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D-type cyclin homologs have been found in the genomes of
herpesviruses associated with neoplasias. They appear to
exploit features of G1 cyclins but extend their properties to
allow for deregulation of the cell cycle. Advances in the study
of the molecular basis for these novel features as well as the
potential role of viral cyclins in tumorigenesis are addressed.
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Abbreviations
CAK cdk-activating kinase
Cip/Kip cdk interaction protein/cdk inhibitory protein
CKI cyclin-dependent kinase inhibitor
HVS Herpesvirus saimiri
INK4 inhibitor of cdk4
KSHV Kaposi sarcoma-associated herpesvirus
pRb retinoblastoma protein

Introduction
Cells are normally kept in a non-proliferative state by a
combination of mechanisms: the repression of D-type
cyclin expression; hypo-phosphorylated retinoblastoma
protein (pRb), which inhibits gene transcription through
the transcription factor, E2F; and high levels of both fami-
lies of CKIs (INK4 and Cip/Kip), which inhibit cyclin/
cyclin-dependent kinase (cdk) holoenzymes (reviewed in
[1–3]). It is hypothesized that the quiescent state is unfa-
vorable to viral propagation and that viruses seek to create
an environment conducive to replication by promoting cel-
lular entry into S phase. The transition from G0 into S
phase has been studied extensively, as it is the deregula-
tion of this control point that is implicated in
tumorigenesis. D-type cyclins play a central role in this
pathway (reviewed in [1,4,5]). They are normally upregu-
lated in cells upon exposure to mitogenic stimuli, their
expression serving as an early, yet reversible, response to
favorable growth conditions, facilitating cell proliferation.
To achieve this, they complex with cdks 4 or 6 forming
active kinases that phosphorylate key substrates, including
the tumor suppressor pRb, helping to inactivate its growth-
suppressive function. Furthermore, D cyclin/cdk
complexes sequester Cip/Kip inhibitors away from other
cyclin/cdk2 complexes, thereby activating the kinases
required for the G1/S transition ([6–9] and reviewed in [3]).
Sustained D-type cyclin expression is therefore a key ini-
tial step in cellular proliferation. It has been demonstrated

recently that one strategy which might be employed by
some γ-herpesviruses to overcome this control point and to
create a favorable environment for replication is the pro-
duction of a viral D-type cyclin homolog. Such homologs
of D-type cyclins have been identified in the genomes of
three oncogenic γ-herpesviridae, namely Herpesvirus
saimiri (HVS) [10], Kaposi sarcoma-associated herpesvirus
(KSHV or HHV8) [11], and murine γ-HV-68 [12] — these
will be referred to as V, K and M cyclin, respectively here-
after. Their properties are distinct from the endogenous
D-type cyclins, and how these features might contribute to
their role in oncogenesis is the main focus of this review. 

Viral cyclins evade CKIs 
The initial characterization of viral cyclins focused on
establishing them as functional homologs to their endoge-
nous counterparts. Both K and V cyclin bind and activate
the D-type cdks 4 and 6 and can phosphorylate pRb, the
classic D-type cyclin substrate [13–16]. Even though viral
cyclins function as D-type cyclins, however, their bio-
chemistry differs in a number of remarkable ways. Most
strikingly, K and V cyclins are resistant to inhibition by
either family of CKIs (INK4 and Cip/Kip) [17]. This seems
especially significant with regard to the resting cellular
environment that a virus is likely to encounter upon infec-
tion of a quiescent host cell where p27Kip1 levels are
elevated (reviewed in [3]). The basis for lack of inhibition
by the Cip/Kip inhibitors is lack of physical interaction.
This also implies that the viral cyclins do not require these
inhibitors for efficient assembly with the cdk subunit to
form an active holoenzyme. This is normally a mitogen-
dependent step in D cyclin/cdk holoenzyme assembly
[18]. Thus, viral cyclins should be able to assemble with
cdks to form active kinases in a resting cell. In support of
this idea, it has been shown that K-cyclin induction in qui-
escent NIH3T3 cells will promote entry into S phase [17]. 

