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AbSTrACT
Cell division is a highly regulated process that has to be coordinated with cell  

specification and differentiation for proper development and growth of the plants. Cell 
cycle regulation is carried out by key proteins that control cell cycle entry, progres-
sion and exit. This regulation is controlled at different stages such as gene expression, 
posttranslational modification of proteins and specific proteolysis. The G1/S and the 
G2/M transitions are critical checkpoints of the cell cycle that are controlled, among 
others, by the activity of cyclin-dependent kinases (CDK). Different CDK activities, still 
to be fully identified, impinge on the retinoblastoma (RBR)/E2F/DP pathway as well as 
on the programmed proteolysis pathway. The specific degradation of proteins through 
the ubiquitin pathway in plants, highly controlled in time and space, is emerging as a 
powerful mechanism to regulate the levels and the activity of several proteins, including 
many cell cycle regulators.

Cell CyCle iN PlANTS

The completion of the Arabidopsis and rice genomes has made possible the identifica-
tion of the majority of the core cell cycle genes in plants.1-3 A significant complexity has 
been revealed for many key cell cycle genes, although in some cases this may have a func-
tional redundancy.4-6 For example, there is a large collection of cyclin genes (>30 in total), 
grouped into four families. Several types of cyclin dependent kinases (CDK) and CDK 
inhibitors have been also identified.2 In addition, six E2F and two DP genes  encoding 
transcription factors have been identified. Opposite to this diversity, only one RBR gene is 
present in the Arabidopsis genome.

E2FA-C proteins need to heterodimerize with other protein partners, either DPA or 
DPB, to form an active transcription factor. E2FA and E2FB function as positive regula-
tors of cell division, promoting cell cycle entry but also they play roles in the endocycle.7-10 
However, E2FC works as negative regulator of cell division and is likely necessary for 
DNA endoreplication, since plants with reduced levels of E2FC showed lower levels of 
ploidy.11,12 E2FC forms a complex, at least, with DPB to regulate gene expression and 
such interaction is regulated by CDK-dependent phosphorylation.12 Thus, CDK activity 
reduces the binding of the heterodimer to the DNA (Fig. 1A). As a consequence, CDKA 
activity seems to eliminate the repressor function of E2FC-DPB. E2FC is ubiquitously 
expressed in the plant, with higher levels in active division zones (meristems, lateral root 
primordia, flower buds), in the trichomes, and the vascular tissue.11 Recent work showed 
that plants with reduced levels of E2FC have significantly increased levels of CYCB1;1 
expression and increased number of dividing cells. On the contrary, overexpression of E2FC 
dramatically reduces the levels of CYCB1:1 expression. These results indicate that E2FC 
function as negative regulator of cell proliferation in the dividing zones.

We have also found that a treatment with hydroxyurea (HU), a DNA synthesis  
inhibitor that induces the DNA damage response,13 increased the expression of the mitotic 
CYCB1;1 gene (Fig. 1B). Interestingly, we found that a treatment with HU activates the 
expression of CYCB1;1 even when E2FC is overexpressed. This result indicates that the 
E2FC-dependent repression of CYCB1;1 in the absence of DNA damage is bypassed and 
does not occur when the DNA damage checkpoint is activated. These preliminary data 
are also consistent with the complex regulation of CYCB1;1 gene expression that is being 
determined.14
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Role of Arabidopsis E2FC-DPB Transcription Factor

SCFSKP2A FuNCTioNS iN Cell CyCle

The ubiquitin-26S proteasome pathway regulates several aspects 
of plant growth, development and responses to external signals 
(reviewed in refs. 15–17). Among them, this pathway seems to be 
a key regulatory mechanism that controls cell division.12,18 In a 
previous work, we identified two genes that encode proteins with 
homology to human SKP2, an F-box that regulates cell prolif-
eration.11 Expression of SKP2A occurs in dividing zones (shoot and 
root meristems) and is cell cycle regulated (Jurado and del Pozo,  
unpublished). SKP2A forms a SCF complex that regulates the 
stability of both E2FC and DPB. Recent work from our labora-
tory showed that DPB is regulated by both phosphorylation and 
ubiquitin-dependent degradation, the latter involving the activity of 
SCFSKP2A complex.12 Similarly to E2FC, DPB accumulated in the 
skp2a mutant, indicating that the function of SKP2A is required for 
proper degradation of these transcription factors.

Lateral root primordia (LRP) are formed from founder  
pericycle cells, which are arrested in the G1 phase of the cell cycle.19,20 
According to our data, it is conceivable that a concerted degradation 
of E2FC and DPB is important for cell division reactivation of these 
founder cells. Thus, lower levels of E2FC in RNAi-E2FC plants (e2f‑r) 
lead to higher levels of mitotic CYCB1;1 gene expression along the 
root vascular bundle as well as to higher number of LRP.12 Consistent 
with these data, overexpression of SKP2A reduced the levels of E2FC 
in the roots and increased the number of LRP and (Jurado and del 
Pozo, unpublished). Although SKP2A seems to be required for the 
degradation of E2FC and DPB, it would not be surprising that 
the SCFSKP2A complex also regulates the stability of more cell cycle  
regulators. In fact, human SKP2 targets several proteins for degrada-
tion (see Ref. 12 and references herein). Keeping with this idea, it 
has been suggested that other cell cycle regulators in Arabidopsis, 

such as KRP221 or E2FB (our unpublished 
observations) are also degraded through the 
ubiquitin pathway. Whether the SCFSKP2 
complexes are targeting these proteins for 
degradation or if this is not the case, which 
are the E3 responsible of such proteolysis 
remain to be determined.
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Figure 1. (A) CDK activity reduces binding of E2FC-DPB to DNA. EMSA assay was carried out using 
oligonucleotides containing the consensus E2F sites11 and recombinant proteins (GST-DPB and HIS-E2FC) 
produced in bacterial as described.12 Arrow points to the E2FC-DPB-DNA complexes. To test the effect of 
CDK-dependent phosphorylation on the DNA binding, the GST-DPB and HIS-E2FC proteins were previ-
ously incubated with CDKA-CYCA2;2 in the presence of cold ATP for 15 minutes. Afterwards, these 
proteins were used in the EMSA assay. CDK activity reduces the ability of E2FC-DPB to bind the E2F-DNA 
motif (compare lane 4 with lane 5). (B) CYCB1;1 in HU-treated E2FC overexpressor plants. CYCB1-GUS 
(control) or CYCB1-GUS/E2FCoE plants were grown in MS liquid medium for 5 days and then treated 
with 10 mM of hydroxyurea (HU) for 24 hours. Afterwards, the seedlings were stained for GUS activity 
as described.12 Note that the HU treatment led to a high accumulation of CYCB1;1, even when E2FC is 
overexpressed.
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