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Cytokinin Activation of 
Arabidopsis Cell Division 
Through a D-Type Cyclin 

Catherine Riou-Khamlichi,'* Rachael Huntley,' Annie Jacqmard,' 
James A.H. Murray1? 

Cytokinins are plant hormones that regulate plant cell division. The D-type 
cyclin CycD3 was found t o  be elevated in  a mutant of Arabidopsis wi th  a high 
level of cytokinin and t o  be rapidly induced by cytokinin application in both cell 
cultures and whole plants. Constitutive expression of CycD3 in transgenic plants 
allowed induction and maintenance of cell division in the absence of exogenous 
cytokinin. Results suggest that cytokinin activates Arabidopsis cell division 
through induction of CycD3 at the C,-S cell cycle phase transition. 

Cytokinins are purine derivatives that pro- 
mote and maintain plant cell division in cul- 
tures (1-8) and are also involved in various 
differentiation processes including shoot for- 
mation, photomorphogenesis, and senescence 
(2, 3). In promoting cell division, cytokinins 
act synergistically with auxins (3, 4). 

Because restimulation of quiescent verte- 
brate cells into division by mitogenic signals 
requires the transcriptional up-regulation of 
D-type cyclins (9 ) ,  the existence of related 
proteins in plants (10, 11) suggests plant 
D-type cyclins (CycD) as potential mediators 
of plant mitogenic signals. A possible role for 
cytokinin in regulating the expression of the 

mones (14) accumulated CycD3 transcripts in 
response to cytokinin supplied at concentra- 
tions down to lop3  pM (Fig. 1, A and B), 
starting within 1 hour (Fig. 1C). Zeatin, the 
most abundant cytokinin in Arabidopsis ( I j ) ,  

and 6-benzylaminopurine (BAP) generated 
the strongest response. whereas adenine. a 
purine lacking cytokinin properties, showed 
no effect (Fig. 1A). 

CycD3 induction could be a direct re- 
sponse to cytokinin or an indirect response 
caused by cells reaching a certain cell cycle 
position under the influence of cytokinin. 
Cycloheximide (Chx) blocks both G ,  phase 
progression (13) and protein synthesis in 

~ u t - 0 ~ ~ .  Between-ParticiPant and between-sessi0n ef- Arabidopsis CycD3 gene in callus material these cells (14) and did not inhibit CycD3 
fects were modeled separately and both reached 
significance [t (15) = 3, = 2,1, < 0,051, (10) was investigated in a dispersed suspen- induction by cytokinin (Fig. ID), showing 
lntuitivelv this result indicates that the t e m ~ o r a l  sion culture of Arabidopsis cells (12, 13). that induction is indevendent of vrogression 

A - 
pattern df changes in effective connectivity not'only Cells incubated for i 4  hours without hor- throueh G ,  and invokes signal transduction 

L 1 predicted a given participant's performance but also 
L 

differences in learning between sessions for an indi- by proteins already present in stationary 
vidual participant. '~nst i tute o f  Biotechnologv, university o f  Cambridge, phase cells. Inhibition of CycD3 induction by 

22. C. ~ i i c h e l  and K. J. Friston, Cereb. Cortex 7. 768 Tennis Court Road, cambridge CB2 IQT, UK. ' ~ e ~ a r t e -  the protein phosphatase inhibitor okadaic 
(1997). ment de Biologie Vegetale, Universite de Liege, Service acid and gratuitous induction by the protein 

