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Plant morphogenesis relies on cell proliferation and differ-
entiation strictly controlled in space and time. As in other
eukaryotes, progression through the plant cell cycle is gov-
erned by cyclin-dependent kinases (CDKs) that associate
with their activator proteins called cyclins (CYCs), and the
activity of CYC-CDK is modulated at both transcriptional
and post-translational levels. Compared with animals and
yeasts, plants generally possess many more genes encoding
core cell cycle regulators and it has been puzzling how their
functions are specified or overlapped in development or in
response to various environmental changes. Thanks to the
recent advances in high-throughput, genome-wide tran-
scriptome and proteomic technologies, we are finally begin-
ning to see how core regulators are assembled during the cell
cycle and how their activities are modified by developmental
and environmental cues. In this review we will summarize
the latest progress in plant cell cycle research and provide an
overview of some of the emerging molecular interfaces that
link upstream signaling cascades and cell cycle regulation.
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Abbreviations: APC/C,  anaphase-promoting ~ complex/
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DELLAs, DELLA proteins; DOF, DNA-binding with one
finger; DP, dimerization partner; Emi1, Early mitotic inhibi-
torl; FLP, FOUR LIPS; FZR, FIZZY-RELATED; GIG1, GIGAS
CELL1; KRP, Kip-related protein; LBD18, LATERAL ORGAN
BOUNDARIES18; LR, lateral root; MSA, M phase-specific
activator; MYB3R, three Myb repeats; OSD1, OMISSION
OF SECOND DIVISION1; PHR1, PHOTOLYASE 1; PP1,
type 1 protein phosphatase; PRZ1, PROPORZ1; PYM,

POLYCHOME; QC, quiescent center; RBR, retinoblastoma-
related; RSS1, RICE SALT SENSITIVE 1; SCF, Skp-Cullin1-
F-Box; SCR, SCARECROW; SHR, SHORTROOT; SIM,
SIAMESE; SMR, SIAMESE-RELATED; UV-B, Ultraviolet-B;
UVI4, UV-INSENSITIVE4.

Introduction I

Production of new cells through cell proliferation is the primary
force that drives organ growth in plants. Cells proliferate by
going through the mitotic cell cycle that consists of four distinct
phases, Gap 1 phase (G, phase), DNA synthesis phase (S phase),
Gap 2 phase (G, phase) and mitotic phase (M phase). As in
other eukaryotic cells, the progression of the plant mitotic cycle
is driven by the periodic activation of cyclin-dependent kinases
(CDKs) which, in combination with different cyclins (CYCs),
triggers the transition from the G; to S phase and the G, to
M phase. What appears to be unique in plants is that they
possess many more CYCs and CDKs compared with yeasts
and animals (Inzé and De Veylder 2006, Inagaki and Umeda
2011). For example, the Arabidopsis genome encodes 10
A-type CYCs (CYCAs), 11 B-type CYCs (CYCBs) and 10
D-type CYCs (CYCDs), while most yeast and animal genomes
encode only one or two of each type of CYC. Both CYCAs and
CYCBs can be subdivided into three groups, CYCAT-CYCA3
and CYCB1-CYCB3, while CYCDs are comprised of seven
groups, CYCD1-CYCD?7. Plants also possess several classes of
CDKs and, among them, CDKAs and CDKBs, the latter of which
is only found in the plant lineage, are directly involved in cell
cycle control. The combinatorial interactions between different
CYCs and CDKs have been thought to provide a strategy to
recognize distinct substrates and thereby promote differ-
ent phases of the cell cycle. As recently reviewed by Van
Leene et al. (2011), accumulating evidence from several inter-
action studies indeed suggests that Arabidopsis CDKA;1 pri-
marily bind to CYCDs and CYCA3 to drive the G; to S
transition and S phase progression, respectively, while
CDKA;1 forms a complex with CYCD3 to mediate M phase
progression (Schnittger et al. 2002, Dewitte et al. 2007, Boruc
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et al. 2010, Van Leene et al. 2010). In contrast, CDKBs are
postulated to interact preferentially with CYCA2 and CYCBs
to promote the G, to M transition and M phase progression
(Boudolf et al. 2009, Xie et al. 2010, Vanneste et al. 2011).

Once plant cells stop proliferating and begin to differentiate,
they often enter an alternative cell cycle called the endoredu-
plication cycle or endocycle in which cells repeat DNA replica-
tion without intervening mitoses. It is well established that an
increase in ploidy through successive rounds of the endocycle
also contributes to growth and development of various plant
organs (Sugimoto-Shirasu and Roberts 2003). Substantial pro-
gress has been made in recent years to understand how endo-
cycling is controlled, and it is generally accepted now that the
key molecular event triggering the onset of the endocycle in-
volves inactivation of the mitotic CYC-CDK complexes (for
reviews, see Breuer et al. 2010, De Veylder et al. 2011).

Controlling the activity of individual CYC—CDK complexes is
therefore vital in both proliferating and differentiating cells and,
most importantly, the progression of both the mitotic and
endoreduplication cycles needs to be coordinated during
plant development as well as in response to environmental
changes. Plants and other eukaryotes share common regulatory
mechanisms to control the basic machinery of the cell cycle
but, due to their sessile lifestyle, plants have also developed
unique strategies to allow growth and survival under environ-
mentally harsh conditions. In this review we will summarize our
current understanding of these controls and highlight how de-
velopmental and environmental signals connect with the pro-
gression of the cell cycle.

Transcriptional Control of Cell Cycle
Regulators

Temporal transcription of cell cycle regulators ought to be an
important mechanism underlying the phase-specific activation
of CYC-CDK complexes, but we are still far from having a
comprehensive view on how this control is mediated in
plants (Berckmans and De Veylder 2009). Based on the global
expression analysis of core cell cycle regulators in synchronized
Arabidopsis cell cultures, Menges et al. (2005) demonstrated
that many cell cycle genes show highly specific profiles of ex-
pression during the mitotic cell cycle. As expected from the
prominent roles that CYCs play in activating CDKs, expression
of almost all CYCs peaks at specific phases of the cell cycle. For
example, the expression of several CYCA genes including
CYCA3;1, CYCA3;2 and CYCA3;4 is dramatically up-regulated
at the G; to S transition and S phase, while transcripts of
other CYCA genes, such as CYCA2;1 and CYCA2;3, and of all
CYCB genes accumulate preferentially at the G, to M transition
(Fig. 1). Most of the CYCD genes, including CYCD3;3, CYCD4;1,
CYCD4;2, CYCD5;1, CYCD6;1 and CYCD7;1, are expressed during
G, and S phase, but some, such as CYCD3;1, are transcribed
during the G, and M phase. In agreement with the predicted
function of CDKA;1 throughout the cell cycle, its transcript

levels are fairly constant during all phases. In contrast, tran-
scripts of the CDKB1 genes, CDKB1;1 and CDKBT;2, accumulate
from S to M phase and those of the CDKB2 genes, CDKB2;1 and
CDKB2;2, are detected more specifically at late G, and M phase.

Gene expression that supports the progression from G, to S
phase is generally controlled by the E2F—dimerization partner
(DP)-retinoblastoma-related (RBR) pathway (Fig. 1A). The
Arabidopsis genome encodes three typical E2F transcription
factors E2Fa, E2Fb and E2Fc, which form dimers with DPa or
DPb proteins to bind to specific E2F sites in promoters of their
transcriptional target genes. Both E2Fa and E2Fb act as tran-
scriptional activators to promote the G; to S transition and,
accordingly, their putative direct target genes include those
required for DNA replication, DNA repair and chromatin main-
tenance (Ramirez-Parra et al. 2003, Vlieghe et al. 2003,
Vandepoele et al. 2005, Takahashi et al. 2008, Naouar et al.
2009). During the G; phase, CYCD-CDKA complexes phos-
phorylate RBR and thus release E2Fa—DPa and E2Fb-DPa to
allow transcription of their target genes required for the G,
to S transition (Boniotti and Gutierrez 2001). On the other
hand, E2Fc—-DPb dimers function as transcriptional repressors
and, although their direct targets genes have not been fully
described, they appear to repress cell cycle progression through
an RBR-independent mechanism (del Pozo et al. 2002, del Pozo
et al. 2006, de Jager et al. 2009).

Three atypical E2Fs, E2Fe/DEL1, E2Fd/DEL2 and E2Ff/DEL3,
also function as transcriptional repressors in Arabidopsis, but so
far none of them has been shown to control directly the ex-
pression of cell cycle genes. All of these atypical E2Fs possess
two DNA-binding domains and they can bind to the target
promoters as monomers. The E2Fe/DEL1 protein binds to the
promoter of the CCS52A2 gene, an activator of the plant
anaphase-promoting complex/cyclosome (APC/C; see also
below), and represses entry into the endocycle (Lammens
et al. 2008). Based on gain-of-function and loss-of-function
studies, the E2Fd/DEL2 protein is implicated in the control of
cell proliferation but its direct target genes have not been
identified (Sozzani et al. 2010b). Probably most unexpected is
that the E2Ff/DEL3 protein directly represses the expression of
several cell wall biosynthesis genes, including three expansin
genes and a UDP-glucose-glycosyl transferase gene, through
direct binding to their promoter, to control cell elongation
(Ramirez-Parra et al. 2004).