Viral cyclins expand the substrate range of cdk6
A second novel finding is that K and V cyclins can broad-
en the substrate range of cdk6 to include targets that are
not phosphorylated by cdk6 when bound to D-type cyclins
[13–15,17]. Intriguingly, many of these additional targets
include molecules that are themselves central players in
cell-cycle regulation, including cdc25A, Id-2, and p27Kip1

[19••,20••]. The functional consequences for viral cyclin-
dependent phosphorylation of p27Kip1 by K cyclin has
been further investigated by our laboratory and that of
Sibylle Mittnacht. p27Kip1 is normally a substrate for cyclin
E/cdk2 [21]. Phosphorylation of p27Kip1 on threonine 187
(T187) promotes its degradation via ubiquitination
[21–24]. K cyclin/cdk6 complexes also phosphorylate T187
and thereby promote p27Kip1 downregulation [19••,20••].
This function appears critical to the ability of the viral
cyclin to promote S-phase entry under conditions in which
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p27Kip1 levels are elevated, such as the quiescent state. If
T187 is mutated to alanine, creating a p27Kip1 the degra-
dation of which cannot be stimulated by phosphorylation,
then cells expressing this mutant p27Kip1 cannot complete
S phase even in the presence of the p27Kip1-resistant viral
cyclin/cdk complexes. Thus, elimination of p27Kip1 appears
critical for K-cyclin-mediated cell cycle progression. 

These results suggest that although K cyclin extends the
substrate repertoire of cdk6, these kinases cannot achieve all
of the phosphorylation requirements for S-phase comple-
tion. This conclusion is substantiated by two further
observations. First, K cyclin cannot bypass a block on
endogenous cdk2 imposed by use of the chemical inhibitor
roscovitine. Second, over-expression of catalytically inactive
cdk2 also prevents the K-cyclin-facilitated completion of S
phase [19••]. Thus, although K cyclin confers broader sub-
strate specificity on cdk6, it alone is not sufficient to enable
cell-cycle progression but relies on endogenous p27Kip1-sen-
sitive cyclin/cdks, most likely cyclins E or A/cdk2. 

Viral cyclin/cdk6 complexes phosphorylate and degrade
p27Kip1 as a means to increase downstream cyclin/cdk activ-
ity. Certainly one other potential mechanism that K cyclin
might use to accomplish this is to mimic cyclin D and
upregulate cyclin E, an E2F-responsive gene, which proba-
bly occurs as a consequence of pRb phosphorylation and
inactivation. Although this has not yet been demonstrated
for cyclin E, K cyclin has been shown to upregulate cyclin A
expression [25]. Increased cyclin E and A levels would then
continue to stimulate progression. Regardless of how an
increase in cyclin/cdk2 activity is achieved, it is evident that
it is important for viral cyclins to circumvent the inhibitory
effects of p27Kip1 in order to force cell cycle progression.

How does the viral cyclin association with cdk6 extend the
substrate repertoire of one cdk subunit? To better under-
stand this property, we must briefly review the evidence
pertaining to the role of cyclins in cdk substrate selection.
Excluding artificial substrates such as histone H1, cyclin/
cdk substrate selection is generally accompanied by a
physical interaction of the kinase holoenzyme with the tar-
geted molecule. The classic example of this is the
phosphorylation of pRb, which allows two distinct modes
of substrate targeting. The LXCXE (in the single-letter
code, where X is any amino acid) motif was originally
defined as the domain used by viral oncoproteins (T-Ag,
E1A and E7) to interact with the so-called ‘pocket domain’
of pRb [26–29]. Disruption of the LXCXE motif present
in the amino termini of D-type cyclins and cyclin E
reduces their ability to bind pRb [30,31,32•]. Viral cyclins
have no primary amino acid regions that resemble the
LXCXE motif but it is clear that they do not require this
motif in order to phosphorylate pRb. 