23. The interpretation of changes over t ime in learning de physiologic, sart ~ i l ~ ~ ~ ,  ~ 4 0 0 0  ~ i e ~ ~ ,  ~ ~ l ~ i ~ ~ ,  
experiments can be difficult due t o  nonspecific t ime kinase inhibitor staurosporine in the absence 
effects (that is, habituation, motivation, and arousal). *Present FacuLte des Sciences, lnstitut de of cytokinin (Fig. 1, E and F) implicate reg- 
we dissociated learning-related effects from nonspe- Biotechnologie, Universite de Limoges, 123  avenue ulatory phosphorylations in this process. 
cific t ime effects by using three sequential learning Albert Thomas, 87060  Limoges, France. 
sessions. Nonspecific t ime effects unrelated t o  learn- t T o  w h o m  correspondence should be addressed. E- plant responses to hormones are 
ing are expressed over the duration of the whole mail: j.murray@biotech.cam.ac.uk complex (2, 3) and do not necessarily reflect 
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Fig. 1. CycD3 RNA induction by cytokinin in 
Arabidopsis cell suspension cultures (74). North- 
ern blots (28) were probed with CycD3. Early 
stationary cells [day 7 (D7)], incubated in the 
absence of auxin and cytokinin for 24 hours, were 
sampled before induction [T = 0 (TO)] and after 
the treatments indicated. Quantitation of CycD3 
mRNA relative to T = 0 is shown in italics. (A) 
Differential induction by cytokinins (1 pM) 4 
hours after addition to cells at T = 0. Kin, kinetin; 
Zip, 2-isopenten ladenine; Zea, zeatin; Ade, ade- 
nine (1 mM). (Byconcentration dependence. (C) 
Time course and uantitation of CycD3 induction 
by 1 pM zeatin !top) and loading control (bot- 
tom). h, hours. (D) Induction is not blocked by 
Chx. Cells pretreated for 1 hour with Chx were 
incubated an additional 4 hours with 1 pM zeatin 
(Chx + Zea) or with Chx alone (Chx). Control 
cells were incubated with zeatin alone (Zea). (E) 
lnduction by 1 p M  zeatin is inhibited by okadaic 
acid (OA). (F) Addition of 1 pM staurosporine (St) 
mimics induction by 1 pM zeatin after 4 and 24 
hours, but OA (0.5 pM) blocks both inducers 
(OA + St + Zea). 

those produced in culture, but treatment of Ara- 
bidopsis seedlings with zeatin caused increased 
CycD3 mRNA levels (Fig. 2A) (16). In situ 
hybridization (1 7) showed that CycD3 expres- 
sion is found in the proliferating tissues of the 
shoot meristem, young leaf primordia, axillary 
buds, procambium, and vascular tissues of the 
maturing leaves (Fig. 2B, left). Treatment with 
cytokinin increased the CycD3 signal without 
promoting its general accumulation in all cells 
(Fig. 2B, right), so we conclude that cytokinin 
can modulate CycD3 levels in responsive plant 
tissues. However, because the treatment of 
plants with exogenous hormones may not re- 

Fig. 2. CycD3 expres- A = - 
sion is induced by cyto- 
kinin in Arabidopsis 
plants and is increased 
in mutants with high n 
Levels of cytokinin. 6) 
Day 8 Arabidopsis wild- 
tvpe seedlings were i 
&wn in liquia MS me- 
dium and treated for 
24 hours with MS alone 
(c) or MS + 1 FM zeat- 
in- (Zea). (B) In situ hy- 
bridization of control 
and cytokinin-treated 
vegetative apices of 
Arabidopsis. (Top) Anti- 
sense CycD3 probe. . 
(Bottom) Same section 1 
viewed by calcofluor j 
fluorescence. Sense : 

CycD3 probes gave no i 
signal above back- 
ground (22). Scale bar, 

mordium; vt, vascular 

r 100 pm; am, apical I 

meristem; lp, leaf pri- ! - 
traces. (C) Expression of CycD3 and CycD2 in soil-grown A. thaliana L erecta (Ler), amp7, clavatal-2 
(clv), A. thaliana Columbia (Co), and pt plants. 

flect the endogenous modulation of hormone 
levels, we also examined CycD3 levels in the 
Arabidopsis mutant ampl and its alleleprimor- 
dia timing (pt). These mutants have an enlarged 
apical meristem, increased leaf number, and 
delayed senescence associated with a sixfold 
higher cytokinin level than that of wild-type 
plants (15). Compared with those of wild-type 
plants, CycD3 mRNA levels were two- to 
threefold higher in ampl andpt plants (Fig. 2C) 
but were normal in clavatal (clvl), another 
mutant with an enlarged apical meristem (18). 
The levels of CycD2, a different D-type cyclin 
that does not respond to cytokinin (lo), were 
similar in ampl, clvl, and wild-type plants. 
Cytokinin therefore modulates CycD3 expres- 
sion at physiological concentmtions in Arabi- 
dopsis plants. 