Genes expressed specifically during G, and M phase contain
M phase-specific activator (MSA) elements in their promoters
(Fig. 1B). The MSA element is recognized by three Myb repeat
(MYB3R) transcription factors which were first identified in
tobacco as NtMYBA1, NtMYBA2 and NtMYBB (Ito et al.
2001). Among them, NtMYBA1 and NtMYBA2 function as a
transcriptional activator of G,—M-specific genes, including
CYCAs and CYCBs, while NtMYBB acts as their transcriptional
repressor. The NtMYBB gene is transcribed throughout the cell
cycle, while the expression of NeMYBAT and NtMYBA2 peaks in
late G, and early M phase. Therefore, it is postulated that
NtMYBB represses the expression of G,—M-specific genes
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Fig. 1 Many CYCs and CDKs are expressed at specific time points of the mitotic cycle and their combinatorial interactions promote the different
phases of the cell cycle. (A) At the G, and S phase, many CYCD and CYCA3 genes are transcribed and their gene products assemble preferentially
with CDKAEs. As cells transit from the G, to S phase, the CYCD-CDKA complex phosphorylates RBR to release E2Fa—DPa and E2Fb—DPa. These
E2F-DP complexes, as a consequence, bind to the E2F-binding site, marked by a black box in the promoter sequence of target genes, and activate
their transcription. (B) At G, and M phase, the CYCA2, CYCB1 and CYCB2 genes are strongly expressed and their gene products assemble with
CDKB1s and CDKB2s. The CYCD3;1 gene is also transcribed at M phase and its gene products assemble with CDKA. The MYB3R1 and MYB3R4
transcription factors recognize the MSA site, marked by a black box in the promoter sequence of target genes, and activate their transcription.
Genes that accumulate at G, S, G, and M phase are labeled in pink, yellow, blue and green, respectively, and genes expressed throughout the cell

cycle are labeled in purple.

during G;-S phase and, as cells enter G, phase, NtMYBA starts
to occupy the MSA sites to promote gene transcription. What
initiates the transcription of NtMYBA genes in the first place is
unknown but, once initiated, there are several positive feedback
mechanisms that can lead to a quick amplification and estab-
lishment of NtMYBA-based gene expression. For instance, the
promoter sequence of both NeMYBAT and NtMYBA2 genes also
contains the MSA elements and they can activate their own
transcription (Kato et al. 2009). It is also reported that together
with CDKs, CYCA and CYCB, the direct downstream targets of
NtMYBA, phosphorylate NtMYBA itself and thereby hyperac-
tivate its transactivation capacity (Araki et al. 2004).

The Arabidopsis genome encodes five MYB3R proteins
named MYB3R1-MYB3R5, of which MYB3R1 and MYB3R4
are the closest homologs of NtMYBA1 and NtMYBA?2, but in-
triguingly there is no obvious homolog of NtMYBB (Haga et al.
2007). While the expression level of MYB3R4 is up-regulated
during G, to M transition, the transcript level of MYB3R1 does
not change throughout the cell cycle, suggesting that MYB3R1
is post-translationally regulated. Expression of many G, to
M-specific genes carrying the MSA elements is dramatically
down-regulated in the myb3r1 myb3r4 double mutants but it
is not completely abolished (Haga et al. 2011). These data illus-
trate the importance of MYB3R1 and MYB3R4 for the expres-
sion of those genes, but also suggest the existence of an
alternative mechanism, potentially mediated by other MYB
proteins, controlling the transcription of G,—M phase genes.

In addition to E2Fs and MYBs, several other transcription
factors that mediate phase-specific expression of cell cycle
genes have been identified. For instance, the DNA-binding
with one finger (DOF) transcription factor OBP1 directly

up-regulates the expression of CYCD3;3 and AtDOF23, a
replication-specific transcription factor (Skirycz et al. 2008).
Overexpression of OBP1 shortens the cell cycle, with elevated
expression of many other cell cycle genes, implying that OBP1
may act as a key transcriptional regulator in the cell cycle.

Ubiquitin-Mediated Proteolysis of Cell Cycl
Regulators

The activity of CYC-CDK complexes is also controlled through
several post-translational modification mechanisms and,
among others, ubiquitin-mediated degradation of cell cycle
proteins is most central for the timely progression of the cell
cycle. Several ubiquitin-dependent destruction pathways have
been associated with the mitotic cell cycle and, in all cases,
ubiquitin E3 ligases mark target proteins by polyubiquitination
for their selective proteolysis by the 26S proteosomes. The
Skp-Cullin1-F-Box (SCF) E3 ligase primarily regulates the G,-S
transition, while the APC/C, a Cullin-RING finger E3 ligase, is
most active from mid-M phase (anaphase) to the end of the G,
phase during the mitotic cell cycle. Recent studies have also
uncovered an involvement of monomeric RING-type E3 ligases
and Cullin4 (CUL4)-based E3 ligases in plant cell cycle control
(Liu et al. 2008, Roodbarkelari et al. 2010). Functional diversities
of these E3 ligases have been recently reviewed in Marrocco
etal. (2010) and Hua and Vierstra (2011), thus we focus here on
APC/C E3 ligases which now prove to have broader roles in
both cell proliferation and cell differentiation.

The APC/C complex is composed of at least 11 subunits in
plants and among them its catalytic core proteins, APC2 and
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APC11, have structural similarities to the components of the
SCF complex. In the Arabidopsis genome, all APC/C compo-
nents except APC3/CDC27/HOBBIT are encoded by a single
gene (Capron et al. 2003), and recent studies have begun to
unveil the precise roles of individual APC/C subunits. All mu-
tants of the APC/C subunits studied so far, including apc2,
apc3b, apc6 and apc8, accumulate mitotic CYCs in the
embryo sacs (Blilou et al. 2002, Capron et al. 2003, Kwee and
Sundaresan 2003, Zheng et al. 2011), suggesting that as in ani-
mals, mitotic CYCs are substrates of the plant APC/C. It has
been suggested in other organisms that active components of
the APC/C vary in different cell types (Huang and Raff 2002).
Similarly, single mutants in apc2 and apc10 or apc3a apc3b
double mutants display female gametophytic lethality whereas
mutation in APC8 causes defects in male gametogenesis
(Capron et al. 2003, Pérez-Pérez et al. 2008, Eloy et al. 2011,
Zheng et al. 2011). These data imply that the plant APC/C
may also assemble differently in some cell type-specific
contexts.

In addition to core components, APC/C also associates with
co-activators, known as CELL DIVISION CYCLE 20 (CDC20)/
FIZZY and CDC20 HOMOLOG 1 (CDH1)/FIZZY-RELATED
(FZR), which confer substrate specificities. These co-activators
mediate physical interaction between the APC/C and its sub-
strates, and, according to studies in other organisms, APC/
C P and APC/CP™" exert distinct activities during the cell
cycle. Yeast and animal APC/CP“*° is activated during early
mitosis and targets mitotic CYCs and securin for degradation to
drive sister chromatid separation during the transition from
metaphase to anaphase. In contrast, the activity of APC/
CP"is increased during late anaphase to promote the deg-
radation of other APC/C substrates including mitotic CYCs and
CDC20, to trigger an exit from mitosis (Kramer et al. 2000,
Pfleger and Kirschner 2000). The Arabidopsis genome contains
five CDC20 genes and three CDH1/FZR genes, also called CELL
CYCLE SWITCH 52 (CCS52), but how they modify the APC/C
activity during the cell cycle is not fully established. A recent
work shows that two of the five CDC20 genes, CDC20.17 and
CDC20.2, have redundant functions for the mitotic cell cycle
and that they are required for meristem maintenance, normal
plant growth and male gametophyte formation (Kevei et al.
2011) (Fig. 2). In contrast, it appears that other CDC20 genes,
annotated as CDC20.3-CDC20.5, are pseudogenes, since they do
not show detectable levels of expression in planta. Among the
three CCS52 genes in Arabidopsis, CCS52A1 and CCS52A2 par-
ticipate in meristem maintenance (Vanstraelen et al. 2009) (Fig.
2). Interestingly, however, they act through different mechan-
isms and the distinct patterns of their gene expression define
their functional divergence. The expression of CCS52A1 starts at
the elongation zone of Arabidopsis roots and it stimulates mi-
totic exit and an entry into the endoreduplication cycle.
Conversely, CCS52A2 is expressed at the distal part of the
root meristem and is required to maintain the identity of
cells in the quiescent center (QC). The QC cells in the wild
type divide only occasionally for self-renewal, but the ccs52a2
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Fig. 2 The APC/C plays vital roles in mitotic, post-mitotic and meiotic
cells. (A) The APC/C targets mitotic CYCs for degradation to promote
the mitotic cell cycle. The activity of the plant APC/C is controlled by
several co-activators such as CDC20.1, CDC20.2, CCS52A1 and
CCS52A2 which are expressed in a complementary fashion in the
root meristem. UVI4 and GIG1 function as negative regulators of
the plant APC/C by directly binding to the co-activators. UVI4 and
GIG1 can interact with both CDC20 and CCS52A, but they may have
some functional preferences, as indicated. (B) The APC/C activity is
required for post-mitotic cell differentiation. The APC/C subunits and
its co-activators are expressed in post-mitotic cells and their
down-regulation causes severe defects in the development of the
leaf vasculature and trichomes. The APC/C is implicated in the control
of endocycling in trichomes. (C) The APC/C is present in meiotic cells
and participates in the development of male and female
gametophytes.

mutation activates the QC cell division, resulting in the loss of
their identity. Promoter swap experiments showed that the
CCS52A1 expression, driven by the CCS52A2 promoter, fully
rescues these phenotypes in ccs52a2, indicating that the two
CCS52As are functional homologs. These discoveries clearly
point to the conserved mechanism of the APC/C activation
in plants and raise the next set of questions such as how
CDC20/FZY and CDH1/FZR/CCS52 function during the plant
cell cycle, what they target at different phases of the mitotic
cycle, and how their activities are regulated in the developmen-
tal context.