Cdk catalytic subunits can also be directed to phosphory-
late substrates, including pRb, through an alternative
interaction between the R/KXL sequences and a

hydrophobic patch on the cyclin [33,34••]. Cyclin A —
which does not contain an LXCXE motif — utilizes this

mode of substrate recognition although it may also be
important in D-cyclin-directed phosphorylation. Disrup-
tion of the R/KXL docking site markedly impairs pRb
phosphorylation but the ability to phosphorylate pRb can
be regained by the fusion of a heterologous docking
domain to pRb — such as that found in E2F-1 or p21 [33].
It is interesting to note that most of the substrates identi-
fied to date as being targeted by the viral cyclins possess
R/KXL motifs, and the region of the cyclin responsible for
interacting with this motif is amongst the most highly con-
served regions in the viral cyclins. Furthermore, when a
substrate is selected for phosphorylation by viral cyclin/cdk
complexes, it appears that cdk consensus sites are appro-
priately chosen. Phosphopeptide analysis of the sites in
pRb phosphorylated by K cyclin/cdk6 indicates that this
complex phosphorylates a subset of possible cdk sites
(E Child, DJ Mann, unpublished data). Thus, some degree
of site selectivity is maintained by the viral cyclin and the
enhanced range of the viral cyclin/cdk complexes does not
simply reflect a decrease in the stringency of recognition of
cdk phosphorylation sites within a substrate. 

Structural considerations
The determination of the crystal structures of cdk2 in
several different states — free, complexed to amino-termi-
nally truncated cyclin A, fully activated by CAK
phosphorylation, and bound by p27Kip1 — has provided
much insight to the subtle regulation and activation of
cdks (reviewed in [35,36]). cdk2 is a remarkably pliable
molecule that adopts many different conformations; cyclin
A, on the other hand, is fairly rigid and enforces conforma-
tional changes on the cdk upon binding. Cyclin binds cdk
to twist and reconfigure the catalytic cleft for further acti-
vation by CAK and subsequent substrate binding. In
particular, the arrangement of the domains encompassing
the T-loop and the catalytic cleft, where ATP binds, are
dramatically altered upon cyclin binding, which greatly
enhances kinase activity [37]. 

A crystal structure of V cyclin has now been solved at
medium resolution [38••]. The overall structure of V cyclin
and its two copies of the cyclin fold are very similar to
human cyclins A and H, despite low sequence homology
(21% and 9%, respectively). Superimposition of V cyclin
onto the crystal structure of cyclin A/cdk2 in either the
unphosphorylated or p27Kip1-bound states can be used to
address the structural basis for the evasion of CKIs by V
cyclin. The amino terminus of p27Kip1 (through its R/KXL
motif) binds within a shallow hydrophobic groove on cyclin
A stabilized by seven intermolecular hydrogen bonds [39].
In cyclin A, the region is characterized by a hydrophobic
patch, which has been implicated in substrate targeting
and is conserved amongst cyclins [34••]. By modelling the
V cyclin structure onto the known cyclin A/cdk2 structure,
Schulze-Gatimen et al. [38••] propose that this groove
would be wider as a result of changes within the structural
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helix H4 of the cyclin box repeat. Furthermore, they infer
that amino acid changes in crucial residues within the sub-
strate-docking site would change or reduce the interaction
of V cyclin/cdk complexes with inhibitors. For example,
the residue that corresponds to Glu220 within the sub-
strate-docking site of cyclin A, which forms two important
contacts to p27Kip1, is a leucine in V cyclin. The authors
propose that these changes to both the conformation and
the charge on the surface of the cyclin reduce the number
of possible contacts to p27Kip1 from seven to three, render-
ing its binding less favourable. 