When explanted into culture, many plant 
tissues dedifferentiate and resume division to 
form proliferating calli. Induction of division 
and subsequent callus formation normally re- 
quire the simultaneous presence of both auxin 
and cytokinin (1-3). If CycD3 mediates cyto- 
kinin presence, cell cycle control, or differenti- 
ation, we would predict that constitutive expres- 
sion of CycD3 might lead to altered cytokinin 
requirement or responses. Transgenic Arabi- 
dopsis calli were generated (19) expressing 
CycD3 under the constitutive cauliflower mo- 
saic virus (CaMV) 35s promoter, but these calli 
failed to regenerate shoots. To circumvent this 
problem and produce transgenic plants consti- 
tutively expressing CycD3, we used-the yeast 
site-specific recombinase FLP to activate 
CycD3 expression in the progeny of trans- 
formed Arabidopsis plants. The CycD3 gene 
was originally separated from a 35s promoter 
by the GUS (P-glucuronidase) gene flanked by 

target sites for the FLP site-specific recombi- 
nase (Fig. 3A). Such plants were crossed to 
Arabidopsis lines canying a heat-shock pro- 
moter (hspFdriven FLP gene (20), so that 
FLP-mediated recombination excises the GUS 
gene and activates CycD3 expression fiom the 
35s promoter (21). Three CycD3expressing 
lines established from independent original sin- 
gle-copy transformants all showed extensive 
leaf curling, disorganized meristems, increased 
leaf number, late flowering, and delayed senes- 
cence (22). 

Leaf explants taken from CycD3-expressing 
lines and wild-type control plants were tested 
for their ability to form calli on media contain- 
ing or lacking cytokinin (23). Wild-type leaves 
produced calli efficiently when exogenous cy- 
tokinin and auxin were present, but in the ab- 
sence of cytokinin, only a few slow growing 
calli were formed. which failed to become 
green and degenerated after a period in culture. 
In contrast, CycD3 transgenics produced 
healthy green calli with equal efficiency in the 
presence or absence of exogenous cytokinin 
(Fig. 3B). These calli could be maintained for 
extended periods of subculturing in either con- 
dition (Fig. 3C). The cytokinin-independent in- 
duction of growth of CycD3 calli was not due 
to an inherently higher cytokinin level in 
CycD3-expressing, plants, as there was no dif- 
ference in the content of isoprenoid-type cyto- 
kinins between CycD3 transgenics and wild- 
type controls (Fig. 3D). 

To confirm the role of CycD3 in the induc- 
tion of cell division, we monitored expression 
of S phase-associated histone H4 in wild-type 
and CycD3-expressing leaf explants. By 5 days 
after induction, histone H4 was only detectable 
in wild-type explants on medium containing 
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Fig. 3. Callus initiation 
and maintenance on 
cytokinin-free medium 
by CycD3-expressing 
transgenic leaf explants. 
(A) Strategy to produce 
transgenic Arabidopsis 
expressing CycD3 un- 
der a CaMV 355 pro- 
moter (355) by FLP- 
mediated excision of a 
GUS gene lying be- 
tween two FLP recogni- 
tion targets (FRT) (27). 
(B) Numbers of calli 
induced on wild-type (wt) and CycD3-expressing leaf explants of three at 7 and 17 days. AU calli were trimmed at 17 days except wild-type calli on 
independent lines (G249, G287, and G54) in presence of auxin alone or auxin auxin alone. (D) Tissue cytokinin content (29) of total isoprenoid cytokinins 
and cytokinin. All visible calli initiated on 10 explants were counted. Wild- (Total) and zeatin-type, isopentenyladenine (IP)-type, and dihydrozeatin 
type explants lacking cytokinin produced infrequent yellow calli. Equivalent (dHZ)-type cytokinins in CycD3-expressing (G249) seedlings and in control 
results were obtained in two further repeats. (C) Maintenance of wild-type seedlings of wild-type L erecta and pt. p t  is an allele of ampl, which has a 
and G249 calli on control (auxin and cytokinin, left) or auxin-only (right) fourfold to fivefold higher cytokinin level than that of wild-type plants, and 
plates 29 days after induction; calli were moved twice to fresh plates, was used to  confirm assays relative to published data (75). Ban show SEM. 