In vertebrates, APC/C activity is also modified by negative
regulators called Early mitotic inhibitor1 (Emi1) and Emi2
which directly bind to CDH1/FZR/CCS52 and CDC20/FZY to
inhibit APC/C activity (Pesin and Orr-Weaver 2008). Although
no proteins orthologous to Emi1and Emi2 have been identified
in plants, two independent studies have recently unveiled that
GIGAS CELL1 (GIG1)/OMISSION OF SECOND DIVISION1
(OSD1) and UV-INSENSITIVE4 (UVI4)/POLYCHOME (PYM)
act as their functional homologs in plants (Heyman et al.
2011, Iwata et al. 2011) (Fig. 2). Both GIG1 and UVI4 physically
interact with plant APC/C activators, CDH1/FZR/CCS52 and
CDC20/FZY, and their overexpression leads to an accumulation
of CYCB1;2 and CYCAZ2;3, respectively, by inhibiting the APC/C
activity. Intriguingly, however, single mutations of gig7 and uvi4
cause similar but distinct modes of polyploidization,
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endomitosis in gigl and endoreduplication in uvi4. The key
difference between these polyploidization events is that in
endomitosis, cells initiate but do not fully complete mitosis,
while cells in endoreduplication omit mitosis entirely. These
phenotypic differences therefore suggest that UVI4 functions
earlier than GIG1 during the mitotic cell cycle. It should also be
noted that the gig7-1 and gig1-2 alleles were identified as a new
mutation enhancing the myb3r4 mutant phenotypes we dis-
cussed earlier. This genetic evidence reinforces the idea that the
levels of CYCs need to be controlled both transcriptionally and
post-translationally.

The APC/C was initially discovered for its function in the
mitotic cell cycle, but accumulating evidence suggests that it
also has pivotal roles in post-mitotic cell differentiation. In ani-
mals, for example, the APC/C is required for the development
of neuron, muscle and lens, and it targets cell cycle regulators
associated with the endocycle or other developmental regula-
tors, e.g. transcription factors, that are not directly linked to cell
cycle control (Eguren et al. 2011). Given that most of the
Arabidopsis APC/C mutants are gametophytic lethal, an in-
volvement of the plant APC/C in post-mitotic cells has not
been extensively studied in the past. Marrocco et al. (2009),
however, have recently shown that many APC/C subunits are
expressed in mature leaves of Arabidopsis and that treatment
with a proteasome inhibitor, MG132, results in the accumu-
lation of mitotic CYCs, suggesting that APC/C activities are
also maintained in differentiating cells. The authors further
showed that transgenic Arabidopsis plants with reduced
expression of APC6 and APC10 display severe defects in vascu-
lature development, strongly suggesting that the APC/C also
participates in post-mitotic cell differentiation in plants
(Fig. 2B).

The Arabidopsis leaf trichomes also represent a good model
system to study an involvement of the APC/C in post-mitotic
cells. Wild-type trichomes are made up of a single cell and their
cell growth is coupled with several rounds of endocycles, final
ploidy levels typically reaching up to 32C. The APC/C activity
might be also required for this process because increased or
decreased expression of CCS52A1 directly affects ploidy levels
and cell growth of trichomes (Larson-Rabin et al. 2009, Kasili
et al. 2010) (Fig. 2B). It is also reported, however, that the APC/
C is only required for an entry into the trichome endocycle
while the CUL4-based ubiquitin E3 ligase plays more predom-
inant roles for its progression (Roodbarkelari et al. 2010). Thus,
future studies need to clarify these discrepancies and, more
importantly, should identify ubiquitination targets in
post-mitotic cells so we can fully understand how the APC/C
and other E3 ligases participate in cell differentiation.

Interactions with CDK Inhibitors

Another key mechanism that modulates the CYC-CDK activity
involves direct binding of the CYC-CDK complex to a group of
proteins called CDK inhibitors, leading to interference with its
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substrate phosphorylation. Plants are unique in having two
classes of CDK inhibitors—KIP-RELATED PROTEINs (KRPs)
and SIAMESE (SIM)/SIAMESE-RELATED (SMR)—which show
limited sequence similarities in the C-terminal CYC-binding
domain. The Arabidopsis genome encodes seven KRPs,
KRP1-KRP7, and at least 13 SIM/SMRs. Recent proteomic ana-
lyses in Arabidopsis have uncovered that all seven KRPs
co-purify solely with CYCDs and CDKA (Van Leene et al.
2011), strongly suggesting that KRPs inhibit the activity of the
CYCD-CDKA complex. These results are consistent with pre-
vious reports based on the yeast two-hybrid assay (De Veylder
et al. 2001) but do not exclude the possibility that KRPs also
inhibit the activity of the CYCD-CDKB complex as suggested
by other studies using Arabidopsis and alfalfa (Nakai et al. 2006,
Pettkd-Szandtner et al. 2006). All KRPs display overlapping but
some distinct expression patterns in the Arabidopsis shoot
apex. The KRP4 and KRP5 genes are predominantly expressed
in dividing cells, while strong expression of KRP1 and KRP2 is
detected in differentiating cells. In contrast, the KRP3, KRP6 and
KRP7 genes are expressed in both dividing and differentiating
cells (Ormenese et al. 2004). Many of these KRPs are likely to
have redundant functions since single loss-of-function mutants
of KRPs do not display any visible phenotypes. Down-regulation
of multiple KRP genes, in contrast, severely compromises organ
growth and, most notably, leads to the formation of callus-like
tissues from the shoot apical meristem, clearly demonstrating
that KRPs act as a negative regulator of cell proliferation
(Anzola et al. 2010). A role for KRPs in driving endocycle
onset has been demonstrated by mild overexpression of KRP1
or KRP2 in mitotically active cells since both KRPs inhibit the
mitotic CDK activities and promote entry into the endocycle
(Verkest et al. 2005, Weinl et al. 2005). When KRP1 or KRP2 is
strongly expressed, however, they block both mitotic and
S-phase CDK activities, leading to a complete cell cycle arrest
(Lui et al. 2000, De Veylder et al. 2001, Schnittger et al. 2003).
These observations therefore suggest that different levels of
KRPs exert multiple functions in cell cycle control.

The PROPORZ1 (PRZ1) protein is a component of the
chromatin-remodeling complex required for histone acetyl-
ation in response to auxin (Anzola et al. 2010). Accordingly,
the prz1-1 mutants display pleiotropic phenotypes impaired in
various aspects of auxin-mediated morphogenesis. The authors
discovered that the expression of several KRP genes including
KRP2, KRP3 and KRP7 is reduced in przi-1 and that PRZ1 rec-
ognizes the promoter sequence of these KRP genes.
Interestingly, the reduced expression of KRP7 alone accounts
for some of the growth defects in prz1-1 mutants since over-
expression of KRP7 under the 35S promoter partly rescues their
dwarf phenotypes. These results suggest that auxin signaling is
translated into modified KRP expression through PRZ1-
mediated chromatin remodeling.

The SIM/SMR family of CDK inhibitors is found only in
plants. The SIM gene was first discovered in Arabidopsis as its
loss-of-function mutation causes multicellular trichomes
(Walker et al. 2000). SIM is required to repress the mitotic
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cell cycle in trichomes, and the direct interaction of SIM with
the CYCD-CDKA complex is thought to execute this inhibition
(Churchman et al. 2006). Another member of the SIM/SMR
family, SMR1/LGO, is implicated in the control of endocycling
in sepals (Roeder et al. 2010). The sepal epidermis of wild-type
flowers possesses large, highly endoreduplicated cells called
giant cells, but these cells are lost in smri1/Igo because cells
undergo additional cell divisions instead of endoreduplication.
Conversely, overexpression of SMR1/LGO produces additional
giant cells since cells transit into the endocycle earlier than
those of the wild type. A recent in vivo protein interaction
study revealed that both SIM and SMR/LGO co-purify with
CDKB1;1 while other SMRs interact with CDKA;1 (Van Leene
et al. 2010). These findings raise the interesting possibility that
the direct inhibition of CDKB1;1 by SIM/SMR1 might allow
entry into the endocycle.

