. ,

undefined
3685– 3689. JOCES_ 1994_ S18_ 0089C32 journal

undefined
W. ,

undefined
M. ,

undefined
P. ,

undefined
J. ,

undefined
M. ,

undefined
S. ,

undefined
S. ,

undefined
DI

undefined
3447–

undefined
JOCES_ 1994_ S18_ 0089C33 journal

undefined
W. ,

undefined
J. ,

undefined
M. ,

undefined
C. ,

undefined
M. ,

undefined
H. ,

undefined
C. ,

undefined
DI

undefined
9026–

undefined
JOCES_ 1994_ S18_ 0089C34 journal

undefined
J. ,

undefined
H. ,

undefined
W. ,

undefined
331–

undefined
JOCES_ 1994_ S18_ 0089C35 journal

undefined
H. ,

undefined
E. ,

undefined
R. ,

undefined
P. ,

undefined
p34 cdc2

undefined
p32 cdk2

undefined
3,1279–

undefined
JOCES_ 1994_ S18_ 0089C36 journal

undefined
A. ,

undefined
F. ,

undefined
A. ,

undefined
J. ,

undefined
K. ,

undefined
1217–

undefined
JOCES_ 1994_ S18_ 0089C37 journal

undefined
A. ,

undefined
A. ,

undefined
D. ,

undefined
K. ,

undefined
W. ,

undefined
S. ,

undefined
T. ,

undefined
O. ,

undefined
G1

undefined
1689–

undefined
JOCES_ 1994_ S18_ 0089C38 journal

undefined
A. ,

undefined
V. ,

undefined
R. ,

undefined
E. ,

undefined
S. ,

undefined
R. ,

undefined
C. ,

undefined
DI

undefined
llql3,

undefined
439–

undefined
JOCES_ 1994_ S18_ 0089C39 journal

undefined
lql3

undefined
3,413–

undefined
JOCES_ 1994_ S18_ 0089C40 journal

undefined
A. ,

undefined
R. ,

undefined
J. ,

undefined
S. ,

undefined
DI

undefined
2381–

undefined
JOCES_ 1994_ S18_ 0089C41 journal

undefined
Y. ,

undefined
D. ,

undefined
A. ,

undefined
G. ,

undefined
S. ,

undefined
R. ,

undefined
F. ,

undefined
F. ,

undefined
579–

undefined
JOCES_ 1994_ S18_ 0089C42 journal

undefined
1194–

undefined
JOCES_ 1994_ S18_ 0089C43 journal

undefined
A. ,

undefined
J. ,

undefined
R. ,

undefined
10,4279–

undefined
JOCES_ 1994_ S18_ 0089C44 journal

undefined
J. ,

undefined
G1

undefined
66,1197–

undefined
JOCES_ 1994_ S18_ 0089C45 journal

undefined
Y. ,

undefined
S. , Moria,

undefined
O. ,

undefined
1991) .

undefined
857–

undefined
JOCES_ 1994_ S18_ 0089C46 journal

undefined
H. ,

undefined
A. ,

undefined
C. ,

undefined
Moroy,

undefined
DI

undefined
323–

undefined
JOCES_ 1994_ S18_ 0089C47 journal

undefined
C. ,

undefined
A. ,

undefined
B. ,

undefined
DI

undefined
105,123–

undefined
JOCES_ 1994_ S18_ 0089C48 journal

undefined
J. ,

undefined
M. ,

undefined
Z. ,

undefined
DI

undefined
707–

undefined
JOCES_ 1994_ S18_ 0089C49 journal

undefined
H. ,

undefined
F. , Ashmun,

undefined
Colony-stimulating

undefined
G1

undefined
701–

undefined
JOCES_ 1994_ S18_ 0089C50 journal

undefined
H. ,

undefined
E. ,

undefined
K. ,

undefined
Y. ,

undefined
K. ,

undefined
p34p-,-’ 7cdk4)

undefined
G1

undefined
Cell 71, 323–

undefined
JOCES_ 1994_ S18_ 0089C51 journal

undefined
H. ,

undefined
E. , Shurtieff,

undefined
A. ,

undefined
M. ,

undefined
14,2066–

undefined
JOCES_ 1994_ S18_ 0089C52 journal

undefined
M. ,

undefined
H. ,

undefined
L. ,

undefined
K. ,

undefined
C. ,

undefined
C. ,

undefined
EMBO J.

undefined
2909–

undefined
JOCES_ 1994_ S18_ 0089C53 journal

undefined
G1

undefined
2077–

undefined
JOCES_ 1994_ S18_ 0089C54 journal

undefined
T. ,

undefined
T. ,

undefined
G. , Jüppner, H. ,

undefined
V. ,

undefined
bc/ 7-

undefined
512–

undefined
JOCES_ 1994_ S18_ 0089C55 journal

undefined
T. ,

undefined
K. ,

undefined
proto-oncogene.