both auxin and cytokinin (Fig. 4A). In contrast, 
CycD3-expressing calli expressed histone H4 
regardless of the presence of exogenous cyto- 
kinin. We conclude that constitutive CvcD3 
expression can replace the requirement for ex- 
ogenous cytokinin in the induction and prolif- 
eration of Arabidopsis callus cells. Consistent 
with the involvement of CycD3 in a pathway of 
cytokinin response, overexpression of a puta- 
tive cytokinin receptor also gives cytokinin- 
independent growth (24). 

To investigate the cell cycle timing of 
CycD3 induction and hence the likely point of 
cytokinin requirement during reentry into the 
Arabidopsis cell cycle, we monitored expres- 
sion of CycD3 and histone H4 mRNA levels 
together with DNA synthesis during synchro- 
nous activation of quiescent Arabidopsis cells 
into division (Fig. 4B). CycD3 was induced 1 to 
2 hours before S phase onset, suggesting that it 
may be required for the G,-S phase transition. 
We predict that cytokinin is therefore normally 
necessary at this point to induce CycD3 expres- 
sion. Indeed, regenerating leaf mesophyll pro- 
toplasts (4, 7) and tobacco pith explants (5)  
have all been shown to have an absolute cyto- 
kinin requirement for DNA synthesis to occur, 
consistent with cytokinin acting to induce 
CycD3 at or just before S phase entry. Other 
studies examining CycD3 expression timing in 
response to various synchronization protocols 
in Arabidopsis (1 0, 13), alfalfa (I I) ,  and tobac- 
co cells (25) have also suggested that CycD3 is 
induced shortly before the GI-S transition in 
cells activated from a quiescent or resting state. 
These experiments all examined CycD3 
mRNA levels, and associated kinase activities 
have not to date been determined. 

Our results appear to be inconsistent with a 
number of reports in which cytokinin-requiring 
cell suspension cultures deprived of cytokinin 
are found to arrest variously in G,, at multiple 
cell cycle stages, or with no apparent specificity 
(5, 8, 26). A peak in zeatin levels in tobacco 
BY-2 cells at G2-M is required for cell cycle 

progression (27), and suspension-cultured 
Nicotiana plurnbaginifolia cells will arrest at 
G,-M on cytokinin removal with cyclindepen- 
dent kinase complexes that can be activated in 
vitro by the protein phosphatase Cdc25 (3. 
Possibly, this is a feature associated with certain 
suspension cultures selected for continuous pro- 
liferation, because cytokinin appears to be re- 
quired for efficient S phase entry in previously 
quiescent plant tissues, explants, cells, or pro- 
toplasts (4, 5, 7). The results presented for 
Arabidopsis and previous reports for tobacco 
and alfalfa cells show CycD3 activation before 
the first S phase in stimulated cells. Therefore, 
from our consistent observations in cells, 
plants, and mutants, we propose that cytokinin 
activation of the Arabidopsis cell cycle is pri- 
marily mediated by transcriptional regulation of 
CycD3 at the G,-S boundary. 

In addition to their role in cell division, 
cytokinins are also involved in diverse differ- 
entiation processes including shoot initiation 
and growth, photomorphogenesis, and senes- 
cence ( 2 , 3 ) .  Whereas wild-type calli could be 
induced to form shoots, CycD3 calli did not 
produce shoots on media either containing or 
lacking cytokinin (22),  consistent with our 
original failure to regenerate CycD3-overex- 
pressing transformed calli. Taken together 
with the greening of CycD3 calli without 
exogenous cytokinin and the abnormal mer- 
istem and leaf phenotypes and delayed senes- 
cence of CycD3-expressing transgenics, wid- 
er roles for CycD3 in cytokinin-mediated 
processes may be suggested. In mammals, 
D-type cyclins are involved in developmen- 
tally determined differentiation pathways 
(9). Plants have the unique attribute of 
modulating their development with the pre- 
vailing environmental conditions, and as 
plant hormones form one link in this re- 
sponse mechanism, D-type cyclins may 
have evolved novel roles in the integration 
of environmental signals into plant cell di- 
vision and development. 