Cell Cycle Control by Developmental Signals

Highly coordinated progression of the cell cycle is central for
the post-embryonic plant development. This is particularly the
case when cells need to undergo controlled cell division to form
new cell types or new tissues, for example, in root development.
Molecular genetic studies over the past decade have uncovered
several key regulators, many of which turned out to be tran-
scriptional regulators, involved in these processes, but how
these upstream regulators link to cell cycle control has not
been well characterized. This is now changing, however, and
the first couple of examples recently published show that some
of the developmental regulators directly activate or repress core
cell cycle genes.

SHORTROOT (SHR) and SCARECROW (SCR) are members
of the GRAS family of transcription factors required for the
asymmetric division of cortex/endodermis initial (CEl) cells in
the root apical meristem (Di Laurenzio et al. 1996, Helariutta
et al. 2000). This formative division generates two new cell
types, cortex and endodermis, thus controlled division of CEl
is a prerequisite for proper root development. An elegant work
by Sozzani et al. (2010a), combining cell type-specific gene ex-
pression analyses and chromatin immunoprecipitation-based
microarray (ChIP-chip) analyses, has revealed that both SHR
and SCR directly regulate the expression of CYCD6;1, one of
the CYCDs present at the G; and S phase, by binding to its
promoter (Fig. 3A). The CYCDG;1 gene is expressed specifically
in CEl and CEl daughter cells, and the formative asymmetric
division of CEl is significantly decreased in the cycd6;1 mutants.
Moreover, ectopically expressed CYCD6;1 in the shr mutant
background partially complements its formative division de-
fects, further supporting that CYCD6;1 acts downstream of
the SHR-SCR pathway. Expression of several other cell cycle
genes, including CDKB2;1 and CDKB2;2, is also regulated by SHR
and SCR, and overexpression of these CDKs in endodermal cells
promotes their formative cell division. Interestingly, however,
they do not appear to be direct targets of SHR and SCR,

suggesting that activation of these genes involves another
layer of transcriptional control.

Cell proliferation needs to be reactivated in the xylem-pole
pericycle cells for lateral root (LR) initiation, and this process
can be induced by auxin in many plant species including
Arabidopsis. The LR development starts via auxin-dependent
degradation of IAA14/SLR, leading to the derepression of two
related AUXIN RESPONSE FACTORs (ARFs), ARF7 and ARF19
(Benkova and Bielach 2010). Both ARF7 and ARF19 are required
for the subsequent expression of LATERAL ORGAN
BOUNDARIES18 (LBD18) and LBD33 transcription factors. A
recent study by Berckmans et al. (2011b) demonstrated that
a heterodimer composed of LBD18 and LBD33 directly binds to
the promoter of E2Fa, one of the E2F genes induced at LR ini-
tiation, to activate its expression (Fig. 3B). The E2Fa expression
is increased by auxin treatment at the LR initiation site and this
auxin-dependent E2Fa expression is lost in the iaal4/slr-1
mutant background. As expected, the number of LR primordia
is decreased in the e2fa mutants, confirming a clear require-
ment for E2Fa in LR initiation. Therefore, the LBD18/LBD33-
E2Fa pathway represents one molecular interface linking auxin
signaling with cell cycle progression during LR development.
Another E2F family protein, E2Fb, might also play a role in LR
initiation, although no significant increase in the E2Fb expres-
sion level was observed by auxin treatment (Berckmans et al.
2011a).

An independent cell cycle pathway that also contributes to
the auxin-induced LR formation involves down-regulation of
KRP2 by auxin (Sanz et al. 2011) (Fig. 3B). The authors show
that under low auxin conditions the CYCD2;1-CDKA activity is
repressed by the presence of KRP2. Upon auxin treatment, both
gene expression and protein accumulation of KRP2 are
reduced, leading to an increase in CYCD2;1-CDKA activity
and thus enhanced LR induction. It is therefore hypothesized
that the activated CYCD2;1-CDKA complex may hyperpho-
sphorylate RBR, resulting in the activation of E2Fb without
its transcriptional induction (Berckmans et al. 2011a).
Interestingly, auxin acts as a trigger for the assembly of
CYCD-CDKA complexes in tobacco (Harashima et al. 2007).
This effect of auxin may also contribute to the auxin-induced
LR formation.

Formation of stomata, a pair of guard cells, is another
post-embryonic developmental process that relies on local ac-
tivation of cell proliferation. In Arabidopsis, stomata form after
at least one asymmetric division and one symmetric division.
FOUR LIPS (FLP) and MYB88 genes, encoding closely related
atypical two-MYB-repeat transcription factors, are required to
restrict the final symmetric division to one and, accordingly,
loss of FLP alone or in combination with MYB88 causes add-
itional symmetric divisions of guard cells (Lai et al. 2005). Two
recently published studies now demonstrate that this final div-
ision is terminated through the transcriptional repression of
CYCA2;3 and CDKBT;1 by FLP and MYB88 (Xie et al. 2010,
Vanneste et al. 2011) (Fig. 3C). The ChIP-chip analysis
showed that FLP and MYB88 directly bind to the promoters
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Fig. 3 Cell cycle regulation mediated through developmental signals. (A) The SHORTROOT (SHR)/SCARECROW (SCR) transcription factor
complex binds directly to the CYCD6;1 promoter to activate its expression in cortex/endodermis initial (CEI) and CEl daughter cells. The CDKB2;1
and CDKB2;2 genes are not the direct targets of SHR/SCR but their gene products act with CYCD6;1 in the same pathway to promote the mitotic
cycle. (B) Auxin controls lateral root (LR) initiation through the E2F pathway. Auxin promotes the degradation of IAA17 through
ubiquitin-mediated proteolysis and activates the ARF7 and ARF19 transcription factors to initiate LR formation. ARF7 and ARF19 induce the
expression of LBD18 and LBD33 transcription factors which subsequently bind to the promoter of the E2Fa gene to drive its expression. As an
alternative pathway, auxin also down-regulates KRP2, leading to an activation of the CYCD2;1-CDKA complex and enhanced LR initiation. How
CYCD2;1-CDKA promotes LR initiation is not established, but one hypothesis is that CYCD2;1-CDKA hyperphosphorylates RBR and releases
E2Fb for its activation. (C) The FOUR LIPS (FLP) and MYBS88 transcription factors repress the expression of CDKB1;1 and CYCA2;3 to restrict the
final symmetric division of guard cells to one. (D) GLABLA1 (GL1) and GL3 regulate trichome development in part through the induction of
SIAMESE (SIM) expression. SIM is thought to inhibit the CYCD-CDKA activity to repress the mitotic cycle and promote the transition into the

endocycle. Solid lines represent experimentally confirmed functional relationships, and dashed lines represent hypothesized relationships.

of a large number of cell cycle genes, including components of
the pre-replication complex, CYC and CDK genes (Xie et al.
2010). Among them, loss-of-function mutations of CDKB1;1
or CYCA2;3 (together with its close homologs CYCA2;2 and
CYCA2;4) suppress overproliferation phenotypes of the flp mu-
tants, genetically confirming that both CYCA2;3 and CDKB1;1
act downstream of FLP and MYB88. Similar to FLP and MYB8S,
CYCA2;3 and CDKBT;1 are expressed just before and after the
final symmetric division, highlighting that the transient activa-
tion of the FLP/MYB88-CYCA2;3/CDKB1;1 pathway is the key
molecular basis underlying the correct differentiation of
stomata.

Controlling the progression of the endocycle is also vital for
the coordinated growth of various plant organs. Endocycles are
also implicated in the maintenance of cell fate, e.g. in trichomes
(Bramsiepe et al. 2010), thus the expression and/or activities of
endocycle regulators must also be modified by developmental
cues (Breuer et al. 2010). Morohashi and Grotewold (2009) have
indeed shown that the trichome initiation factors GLABLA1
(GL7) and GL3, encoding MYB and basic helix—loop—helix
(bHLH) transcription factors, respectively, directly target SIM,
one of the CDK inhibitors implicated in the control of endo-
cycles (Fig. 3D). Although the functional relevance of this tran-
scriptional regulation needs to be further verified, these data
showcase how an early developmental signal connects to endo-
cycle regulation in trichome development. Another potential
mediator that acts later in trichome differentiation is the trihe-
lix transcription factor GT2-LIKET (GTL1) which negatively

regulates ploidy-dependent cell growth (Breuer et al. 2009).
The GTL1 gene is expressed as trichome cells reach their max-
imum size and its expression is dependent on the transcrip-
tional network defining the initial trichome patterning. A
loss-of-function mutation in GTL1 leads to extended endo-
cycles and cell expansion, and these defects are accompanied
by modified expression of cell cycle genes. Elucidating the direct
upstream regulators of GTLT expression and its downstream
target genes should provide a further comprehensive view of
how endocycling is controlled in the developmental context.