undefined
20412–

undefined
JOCES_ 1994_ S18_ 0089C56 journal

undefined
A. ,

undefined
A. ,

undefined
L. ,

undefined
E. ,

undefined
3577– 3587. JOCES_ 1994_ S18_ 0089C57 journal

undefined
A. ,

undefined
Y. ,

undefined
F. ,

undefined
1994) .

undefined
211,90–

undefined
JOCES_ 1994_ S18_ 0089C58 journal

undefined
61,441–

undefined
JOCES_ 1994_ S18_ 0089C59 journal

undefined
G1

undefined
259,1908–

undefined
JOCES_ 1994_ S18_ 0089C60 journal

undefined
T. ,

undefined
PCTAlRE-

undefined
7,2249–

undefined
JOCES_ 1994_ S18_ 0089C61 journal

undefined
M. ,

undefined
R. ,

undefined
F. ,

undefined
11,961– 971. JOCES_ 1994_ S18_ 0089C62 journal Palmero, L ,

undefined
A. ,

undefined
J. ,

undefined
DI

undefined
1049–

undefined
JOCES_ 1994_ S18_ 0089C63 journal

undefined
E. ,

undefined
A. , Shurtieff,

undefined
A. ,

undefined
Y. ,

undefined
D. ,

undefined
G1

undefined
1559– 1571. JOCES_ 1994_ S18_ 0089C64 journal

undefined
G1

undefined
529–

undefined
JOCES_ 1994_ S18_ 0089C65 journal

undefined
D. ,

undefined
M. ,

undefined
G1/

undefined
DI

undefined
1669–

undefined
JOCES_ 1994_ S18_ 0089C66 journal

undefined
S. ,

undefined
364–

undefined
JOCES_ 1994_ S18_ 0089C67 journal

undefined
L. ,

undefined
G. ,

undefined
B. ,

undefined
llql3

undefined
6,449–

undefined
JOCES_ 1994_ S18_ 0089C68 journal

undefined
L. ,

undefined
E. ,

undefined
M. ,

undefined
E. ,

undefined
Y. ,

undefined
88,9638–

undefined
JOCES_ 1994_ S18_ 0089C69 journal

undefined
E. ,

undefined
E. ,

undefined
1992) .

undefined
U2IB31/ 77MD1

undefined
EMSl,

undefined
355–

undefined
JOCES_ 1994_ S18_ 0089C70 journal

undefined
E. ,

undefined
E. ,

undefined
1993) .

undefined
v-

undefined
cell- substratum

undefined
13,2891–

undefined
JOCES_ 1994_ S18_ 0089C71 journal

undefined
M. ,

undefined
cell-cycle

undefined
704–

undefined
JOCES_ 1994_ S18_ 0089C72 journal

undefined
M. ,

undefined
K. , lida, S. ,

undefined
Y. ,

undefined
R. ,

undefined
L ,

undefined
L ,

undefined
T. ,

undefined
Y. ,

undefined
M. ,

undefined
T. ,

undefined
A. ,

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined



96 G. Peters

overexpression of PRAD1 in lymphoid malignancy with t( 11; 14)(q 13;q32) 
translocation. Oncogene 7, 1401-1406.

Sewing, A., Bürger, C., Brüsselbach, S., Schalk, C., Lucibello, F. C. and 
Müller, R. (1993). Human cyclin D l encodes a labile nuclear protein whose 
synthesis is directly induced by growth factors and suppressed by cyclic 
AMP. J. Cell Sci. 104,545-554.

Sinclair, A. J., Palmero, I., Peters, G. and Farrell, P. J. (1994). EBNA-2 and 
EBNA-LP cooperate to cause Go to Gi transition during immortalisation of 
resting human B-lymphocytes by Epstein-Barr virus. EMBO J. 13, 3321
3328.

Solomon, M. J. (1993). Activation of the various cyclin/cdc2 protein kinases. 
Curr. Opin. Cell Biol. 5, 180-186.

Surmacz, E., Reiss, K., Sell, C. and Baserga, R. (1992). Cyclin D l messenger 
RNA is inducible by platelet-derived growth factor in cultured fibroblasts. 
Cancer Res. 52,4522-4525.

Tsai, L.-H., Lees, E., Faha, B., Harlow, E. and Riabowol, K. (1993). The 
cdk2 kinase is required for the Gi-to-S transition in mammalian cells. 
Oncogene 8, 1593-1602.

Tsujimoto, Y., Yunis, J., Onorato-Showe, L., Erikson, J., Nowell, P. C. and 
Croce, C. M. (1984). Molecular cloning of the chromomal breakpoint of B- 
cell lymphomas and leukemias with the t(l 1; 14) chromosome translocation. 
Science 224,1403-1406.

Walker, D. H. and Maller, J. L. (1991). Role for cyclin A in the dependence of 
mitosis on completion of DNA replication. Nature 354, 314-317.