As the substrate-docking site is quite highly conserved,
this region alone is unlikely to be solely responsible for
substrate targeting by different cyclins. Indeed, substrate
specificity is contributed by features of both the cyclin and
the cdk and the conformation assumed by the complex,
which helps regulate the selection and phosphorylation of
appropriate substrates during the cell cycle ([40,41] and
reviewed in [42]). Given the flexible nature of cdk mole-
cules, especially around the T-loop and the catalytic cleft,
it is possible that viral cyclins will bind the cdk in a subtly
different way to endogenous cyclins. Furthermore, as
these regions of the cdk are important for binding to sub-
strates and for the phosphotransfer reaction, viral cyclins
may confer a different and/or more stable active conforma-
tion to cdks that could account for their higher kinase
activity and broader substrate range. A more detailed
understanding of molecular basis of the unique properties
of viral cyclins, however, will have to await co-crystalliza-
tion with a cdk partner.

Viral cyclins are oncogenic
There are a large number of cellular counterparts to the
genes present in the KSHV genome [11]. As this virus is
associated with human disease, it is of tremendous interest
to determine which of its genes are contributing to its
pathogenicity. Recently, Flore et al. [43••] showed that pri-
mary human endothelial cells are transformed when they
are infected with purified KSHV particles, causing long-
term proliferation and survival of these cells in culture.
Remarkably, only a subset of cells had KSHV whereas the
other neighboring cells survived via paracrine mechanisms
[43••]. Although other individual KSHV genes can trans-
form cultured cells, like the viral G-protein-coupled
receptor [44•] and kaposin [45], it has not yet been demon-
strated that K cyclin will do the same. A K-cyclin
transgenic mouse that expresses the viral cyclin in B and T
cells via the E promoter has been engineered, and prelim-
inary findings indicate that K-cyclin transgenic mice
develop lymphomas (E Verschuren, NC Jones, unpub-
lished data), suggesting that K cyclin can function as an
oncogene and can therefore contribute to the tumorigenic-
ity of KSHV.

The oncogenicity of M cyclin was similarly tested by van
Dyk et al. [46••] who constructed a transgenic mouse
expressing M cyclin early in T-cell development under the

control of the lck promoter. The data suggest there is a cor-
relation between M cyclin expression and the development
of high-grade lymphoblastic lymphoma, consisting mainly
of immature T cells. Transgenic mice showed increased
numbers of thymocytes progressing through the cell cycle
but no increase in overall size of their thymi; however,
thymic architecture was disrupted, having a reduced
medulla and an abnormally expanded cortex. Although
murine γ-HV-68 normally infects B cells, these results sug-
gest that M cyclin can contribute to oncogenesis in T cells.
In an analogous cyclin D1 transgenic mouse, where the E
promoter drives expression of the transgene in B and T
cells, only when crossed onto a background of transgenic
myc did progeny develop lymphomas [47,48]. These data
suggest that M cyclin has increased oncogenic potential in
primary T lymphocytes when compared to cyclin D1.

Conclusions
The study of viral-mediated transformation has contributed
greatly to the identification of key regulators in cell prolifera-
tion. Viral-encoded oncogenes are frequently derived from
cellular proto-oncogenes, examples of which include v-myc, v-
bcl, and v-ras. The use of cyclin homologs to directly impinge
on cell cycle progression may be a more widespread viral
mechanism than previously appreciated. Three more D-type
cyclin homologs have recently been identified in retroviruses
that infect walleye fish, where they induce neoplasias [49],
and in the genome of Herpesvirus ateles, which causes lym-
phomas in various New World primates [50]. The discovery of
more D-type homologs in oncogenic viruses hints that they
may play a significant role in mediating tumor formation.
Future experiments with viral cyclins will be directed at fur-
ther elucidating the distinct mechanisms they use to enter
S phase, as well as the functional consequences of viral cyclin
expression and its importance in γ-herpesvirus pathogenicity. 

Update
While this article was under preparation, Ojala et al. [51]
showed that the expression of K cyclin in combination
with high levels of cdk6 caused apoptosis, a process linked
to cellular proliferation. This effect probably occurs as a
result of the robust proliferative capacity that viral
cyclin/cdk complexes impart to cells. This potentially
deleterious consequence to viral propagation was over-
come by expression of KSHV bcl2 homolog. This report
highlights both the growth-promoting and apoptotic
effects that K cyclin could cause during host-cell infection. 
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