Cell Cycle Control by Environmental Signals =

To survive during various changes in the environment, plants
need to adapt their growth behavior through altering the rate
of cell proliferation and differentiation. As expected, the expres-
sion of many cell cycle genes is up- or down-regulated by ex-
ternal cues (Peres et al. 2007) but so far very little is understood
regarding the molecular basis underlying these transcriptional
controls. It is equally possible that the activities of some cell
cycle proteins are post-translationally modified under adverse
conditions, but our current knowledge of these controls is also
very limited. Recent studies, however, have identified several
key players in stress-induced cell cycle modifications and have
begun to provide the first molecular insights into how envir-
onmental signals talk to the mitotic or endoreduplication cycle.
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Fig. 4 Cell cycle regulation mediated through environmental signals. (A) The level of DELLA proteins is influenced by various environmental
factors including light and temperature. DELLA proteins inhibit the mitotic cycle by enhancing the accumulation of CDK inhibitors. CYCD3;1 is
thought to act downstream of DELLAs. (B) Under various abiotic stress conditions, RICE SALT SENSITIVE 1 (RSS1) is required to maintain the
mitotic cycle in meristematic cells. RSS1 interacts with a type 1 protein phosphatase (PP1) and may regulate its activity at the G, to S transition.
Human PP1 dephosphorylates RBR proteins to prevent the G, to S transition, but whether the rice PP1 performs the same function has not been
explored. (C) Sucrose up-regulates the expression of CYCD4;1 in root pericycle cells and promotes LR initiation. The transcriptional control
underlying the cell type-specific CYCD4;1 up-regulation is not currently known. (D) An atypical E2F transcriptional factor, DEL1, participates in
the light-mediated control of endocycle onset in the hypocotyls. The expression of DEL1 is positively and negatively regulated by typical E2F
transcriptional factors, E2Fb and E2Fc, respectively. In the dark, E2Fb is degraded through the CONSTITUTIVE PHOTOMORPHOGENIC 1
(COP1)-mediated proteolysis and E2Fc represses the expression of DEL1, resulting in an accumulation of CCS52A2 transcripts and endocycle
onset. (E) DEL1 coordinates endocycle onset and DNA repair by negatively regulating the expression of CCS52A2 and PHOTOLYASE 1 (PHR1). The

expression of DELT is strongly inhibited by UV-B irradiation, leading to increased DNA repair and endocycle progression.

The plant hormone gibberellins promote cell expansion by
disrupting growth-inhibitory proteins named DELLAs (Richards
et al. 2001). A recent study shows that gibberellins, in addition,
promote cell proliferation in Arabidopsis (Achard et al. 2009)
(Fig. 4A). In the root meristem of gibberellin-deficient mutants,
the rate of cell division is reduced and this phenotype can be
recovered by exogenous gibberellin treatment. The DELLA pro-
teins also participate in this regulation since non-degradable
forms of DELLA inhibit cell proliferation. The authors further
showed that low levels of gibberellins in gibberellin-deficient
mutants up-regulate the expression of several CDK inhibitor
genes, KRP2, SIM, SMR1 and SMR2, in a DELLA-dependent
manner and that cell proliferation defects of these mutants
can be rescued by overexpression of the CYCD3;7 gene. These
results together suggest that gibberellin signaling controls cell
proliferation by modulating the activity of CYC-CDK com-
plexes and that this is mediated at least in part through the
DELLA-dependent expression of CDK inhibitors. These findings
are of particular interest since DELLAs are known to restrict
organ growth under adverse conditions (Achard et al. 2006,
Achard et al. 2008). Therefore, DELLAs could act as a transducer
of the environmental signals with a direct downstream link to
cell cycle progression.

The work by Ogawa et al. (2011) has demonstrated that
RICE SALT SENSITIVE 1 (RSS1) controls cell cycle progression

under various abiotic stress conditions (Fig. 4B). rss7 mutants
do not show any obvious growth defects under normal growth
conditions but they display hypersensitivity to high salinity,
ionic stress and hyperosmotic stress. Under these unfavorable
conditions both shoot and root meristems are severely com-
promised in rss1, with a reduced population of proliferating
cells; therefore, RSS1 is required to maintain cell proliferative
competence in the meristem. The RSS7 gene encodes a novel
protein expressed during the S phase of the mitotic cycle and its
gene products are degraded via APC/CP“*° during the M-G,
phase. The yeast two-hybrid assay revealed that RSS1 interacts
with a type 1 protein phosphatase (PP1) implicated in many
physiological processes including the cell cycle. In humans, PP1
is known to inactivate retinoblastoma (Rb) proteins through
dephosphorylation, which is inhibitory to the G, to S transition
(Hirschi et al. 2010). This inactivation of Rb is thought to an-
tagonize the hyperactivation of Rb through CYC-CDK-
mediated phosphorylation. Although the exact molecular
function of RSS1 is not clear yet, it might also ensure the G,
to S transition under unfavorable conditions by regulating PP1
activities.

Sugars act as a signaling molecule in various biological pro-
cesses, and sucrose-induced LR formation represents one good
example of sugars engaging in the reactivation of cell prolifer-
ation (Nieuwland et al. 2009). The authors showed that the
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expression of CYCD4;1 in root pericycle cells is dependent on
the sucrose availability and that reduced CYCD4;1 levels in
cyca4;1 mutants or wild-type roots grown without sucrose
cause the LR density to drop (Fig. 4C). How sucrose activates
CYCD41 in a cell type-specific manner remains unclear, but
these data suggest that this transcriptional response is a key
for the sucrose-dependent regulation of LR density.
Interestingly, auxin does not influence CYCD4;1 expression in
pericycle cells and it restores the reduced LR density phenotype
of cyca4;1 mutants, suggesting that CYCD4;1 does not act in the
auxin-mediated LR initiation pathway. Another D-type CYC,
CYCD3;1, is also responsive to sucrose availability (Planchais
et al. 2004), but how directly sucrose impinges on CYCD3;1
activity is not clear.

The progression of the endocycle is also influenced by vari-
ous environmental signals, but the underlying molecular mech-
anisms are not well understood. As discussed earlier, DEL1 is
one of the key regulators that repress entry into the endocycle
(Lammens et al. 2008), thus changing the level of DEL1 expres-
sion may provide one mechanism to promote or limit endocy-
cling. Elongation of hypocotyls is linked with an increase in
ploidy through the endocycle and it is known that etiolated
growth of hypocotyls in the dark is accompanied by an add-
itional round of endocycling (Gendreau et al. 1997, Gendreau
et al. 1998). A recent study suggests that the balance between
the transcriptional activator E2Fb and repressor E2Fc controls
light-dependent endocycling through the antagonistic modifi-
cation of DELT expression (Berckmans et al. 2011a) (Fig. 4D).
The authors show that E2Fb and E2Fc compete for the same
DNA-binding site on the DELT promoter to activate or repress
DEL1 expression, respectively. Under light, E2Fb predominantly
binds to the DELT promoter and enhances DELT expression,
thus resulting in the repression of the endocycle. In the dark,
in contrast, E2Fb is degraded by CONSTITUTIVE
PHOTOMORPHOGENIC 1 (COP1)-mediated proteolysis, per-
mitting E2Fc to bind to the DELT promoter and thus repress
DEL1 expression.

Ultraviolet-B (UV-B) radiation damages DNA molecules by
forming cyclobutane pyrimidine dimers (CPDs) which prevent
DNA transcription and translation. Plants remove CPDs
by photolyases, and these enzymes are encoded by a
PHOTOLYASE 1 (PHRT) gene in Arabidopsis. Based on micro-
array and ChIP analyses, Radziejwoski et al. (2011) show that in
addition to CCS52A2, a known target of DEL1, DEL1 directly
represses the transcription of the PHR1 gene and thereby co-
ordinates DNA repair and endocycle onset (Fig. 4E). Upon
UV-B treatment, the expression of DEL1 is strongly down-
regulated, allowing up-regulation of PHR1 and therefore
increasing cellular capacities for DNA repair. Since low DEL1
expression also promotes endocycle progression due to
higher expression of CCS52A2, the authors argued that such
DEL71-mediated DNA repair and ploidy-dependent cell growth
may compensate for the compromised cell proliferation under
UV-B.

Cell cycle control in plant growth and response PCP
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Conclusions and Future Outlook

It is now evident that cell cycle progression is highly correlated
with plant morphogenesis under both favorable and unfavor-
able conditions. Recent large-scale studies have begun to un-
cover that plant CYCs and CDKs assemble in many different
combinations throughout the cell cycle and many of them
function at specific phases of the mitotic and endoreduplica-
tion cycle. The complex intersecting pathways fine-tuning the
CDK activities are well conserved among eukaryotes, but plants
have also implemented some unique regulatory mechanisms,
e.g. by recruiting plant-specific CDK inhibitors into the CYC-
CDK complex. Post-translational modifications, such as phos-
phorylation and ubiquitination, of the cell cycle regulators is
crucial for both cell proliferation and cell differentiation, but
their target proteins and the underlying molecular mechanisms
still remain largely unknown. Systematic identification of pro-
tein targets modified by various CYC-CDK complexes and ubi-
quitin E3 ligases in proliferative or differentiating cells should
provide further molecular insights into how cell cycle progres-
sion is controlled and how it links to other physiological pro-
cesses such as cell growth and metabolism.