Wang, J., Chenivesse, X., Henglein, B. and Brechot, C. (1990). Hepatitis B 
virus integration in a cyclin A gene in a hepatocellular carcinoma. Nature 
343,555-557.

Williams, M. E., Swerdlow, S. H., Rosenberg, C. L. and Arnold, A. (1992). 
Characterization of chromosome 11 translocation breapoints at the bcl-1 
and PRAD1 loci in centrocytic lymphoma. Cancer Res. (suppl.) 52, 5541s- 
5544s.

Winston, J. T. and Pledger, W. J. (1993). Growth factor regulation of cyclin 
D l mRNA expression through protein synthesis-dependent and - 
independent mechanisms. Mol. Biol. Cell 4, 1133-1144.

Withers, D. A., Harvey, R. C., Faust, J. B., Melnyk, O., Carey, K. and 
Meeker, T. C. (1991). Characterization of a candidate bcl-1 gene. Mol. Cell. 
Biol. 11,4846-4853.

Won, K.-A., Xiong, Y., Beach, D. and Gilman, M. Z. (1992). Growth- 
regulated expression of D-type cyclin genes in human diploid fibroblasts. 
Proc. Nat. Acad. Sci. USA 89,9910-9914.

Xiong, Y., Connolly, T., Futcher, B. and Beach, D. (1991). Human D-type 
cyclin. Cell 65, 691-699.

Xiong, Y., Menninger, J., Beach, D. and Ward, D. C. (1992a). Molecular 
cloning and chromosomal mapping of CCND genes encoding human D-type 
cyclins. Genomics 13,575-584.

Xiong, Y., Zhang, H. and Beach, D. (1992b). D type cyclins associate with 
multiple protein kinases and the DNA replication and repair factor PCNA. 
Cell 71, 505-514.

Xiong, Y., Hannon, G. J., Zhang, H., Casso, D., Kobayashi, R. and Beach,
D. (1993). p21 is a universal inhibitor of cyclin kinases. Nature 366, 701
704.

Xiong, Y., Zhang, H. and Beach, D. (1993). Subunit rearrangement of the 
cyclin-dependent kinases is associated with cellular transformation. Genes 
Dev. 7, 1572-1583.

undefined
lI;

undefined
ql3;

undefined
1401–

undefined
JOCES_ 1994_ S18_ 0089C73 journal

undefined
A. ,

undefined
C. ,

undefined
S. ,

undefined
C. ,

undefined
Muller,

undefined
104,545–

undefined
JOCES_ 1994_ S18_ 0089C74 journal

undefined
J. ,

undefined
I. ,

undefined
EBNA-LP

undefined
G1

undefined
B-lymphocytes

undefined
3321– 3328. JOCES_ 1994_ S18_ 0089C75 journal

undefined
180–

undefined
JOCES_ 1994_ S18_ 0089C76 journal

undefined
E. ,

undefined
K. ,

undefined
CyclinDl

undefined
52,4522–

undefined
JOCES_ 1994_ S18_ 0089C77 journal

undefined
H. ,

undefined
E. ,

undefined
B. ,

undefined
G1-

undefined
1593–

undefined
JOCES_ 1994_ S18_ 0089C78 journal

undefined
Y. ,

undefined
J. ,

undefined
L. ,

undefined
J. ,

undefined
B- cell

undefined
1 ;

undefined
224,1403–

undefined
JOCES_ 1994_ S18_ 0089C79 journal

undefined
Mailer,

undefined
314–

undefined
JOCES_ 1994_ S18_ 0089C80 journal

undefined
J. ,

undefined
X. ,

undefined
Bréchot,

undefined
343,555–

undefined
JOCES_ 1994_ S18_ 0089C81 journal

undefined
E. ,

undefined
H. ,

undefined
bcl-\

undefined
uppl.)

undefined
5541s–

undefined
JOCES_ 1994_ S18_ 0089C82 journal

undefined
1133–

undefined
JOCES_ 1994_ S18_ 0089C83 journal

undefined
A. ,

undefined
C. ,

undefined
B. ,

undefined
O. ,

undefined
11,4846–

undefined
JOCES_ 1994_ S18_ 0089C84 journal

undefined
A. ,

undefined
Y. ,

undefined
Growth- regulated

undefined
89,9910–

undefined
JOCES_ 1994_ S18_ 0089C85 journal

undefined
Y. ,

undefined
T. ,

undefined
691–

undefined
JOCES_ 1994_ S18_ 0089C86 journal

undefined
Y. ,

undefined
J. ,

undefined
13,575–

undefined
JOCES_ 1994_ S18_ 0089C87 journal

undefined
Y. ,

undefined
505–

undefined
JOCES_ 1994_ S18_ 0089C88 journal

undefined
Y. ,

undefined
J. ,

undefined
H. ,

undefined
D. ,

undefined
701– 704. JOCES_ 1994_ S18_ 0089C89 journal

undefined
Y. ,

undefined
1572–

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined


