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Cytokinin cycles cells

Cytokinins were discov-
ered during the 1950s
because of their ability to
induce cell division, in
concert with auxin, in non-
dividing plant cells. Until
recently, the molecular
targets of this hormone in
the cell cycle regulatory
machinery have remained
elusive. Cloning genes
coding for plant cyclin-
dependent kinases (Cdks
e.g. Cdc2), cyclins (CycA,
CycB and CycD families)
and cyclin-dependent pro-
tein  kinase inhibitors
(ICKs) has made the cell
cycle accessible to molecu-|
lar studies. The cytokinin-
dependent cell division
activity in Arabidopsisis
mediated by the transcrip-
tional regulation of the
cyclin D3(CycD3 gene at
the G1/S transition
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Fig. 1.Hormonal regulation of the plant cell cycle. The main activities of cytokin
through the activation of CycD3 and Cdc25, are indicated in black. Other horn
activities that impinge on the cell cycle are indicated in grey. Cytokinins toge
with auxin and GA act through activation of Cdc2a, a Cdk. ABA induces ICK

ation of the kinase, a reac-
tion that is carried out by
the Cdc25 phosphatase.

This  indicates  that
cytokinins might control
G2/M  transition by

Cdc25 mediated dephos-
phorylation of a Cdk.

Consistent with a role for
cytokinins in the G2/M

transition is their distinct

transient  accumulation
during this phase of the
cell cyclé.

The different results
with respect to the cytokinin
cell cycle control points
could be explained if dif-
ferent regulatory mecha-
nisms are active in distinct

ns,cell types. Such distinct
ongéll types might have been
thegelected in different cell
L &ultures, explaining dif-

kinase inhibitor protein that interacts with both Cdk and CycD3. Abbreviatig
ABA, abscisic acid; Cdc25, a cell division cycle phosphatase; Cdk, cyclin-deper

ns ; .
defne{rences reported in their

kinase; Cyc, cyclin; E2F, elongation factor: GA, gibberellin: ICK, cyclin-dependen€YtoKinin responses. An

protein kinase inhibitor; P, phosphorylation; R, restriction point; Rb, anti-proIiferativeexampIe of diverse t?nod.es

tumour suppressor retinoblastoma protein. of cell cycle regulation is
found inDrosophila Cell

through CycD3 division during the start of

The first three plant cyclin D gene homo-retinoblastoma (Rb) protein. Hyperphos-embryo development depends entirely on
logues -CycD1, CycD2 CycD3— were iden- phorylated Rb is unable to complex with elon-Cdc25, whereas it is regulated by CycD3 at
tified by complementation of yeast G1 cyclingation factor E2F, thus enabling thelater stage's Consistent with different modes
mutantd. They are similar to mammalian D- transcription of E2F-regulated genes, whictof cell cycle regulation in plants is the expres-
type cyclins, whose expression is stronghare required for entry into S-phdsénter-  sion of theAntirrhinum CycD3aandCycD3b
dependent on mitogenic stimuli, such a®stingly, the characteristic Leu€Cysx-Glx  genes in distinct zones of the floral shoot
serum growth factor. Mammalian D-type Rb-binding motif (where x can be any aminomerister. They might mediate specific sig-
cyclins are required during middle-to-late Glacid) of D-type cyclins is conserved in plantnals in the cell cycle. Cell cycle control dur-
phase and are considered to be the lin€ycD proteins at the equivalent position andng floral transition might also be achieved by
between proliferative signals and emergencplant CycD3 proteins are able to interact witha different mechanism. This is indicated by a
from the quiescent stdten Arabidopsiscell  proteins of the Rb famify These data are drastic decrease in cytokinin concentration
culture it has been found th&@ycD3 is consistent with a function for CycD3 at theduring this period in spite of an increase in cell
induced in the G1 phase, shortly before the §1/S-transition (Fig. 1). In contrast to emerg-division activity’.
phase, by cytokinins and sucrbd$en situ ing knowledge on interacting downstream
hybridizations showycD3expression in pro- partners, the links between the cytokinin sigOther hormonal players in the cell cycle
liferating tissues of the shoot meristem, youngal andCycD3expression are unknown. The Cytokinin is apparently a specific trigger for
leaf primordia, auxillary buds, procambiumproteins involved in signalling are all presentell cycle progression but other hormones
and vascular tissues of the maturing leaved the responding cell and protein phosphorylwith enhancing or inhibitory functions are
Cytokinin treatment enhances the expressioation plays a crucial rolebut none of the involved in cell cycle regulation too. Auxin
in these responsive tissues. The cytokinindpstream elements is known. has multiple functions concerning Cdk
overproducingmpl(which is allelic tapt, hpt activation and is involved in controlling
and cop? mutant has steady-stateycD3 Do cytokinins have additional ubiquitin-mediated destruction of cell cycle
mRNA levels that are enhanced two- to three- targets in the cell cycle? regulatory proteiné. Cdks also accumulate in
fold*, further supporting the evidence for anCytokinins have also been reported to have @sponse to gibberellins in specific tissties
in vivo link between cytokinins an@ycD3 regulatory function at the mitotic control pointRecently, ICK1, which interacta vitro with
expression. of G2/M transitiod. In excised stem pith Cdc2a and CycD3, has been identified in

How could CycD3 act to push the cell intoparenchyma oflicotiana tabacumcytokinin  Arabidopsig? ICK1 expression is induced by
the S-phase? In mammals, the CycD3—-Cdéctivates a Cdc2-like kinase that accumulate&BA and leads to a decrease in Cdc2a-like
complex acts through hyperphosphorylationn its inactive form after auxirreatment. kinase activity. These results are compatible
of the anti-proliferative tumour suppressorCytokinin stimulates apecific dephosphoryl- with the antagonistic functions of ABA and

Cytokinins regulate
the G1/S transition
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cytokinins and suggest a molecular mecha~ Do cytokinins play a role in regional
nism in which plant cell division is inhibited  organization?

9 Dewitte, W.et al.(1999) Dynamics of
cytokinins in apical shoot meristems of a

by ABA (Fig. 1). Taken together, a networke Where does the cytokinin that regulates day-neutral tobacco during floral transition

of plant hormone activities, which are CycD3originate?
involved in the different cell cycle compo-« Is it an intrinsic signal?
nents, is emerging. * How is information from different clonally

distinct cell layers coordinated and chan-

Plant proto-oncogene nelled toCycD3?

and flower formationPlant Physiol 119,
111-122
10 del Pozo, J.C. and Estelle, M. (1999) Function
of the ubiquitin—proteosome pathway
in auxin responsd;rends Plant Sc#,

Ectopic expression of CycD3 has been fountHomeodomain proteins, such as KNAT1 and  1g7-111
to alter the cytokinin requirement for growth STM, which prevent differentiation and activate;; sayter, M. (1997) Differential expression of a

of calli*. Callus formation from CycD3-over- cell division, might play a role in determining

expressing leaf tissue and growth of theseell fate through interaction with the cell cycle
calli is cytokinin autotrophic, which is charac-machinery. Interestingly, it was reported

teristic of plant tumours. Deregulation ofrecently that theKNAT1 and STM mRNA
CycD3could perturb G1/S transition and con-levels are increased in both the cytokinin
tribute to tumour development. There is a pareverproducing transgeniérabidopsis and
allel in animals, where deregulation of the celthe amplmutant®, This indicates that links

cycle, also by means of the D-type cyclins, idbetween cytokinin, cell cycle genes and devel-
important during tumourigenesis. The humammpmental genes exist. The challenge is to

CycD1gene and perhaps other D-type cyclinglecipher the nature of these links.
are putative proto-oncogenes that are possibly
activated by deregulated transcripfforBy  Markus Frank and Thomas Schmiilling
analogy, plantCycD3can be regarded as acCentre for Plant Molecular Biology (ZMBP),
proto-oncogene. General Genetics, University of Tlibingen, Auf
der Morgenstelle 28, D-72076 Tibingen,
Cell division and development Germany

CycD3 also provides a link between cytokinink oythor for correspondence
and plant development. Plants overexpressings 49 7071 2977024; fax +49 7071 295042;
CycD3 show extensive leaf curling, disor- ¢ maj ts@uni-tuebingen.de)
ganized meristems, increased leaf number, late
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