We are also beginning to witness how developmental or
environmental signals connect to the cell cycle and in some
cases how short the regulatory cascades are. Direct control of
the cell cycle regulators by developmental or stress-related
transcription factors, for example, highlights one of the most
effective strategies that plants have adopted to respond quickly
to upstream signaling. Given that these regulations are often
temporal and probably involve only subsets of cells within a
tissue, cell type-specific analyses of gene expression and tran-
scription factor-binding sites, using the laser microdissection
technique or cell sorting (Deal and Henikoff 2010), will be
very powerful to dissect the transcriptional control of the cell
cycle further. Many individual regulators of the cell cycle (in-
stead of E2Fs or MYBs that can modify the expression of cell
cycle genes more globally) appear to be directly activated or
repressed by upstream regulators, implying that the molecular
interface where developmental or environmental signals meet
the cell cycle is probably very diverse in plants. One would
predict that at least some of the transcriptional regulators in
plant hormone signalling, such as ARFs and ARABIDOPSIS
RESPONSE REGULATORs (ARRs), also directly activate or re-
press core cell cycle regulators. Gaining more holistic insights
into these regulatory cascades will be one of the most exciting
targets in future studies for our full understanding of plant
growth and stress response.

Funding

This work was supported by the Ministry of Education, Culture,
Sports and Technology of Japan [Grant-in-Aid for Scientific
Research on Innovative Areas, No. 22119010]; Japan Society
for the Promotion of Science [Grant-in-Aid for Scientific
Research (B), No. 23370026].

20z Iudy 61 U0 1sanB Aq GELE081/EG6/9/€S/a101E/dod/W00dNodlWapeoe)/:Sd)Y Wol) papeojumMoq

Plant Cell Physiol. 53(6): 953-964 (2012) doi:10.1093/pcp/pcs070 (© The Author 2012.

961



PCP S. Komaki and K. Sugimoto

PLANT & CELL PHYSIOLOGY

References

Achard, P, Cheng, H., De Grauwe, L, Decat, ], Schoutteten, H.,
Moritz, T. et al. (2006) Integration of plant responses to environ-
mentally activated phytohormonal signals. Science. 311: 91-94.

Achard, P, Gong, F, Cheminant, S, Alioua, M, Hedden, P. and
Genschik, P. (2008) The cold-inducible CBF1 factor-dependent
signaling pathway modulates the accumulation of the growth-
repressing DELLA proteins via its effect on gibberellin metabolism.
Plant Cell. 20: 2117-2129.

Achard, P, Gusti, A, Cheminant, S., Alioua, M., Dhondet, S., Coppens, F.
et al. (2009) Gibberellin signaling controls cell proliferation rate in
Arabidopsis. Curr. Biol. 19: 1188-1193.

Anzola, J.M,, Sieberer, T., Ortbauer, M., Butt, H., Korbei, B., Weinhofer, I.
et al. (2010) Putative Arabidopsis transcriptional adaptor protein
(PROPORZ1) is required to modulate histone acetylation in re-
sponse to auxin. Proc. Natl Acad. Sci. USA 107: 10308-10313.

Araki, S, Ito, M,, Soyano, T, Nishihama, R. and Machida, Y. (2004)
Mitotic cyclins stimulate the activity of c-Myb-like factors for trans-
activation of G2/M phase-specific genes in tobacco. J. Biol. Chem.
279: 32979-32988.

Benkova, E. and Bielach, A. (2010) Lateral root organogenesis—from
cell to organ. Curr. Opin. Plant Biol. 13: 677-683.

Berckmans, B. and De Veylder, L. (2009) Transcriptional control of the
cell cycle. Curr. Opin. Plant Biol. 12: 599-605.

Berckmans, B.,, Lammens, T., Van Den Daele, H., Magyar, Z., Bogre, L.
and De Veylder, L. (2011a) Light-dependent regulation of DEL1 is
determined by the antagonistic action of E2Fb and E2Fc. Plant
Physiol. 157: 1440-1451.

Berckmans, B, Vassileva, V., Schmid, SP.C, Maes, S, Parizot, B,
Naramoto, S. et al. (2011b) Auxin-dependent cell cycle reactivation
through transcriptional regulation of Arabidopsis E2Fa by lateral
organ boundary proteins. Plant Cell 23: 3671-3683.

Blilou, I, Frugier, F, Folmer, S, Serralbo, O. Willemsen, V.,
Wolkenfelt, H. et al. (2002) The Arabidopsis HOBBIT gene encodes
a CDC27 homolog that links the plant cell cycle to progression of
cell differentiation. Genes Dev. 16: 2566-2575.

Boniotti, M.B. and Gutierrez, C. (2001) A cell-cycle-regulated kinase
activity phosphorylates plant retinoblastoma protein and contains,
in Arabidopsis, a CDKA/cyclin D complex. Plant J. 28: 341-350.

Boruc, J, Van den Daele, H., Hollunder, ), Rombauts, S, Mylle, E.,
Hilson, P. et al. (2010) Functional modules in the Arabidopsis
core cell cycle binary protein—protein interaction network. Plant
Cell 22: 1264-1280.

Boudolf, V., Lammens, T., Borug, J, Van Leene, ., Van Den Daele, H,,
Maes, S. et al. (2009) CDKB1;1 forms a functional complex with
CYCA23 to suppress endocycle onset. Plant Physiol. 150:
1482-1493.

Bramsiepe, ), Wester, K, Weinl, C, Roodbarkelari, F, Kasili, R,
Larkin, J.C. et al. (2010) Endoreplication controls cell fate mainten-
ance. PLoS Genet. 6: €1000996.

Breuer, C, Ishida, T. and Sugimoto, K. (2010) Developmental control of
endocycles and cell growth in plants. Curr. Opin. Plant Biol. 13:
654—-660.

Breuer, C, Kawamura, A, Ichikawa, T., Tominaga-Wada, R, Wada, T.,
Kondou, Y. et al. (2009) The trihelix transcription factor GTL1 regu-
lates ploidy-dependent cell growth in the Arabidopsis trichome.
Plant Cell 21: 2307-2322.

Capron, A, Serralbo, O,, Fulop, K., Frugier, F.,, Parmentier, Y., Dong, A.
et al. (2003) The Arabidopsis anaphase-promoting complex or

cyclosome: molecular and genetic characterization of the APC2
subunit. Plant Cell 15: 2370-2382.

Churchman, M.L, Brown, M.L, Kato, N, Kirik, V. Hilskamp, M,
Inzé, D. et al. (2006) SIAMESE, a plant-specific cell cycle regulator,
controls endoreplication onset in Arabidopsis thaliana. Plant Cell
18: 3145-3157.

Deal, R.B. and Henikoff, S. (2010) The INTACT method for cell
type-specific gene expression and chromatin profiling in
Arabidopsis thaliana. Nat. Protoc. 6: 56-68.

de Jager, S.M, Scofield, S, Huntley, R.P., Robinson, AS., den
Boer, B.G.W. and Murray, J.A.H. (2009) Dissecting regulatory path-
ways of G1/S control in Arabidopsis: common and distinct targets
of CYCD3;1, E2Fa and E2Fc. Plant Mol. Biol. 71: 345-365.

del Pozo, J.C, Boniotti, M.B. and Gutierrez, C. (2002) Arabidopsis E2Fc
functions in cell division and is degraded by the ubiquitin-SCF
AtSKP2 pathway in response to light. Plant Cell 14: 3057-3071.

del Pozo, ).C,, Diaz-Trivino, S., Cisneros, N. and Gutierrez, C. (2006) The
balance between cell division and endoreplication depends on
E2FC-DPB, transcription factors regulated by the ubiquitin—
SCFSKP2A pathway in Arabidopsis. Plant Cell 18: 2224-2235.

De Veylder, L, Beeckman, T, Beemster, G.T., Krols, L, Terras, F,
Landrieu, 1. et al. (2001) Functional analysis of cyclin-dependent
kinase inhibitors of Arabidopsis. Plant Cell 13: 1653—1668.

De Veylder, L., Larkin, J.C. and Schnittger, A. (2011) Molecular control
and function of endoreplication in development and physiology.
Trends Plant Sci. 16: 624—634.

Dewitte, W., Scofield, S, Alcasabas, A.A,, Maughan, S.C,, Menges, M.,
Braun, N. et al. (2007) Arabidopsis CYCD3 D-type cyclins link cell
proliferation and endocycles and are rate-limiting for cytokinin re-
sponses. Proc. Natl Acad. Sci. USA 104: 14537-14542.

Di Laurenzio, L., Wysocka-Diller, )., Malamy, ).E,, Pysh, L, Helariutta, Y.,
Freshour, G. et al. (1996) The SCARECROW gene regulates an asym-
metric cell division that is essential for generating the radial organ-
ization of the Arabidopsis root. Cell 86: 423-433.

Eguren, M., Manchado, E. and Malumbres, M. (2011) Non-mitotic
functions of the Anaphase-Promoting Complex. Semin. Cell Dev.
Biol. 22: 572-578.

Eloy, N.B, de Freitas Lima, M., Van Damme, D. Vanhaeren, H,
Gonzalez, N, De Milde, L. et al. (2011) The APC/C subunit 10
plays an essential role in cell proliferation during leaf development.
Plant J. 68: 351-363.

Gendreau, E, Hofte, H., Grandjean, O., Brown, S. and Traas, J. (1998)
Phytochrome controls the number of endoreduplication cycles in
the Arabidopsis thaliana hypocotyl. Plant J. 13: 221-230.

Gendreau, E, Traas, ), Desnos, T., Grandjean, O. Caboche, M. and
Hofte, H. (1997) Cellular basis of hypocotyl growth in Arabidopsis
thaliana. Plant Physiol. 114: 295-305.