Fig. A (A) Northem blots of histone H4 expres- 
sion in wild-type and CycD3-expressing (C249) 
Leaf explants placed (on day 0) in auxin-contain- 
ing liquid MS medium in the absence (-cytoki- 
nin) and presence (+cytokinin) of cytokinin. His- 
tone H4 expression is a marker for S phase (70, 
77, 73, 25, 30). (B) CycD3 expression shortly 
precedes S phase in Arabidopsis cells reactivated 
from quiescence by sucrose addition at 0 houn 
(37). At times indicated, [3H]thymidine incorpo- 
ration into DNA was measured (triangles; left 
axis) and plotted together with ban showing 
quantitation of CycD3 and histone H4 levels 
(bars; right axis), as measured in the Northern 
blots shown below. 
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Increased Insulin Sensitivity and 
Obesity Resistance in Mice 

Lacking the Protein Tyrosine 
Phosphatase-1 B Gene 
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Protein tyrosine phosphatase-10 (PTP-10) has been implicated in the negative 
regulation of insulin signaling. Disruption of the mouse homolog of the gene 
encoding PTP-10 yielded healthy mice that, in  the fed state, had blood glucose 
concentrations that were slightly lower and concentrations of circulating insu- 
l in that were one-half those of their PTP-10-'+ littermates. The enhanced 
insulin sensitivity of the PTP- lBp /  mice was also evident in glucose and insulin 
tolerance tests. The P T P - l B p /  mice showed increased phosphorylation of the 
insulin receptor in liver and muscle tissue after insulin injection in comparison 
t o  PTP-~B+/-  mice. On a high-fat diet, the PTP-10-/- and PTP-lBt/- mice were 
resistant t o  weight gain and remained insulin sensitive, whereas the PTP-1 0-/- 
mice rapidly gained weight and became insulin resistant. These results dem- 
onstrate that PTP-10 has a major role in modulating both insulin sensitivity and 
fuel metabolism, thereby establishing it as a potential therapeutic target in the 
treatment of type 2 diabetes and obesity. 

(G. D. Davies, N. J. Kilby, C. ~ i o u - ~ h a h l i c h i ,  J. A, H. 
Murray, in preparation) and crossed t o  an hsp-FLP PTP-1B is implicated in the attenuation of the teristic of type 2 diabetes that correlates with 
line (20). F1 embryos were heat shocked 3 days after insulin signal (1). Mice deficient in the hetero- the increased expression of PTP- 1B (2). PTP- 
pollination, and F2 seeds from individual F1 plants 
were analyzed for reduced GUS transmission, F2 trimeric GTP-binding protein subunit ex- 1B directly interacts with the activated insulin 
plants from such parents were tested for transmis- hibit a phenotype of insulin resistance charac- receptor (3) ;  and vanadate. a potent nonselec- 
sion of activated CycD3 expression and absence of tive PTP inhibitor. can hnction as an insulin 
hsp-FLP (see supplementary material available at 
www.sciencemag.orglfeature/datal985481.shl). of Biochemistry, McCill University, 3655 mimetic both in vitro and in vivo (4). However; 

22. C. Riou-Khamlichi, A. Jacqmard, J. A. H. Murray, data Drummond Street, Montreal, Quebec, Canada, H3C PTPs other than PTP-1B call also dephosphor- 
not shown. 

23. Explants cut from rosette leaves of 3-week-old F3 
CycD3-expressing and wild-type plants were placed 
on MS medium wi th 0.45 @M 2.4-dichlorophenoxy- 
acetic acid (2,4-D) or 2,4-D and 0.44 p M  BAP (con- 
trol). Calli were propagated and trimmed every 10 
days; tr imming was unnecessary for wild-type calli on 
medium lacking cytokinin. 

24. T. Kakimoto, Science 274, 982 (1996). 
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ylate the activated insulin receptor (5). To clar- 
ify the role of PTP-1B in insulin action, we 
generated mice in which the mouse homolog of 
PTP-1B was disrupted. 

The Inurine gene encoding PTP-1B was 
cloned from a 129iSv mouse genomic 1ibral-j~ 
and sho\vn to consist of at least nine exons 
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