Haga, N., Kato, K, Murase, M., Araki, S, Kubo, M., Demura, T. et al.
(2007) R1R2R3-Myb proteins positively regulate cytokinesis
through activation of KNOLLE transcription in Arabidopsis thali-
ana. Development 134: 1101-1110.

Haga, N., Kobayashi, K., Suzuki, T., Maeo, K., Kubo, M., Ohtani, M. et al.
(2011) Mutations in MYB3R1 and MYB3R4 cause pleiotropic de-
velopmental defects and preferential down-regulation of multiple
G2/M-specific genes in Arabidopsis thaliana. Plant Physiol. 157:
706-717.

Harashima, H., Kato, K, Shinmyo, A. and Sekine, M. (2007) Auxin is
required for the assembly of A-type cyclin-dependent kinase com-
plexes in tobacco cell suspension culture. J. Plant Physiol. 164:
1103-1112.

20z Iudy 61 U0 1sanB Aq GELE081/EG6/9/€S/a101E/dod/W00dNodlWapeoe)/:Sd)Y Wol) papeojumMoq

962

Plant Cell Physiol. 53(6): 953-964 (2012) doi:10.1093/pcp/pcs070 (© The Author 2012.



Helariutta, Y., Fukaki, H., Wysocka-Diller, J. Nakajima, K, Jung, J.
Sena, G. et al. (2000) The SHORT-ROOT gene controls radial pat-
terning of the Arabidopsis root through radial signaling. Cell 101:
555-567.

Heyman, J, Van den Daele, H., De Wit, K., Boudolf, V., Berckmans, B.,
Verkest, A. et al. (2011) Arabidopsis ULTRAVIOLET-B-
INSENSITIVE4 maintains cell division activity by temporal inhibition
of the anaphase-promoting complex/cyclosome. Plant Cell 23:
4394-4410.

Hirschi, A, Cecchini, M., Steinhardt, R.C,, Schamber, M.R, Dick, F.A.
and Rubin, S.\M. (2010) An overlapping kinase and phosphatase
docking site regulates activity of the retinoblastoma protein. Nat.
Struct. Mol. Biol. 17: 1051-1057.

Hua, Z. and Vierstra, R.D. (2011) The cullin-RING ubiquitin-protein
ligases. Annu. Rev. Plant Biol. 62: 299-334.

Huang, ).Y. and Raff, JW. (2002) The dynamic localisation of the
Drosophila APC/C: evidence for the existence of multiple com-
plexes that perform distinct functions and are differentially loca-
lised. J. Cell Sci. 115: 2847-2856.

Inagaki, S. and Umeda, M. (2011) Cell-cycle control and plant devel-
opment. Int. Rev. Cell Mol. Biol. 291: 227-261.

Inzé, D. and De Veylder, L. (2006) Cell cycle regulation in plant devel-
opment. Annu. Rev. Genet. 40: 77-105.

Ito, M., Araki, S, Matsunaga, S., Itoh, T., Nishihama, R, Machida, Y.
et al. (2001) G2/M-phase-specific transcription during the plant cell
cycle is mediated by c-Myb-like transcription factors. Plant Cell 13:
1891-1905.

Iwata, E,, Ikeda, S, Matsunaga, S., Kurata, M., Yoshioka, Y., Criqui, M.-C.
et al. (2011) GIGAS CELL1, a novel negative regulator of the
anaphase-promoting complex/cyclosome, is required for proper
mitotic progression and cell fate determination in Arabidopsis.
Plant Cell 23: 4382-4393.

Kasili, R, Walker, ).D., Simmons, LA, Zhou, ], De Veylder, L. and
Larkin, J.C. (2010) SIAMESE cooperates with the CDH1-like protein
CCS52A1 to establish endoreplication in Arabidopsis thaliana trich-
omes. Genetics 185: 257-268.

Kato, K, Galis, 1., Suzuki, S., Araki, S, Demura, T., Criqui, M.-C. et al.
(2009) Preferential up-regulation of G2/M phase-specific genes by
overexpression of the hyperactive form of NtmybA2 lacking its
negative regulation domain in tobacco BY-2 cells. Plant Physiol.
149: 1945-1957.

Kevei, Z.,, Baloban, M., Da Ines, O, Tiricz, H,, Kroll, A, Regulski, K.
et al. (2011) Conserved CDC20 cell cycle functions are carried
out by two of the five isoforms in Arabidopsis thaliana. PloS
One 6: €20618.

Kramer, E.R, Scheuringer, N. Podtelejnikov, AV, Mann, M. and
Peters, J.M. (2000) Mitotic regulation of the APC activator proteins
CDC20 and CDH1. Mol. Biol. Cell 11: 1555-1569.

Kwee, H.-S. and Sundaresan, V. (2003) The NOMEGA gene required
for female gametophyte development encodes the putative APC6/
CDC16 component of the anaphase promoting complex in
Arabidopsis. Plant J. 36: 853-866.

Lai, LB, Nadeau, J.A, Lucas, )., Lee, E-K, Nakagawa, T. and Zhao, L.
(2005) The Arabidopsis R2R3 MYB proteins FOUR LIPS and MYB88
restrict divisions late in the stomatal cell lineage. Plant Cell 17:
2754-2767.

Lammens, T, Boudolf, V., Kheibarshekan, L, Zalmas, LP,
Gaamouche, T.,, Maes, S. et al. (2008) Atypical E2F activity restrains
APC/CCCS52A2 function obligatory for endocycle onset. Proc. Nat!
Acad. Sci. USA 105: 14721-14726.

Cell cycle control in plant growth and response PCP

PLANT & CELL PHYSIOLOGY

Larson-Rabin, Z, Li, Z, Masson, P.H. and Day, C.D. (2009) FZR2/
CCS52A1 expression is a determinant of endoreduplication and
cell expansion in Arabidopsis. Plant Physiol. 149: 874—-884.

Liy, J, Zhang, Y., Qin, G, Tsuge, T., Sakaguchi, N., Luo, G. et al. (2008)
Targeted degradation of the cyclin-dependent kinase inhibitor
ICK4/KRP6 by RING-type E3 ligases is essential for mitotic cell
cycle progression during Arabidopsis gametogenesis. Plant Cell 20:
1538-1554.

Lui, H., Wang, H., Delong, C,, Fowke, L.C,, Crosby, W.L. and Fobert, P.R.
(2000) The Arabidopsis Cdc2a-interacting protein ICK2 is structur-
ally related to ICK1 and is a potent inhibitor of cyclin-dependent
kinase activity in vitro. Plant J. 21: 379-385.

Marrocco, K., Bergdoll, M., Achard, P., Criqui, M.-C. and Genschik, P.
(2010) Selective proteolysis sets the tempo of the cell cycle. Curr.
Opin. Plant Biol. 13: €20618.

Marrocco, K, Thomann, A, Parmentier, Y, Genschik, P. and
Criqui, M.C. (2009) The APC/C E3 ligase remains active in
most post-mitotic Arabidopsis cells and is required for proper vas-
culature development and organization. Development 136:
1475-1485.

Menges, M., de Jager, S.M., Gruissem, W. and Murray, J.A.H. (2005)
Global analysis of the core cell cycle regulators of Arabidopsis iden-
tifies novel genes, reveals multiple and highly specific profiles of
expression and provides a coherent model for plant cell cycle con-
trol. Plant J. 41: 546-566.

Morohashi, K. and Grotewold, E. (2009) A systems approach reveals
regulatory circuitry for Arabidopsis trichome initiation by the GL3
and GL1 selectors. PLoS Genet. 5: €1000396.

Nakai, T., Kato, K., Shinmyo, A. and Sekine, M. (2006) Arabidopsis KRPs
have distinct inhibitory activity toward cyclin D2-associated kin-
ases, including plant-specific B-type cyclin-dependent kinase. FEBS
Lett. 580: 336—340.

Naouar, N., Vandepoele, K, Lammens, T., Casneuf, T., Zeller, G,, van
Hummelen, P. et al. (2009) Quantitative RNA expression analysis
with Affymetrix Tiling 1.0R arrays identifies new E2F target genes.
Plant J. 57: 184-194.

Nieuwland, ), Maughan, S, Dewitte, W., Scofield, S, Sanz, L. and
Murray, J.A.H. (2009) The D-type cyclin CYCD4;1 modulates lateral
root density in Arabidopsis by affecting the basal meristem region.
Proc. Natl Acad. Sci. USA 106: 22528-22533.

Ogawa, D., Abe, K, Miyao, A, Kojima, M., Sakakibara, H., Mizutani, M.
et al. (2011) RSS1 regulates the cell cycle and maintains meristem-
atic activity under stress conditions in rice. Nat. Commun. 2:
278-288.

Ormenese, S, de Almeida Engler, J, De Groodt, R, De Veylder, L,
Inzé, D. and Jacgmard, A. (2004) Analysis of the spatial expression
pattern of seven Kip related proteins (KRPs) in the shoot apex of
Arabidopsis thaliana. Ann. Bot. 93: 575-580.

Peres, A, Churchman, M.L, Hariharan, S, Himanen, K, Verkest, A,
Vandepoele, K. et al. (2007) Novel plant-specific cyclin-dependent
kinase inhibitors induced by biotic and abiotic stresses. J. Biol. Chem.
282: 25588-25596.

Pérez-Pérez, ).M,, Serralbo, O., Vanstraelen, M., Gonzalez, C,, Criqui, M.-
C,, Genschik, P. et al. (2008) Specialization of CDC27 function in the
Arabidopsis thaliana anaphase-promoting complex (APC/C). Plant
J. 53: 78-89.

Pesin, J.A. and Orr-Weaver, T.L. (2008) Regulation of APC/C activators
in mitosis and meiosis. Annu. Rev. Cell Dev. Biol. 24: 475-499.

Pettkd-Szandtner, A, Mészaros, T., Horvath, G.V., Bako, L., Csordas-
Toth, E, Blastyak, A. et al. (2006) Activation of an alfalfa

20z Iudy 61 U0 1sanB Aq GELE081/EG6/9/€S/a101E/dod/W00dNodlWapeoe)/:Sd)Y Wol) papeojumMoq

Plant Cell Physiol. 53(6): 953-964 (2012) doi:10.1093/pcp/pcs070 (© The Author 2012.

963



PCP S. Komaki and K. Sugimoto

PLANT & CELL PHYSIOLOGY

cyclin-dependent kinase inhibitor by calmodulin-like domain pro-
tein kinase. Plant J. 46: 111-123.

Pfleger, CM. and Kirschner, M.W. (2000) The KEN box: an APC rec-
ognition signal distinct from the D box targeted by Cdh1. Genes
Dev. 655-665.

Planchais, S, Samland, A.K. and Murray, J.A.H. (2004) Differential sta-
bility of Arabidopsis D-type cyclins CYCD3;1 is a highly unstable
protein degraded by a proteasome-dependent mechanism. Plant |.
616-625.

Radziejwoski, A, Vlieghe, K, Lammens, T. Berckmans, B, Maes, S,
Jansen, MLAK. et al. (2011) Atypical E2F activity coordinates
PHR1 photolyase gene transcription with endoreduplication
onset. EMBO J. 30: 355-363.

Ramirez-Parra, E, Friindt, C. and Gutierrez, C. (2003) A genome-wide
identification of E2F-regulated genes in Arabidopsis. Plant J. 33:
801-811.

Ramirez-Parra, E, Lopez-Matas, M.A, Friindt, C. and Gutierrez, C.
(2004) Role of an atypical E2F transcription factor in the control
of Arabidopsis cell growth and differentiation. Plant Cell 16:
2350-2363.

Richards, D.E, King, K.E., Ait-ali, T. and Harberd, N.P. (2001) How
gibberellin regulates plant growth and development: a molecular
genetic analysis of gibberellin signaling. Annu. Rev. Plant Physiol.
Plant Mol. Biol. 52: 67-88.

Roeder, A.H.K, Chickarmane, V., Cunha, A, Obara, B.,, Manjunath, B.S.
and Meyerowitz, E.M. (2010) Variability in the control of cell div-
ision underlies sepal epidermal patterning in Arabidopsis thaliana.
PLoS Biol. 8: €1000367.

Roodbarkelari, F., Bramsiepe, ), Weinl, C, Marquardt, S, Novék, B,
Jakoby, M.J. et al. (2010) Cullin 4-ring finger-ligase plays a key role
in the control of endoreplication cycles in Arabidopsis trichomes.
Proc. Natl Acad. Sci. USA 107: 15275-15280.

Sanz, L, Dewitte, W., Forzani, C., Patell, F, Nieuwland, J., Wen, B. et al.
(2011) The Arabidopsis D-type cyclin CYCD2;1 and the inhibitor
ICK2/KRP2 modulate auxin-induced lateral root formation. Plant
Cell 23: 641-660.

Schnittger, A, Schobinger, U., Bouyer, D., Weinl, C, Stierhof, Y.-D. and
Hlskamp, M. (2002) Ectopic D-type cyclin expression induces not
only DNA replication but also cell division in Arabidopsis trich-
omes. Proc. Natl Acad. Sci. USA 99: 6410-6415.

Schnittger, A., Weinl, C, Bouyer, D., Schébinger, U. and Hilskamp, M.
(2003) Misexpression of the cyclin-dependent kinase inhibitor
ICK1/KRP1 in single-celled Arabidopsis trichomes reduces endore-
duplication and cell size and induces cell death. Plant Cell 15:
303-315.

Skirycz, A, Radziejwoski, A, Busch, W, Hannah, M.A,, Czeszejko, J.,
Kwasniewski, M. et al. (2008) The DOF transcription factor OBP1
is involved in cell cycle regulation in Arabidopsis thaliana. Plant |.
56: 779-792.

Sozzani, R, Cui, H., Moreno-Risueno, M.A, Busch, W. Van
Norman, J.M,, Vernoux, T. et al. (2010a) Spatiotemporal regulation
of cell-cycle genes by SHORTROOT links patterning and growth.
Nature 466: 128-132.

Sozzani, R, Maggio, C, Giordo, R, Umana, E, Ascencio-lbafiez, ).T,
Hanley-Bowdoin, L. et al. (2010b) The E2FD/DEL2 factor is a com-
ponent of a regulatory network controlling cell proliferation and
development in Arabidopsis. Plant Mol. Biol. 72: 381-395.

Sugimoto-Shirasu, K. and Roberts, K. (2003) ‘Big it up”: endoreduplica-
tion and cell-size control in plants. Curr. Opin. Plant Biol. 6: 544-553.

Takahashi, N, Lammens, T, Boudolf, V., Maes, S., Yoshizumi, T., De
Jaeger, G. et al. (2008) The DNA replication checkpoint aids survival
of plants deficient in the novel replisome factor ETG1. EMBO J. 27:
1840-1851.

Vandepoele, K., Vlieghe, K, Florquin, K, Hennig, L., Beemster, G.T.S,,
Gruissem, W. et al. (2005) Genome-wide identification of potential
plant E2F target genes. Plant Physiol. 139: 316-328.

Van Leene, J,, Borug, ., De Jaeger, G., Russinova, E. and De Veylder, L.
(2011) A kaleidoscopic view of the Arabidopsis core cell cycle inter-
actome. Trends Plant Sci. 16: 141-150.

Van Leene, ., Hollunder, )., Eeckhout, D., Persiau, G., Van De Slijke, E.,
Stals, H. et al. (2010) Targeted interactomics reveals a complex core
cell cycle machinery in Arabidopsis thaliana. Mol. Syst. Biol. 6:
397-408.

Vanneste, S., Coppens, F,, Lee, E, Donner, TJ.,, Xie, Z,, Van Isterdael, G.
et al. (2011) Developmental regulation of CYCA2s contributes to
tissue-specific proliferation in Arabidopsis. EMBO J. 30: 3430-3441.

Vanstraelen, M., Baloban, M., Da Ines, O., Cultrone, A, Lammens, T.,
Boudolf, V. et al. (2009) APC/C-CCS52A complexes control meri-
stem maintenance in the Arabidopsis root. Proc. Natl Acad. Sci. USA
106: 11806-11811.

Verkest, A.,, Manes, C,, Vercruysse, S, Maes, S., Van Der Schueren, E.,,
Beeckman, T. et al. (2005) The cyclin-dependent kinase inhibitor
KRP2 controls the onset of the endoreduplication cycle during
Arabidopsis leaf development through inhibition of mitotic
CDKA; 1 kinase complexes. Plant Cell 17: 1723-1736.

Vlieghe, K., Vuylsteke, M., Florquin, K, Rombauts, S, Maes, S,
Ormenese, S. et al. (2003) Microarray analysis of E2Fa—DPa-
overexpressing plants uncovers a cross-talking genetic network be-
tween DNA replication and nitrogen assimilation. J. Biol. Chem. 116:
4249-4259.

Walker, J.D., Oppenheimer, D.G,, Concienne, . and Larkin, J.C. (2000)
SIAMESE, a gene controlling the endoreduplication cell cycle in
Arabidopsis thaliana trichomes. Development 127: 3931-3940.

Weinl, C,, Marquardt, S, Kuijt, SJ.H., Nowack, M.K. and Jakoby, M.
(2005) Novel functions of plant cyclin-dependent kinase inhibitors,
ICK1/KRP1, can act non-cell-autonomously and inhibit entry into
mitosis. Plant Cell 17: 1704-1722.

Xie, Z, Lee, E, Lucas, J.R, Morohashi, K, Li, D, Murray, ) AH. et al.
(2010) Regulation of cell proliferation in the stomatal lineage by the
Arabidopsis MYB FOUR LIPS via direct targeting of core cell cycle
genes. Plant Cell. 22: 2306-2321.

Zheng, B, Chen, X. and McCormick, S. (2011) The anaphase-
promoting complex is a dual integrator that regulates both
microRNA-mediated transcriptional regulation of cyclin B1 and
degradation of cyclin B1 during Arabidopsis male gametophyte
development. Plant Cell 23: 1033-1046.

20z Iudy 61 U0 1sanB Aq GELE081/EG6/9/€S/a101E/dod/W00dNodlWapeoe)/:Sd)Y Wol) papeojumMoq

964

Plant Cell Physiol. 53(6): 953-964 (2012) doi:10.1093/pcp/pcs070 (© The Author 2012.



