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The endocycle represents a modified mitotic cell cycle that in plants is often coupled to cell enlargement and differentiation.
Endocycle onset is controlled by activity of the Anaphase Promoting Complex/Cyclosome (APC/C), a multisubunit E3
ubiquitin ligase targeting cell-cycle factors for destruction. CELL CYCLE SWITCH52 (CCS52) proteins represent rate-limiting
activator subunits of the APC/C. In Arabidopsis (Arabidopsis thaliana), mutations in either CCS52A1 or CCS52A2 activators
result in a delayed endocycle onset, whereas their overexpression triggers increased DNA ploidy levels. Here, the relative
contribution of the APC/CCCS52A1 and APC/CCCS52A2 complexes to different developmental processes was studied through
analysis of their negative regulators, being the ULTRAVIOLET-B-INSENSITIVE4 protein and the DP-E2F-Like1 transcriptional
repressor, respectively. Our data illustrate cooperative activity of the APC/CCCS52A1 and APC/CCCS52A2 complexes during root and
trichome development, but functional interdependency during leaf development. Furthermore, we found APC/CCCS52A1 activity to
control CCS52A2 expression. We conclude that interdependency of CCS52A-controlled APC/C activity is controlled in a tissue-
specific manner.

The endocycle represents a modified version of the
mitotic cell cycle during which the genome is replicated
in the absence of mitosis and cytokinesis, resulting in a
doubling of the nuclear DNA content (De Veylder et al.,
2011; Edgar at al., 2014). Endoreplication is a common
feature among eukaryotes, frequently observed in cell
typeswith a highmetabolic activity (Larkins et al., 2001).
In Drosophila melanogaster, endoreplication is predomi-
nantly seen in larval tissues and the salivary glands (Lilly
and Duronio, 2005), whereas in Caenorhabditis elegans, it
is observed in the syncytium (Flemming et al., 2000). In
higher plants, like Arabidopsis (Arabidopsis thaliana),
endoreplication is observed in most tissues and is cou-
pled to cell differentiation (Breuer et al., 2010), such as in

developing leaves, where the onset of the endocycle
marks the exit from cell division (Beemster et al., 2006).
Furthermore, endoreplication is believed to be an im-
portant trigger for cell and organ growth, because cell
size is frequently correlated with the DNA ploidy levels
(Melaragno et al., 1993; DeVeylder et al., 2011), although
such a relationship is not always observed (Beemster
et al., 2002). In tomato (Solanum lycopersicum), increased
ploidy levels are correlated with increased levels of rRNA
and protein synthesis per-nucleus, indicating increased
metabolism to support cell growth (Bourdon et al., 2012).
Endoreplicationhas also beendemonstrated to instruct cell
fate, as observed for Arabidopsis trichomes (Bramsiepe
et al., 2010). More recently, endocycle modulators have
been implicated in the control of innate immunity in
Arabidopsis (Hamdoun et al., 2016), suggestive for the
importance of the endocycle in the plant immunity.

In all eukaryotes, control of the mitotic cell cycle, cell
differentiation, and endocycle onset is achieved by the
Anaphase Promoting Complex/Cyclosome (APC/C).
The APC/C is a conserved E3 ubiquitin ligase that
ubiquitinates key cell cycle proteins containing APC/C
recognition motifs known as the Destruction or KEN/
GxEN-boxes, resulting in their destruction by the pro-
teasome, thereby ensuring the unidirectional cell cycle
progression (Heyman and De Veylder, 2012). During
the late G2 and early M phase, the APC/C is activated
by the CDC20/Fizzy activator subunit, which itself is tar-
geted for destruction during the anaphase and substituted
by the CDH1/FZR type activator subunit, known in plants
as CELL CYCLE SWITCH52 (CCS52) proteins (Peters,
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2002; Baker et al., 2007). The Arabidopsis genome encodes
two types of CCS52 proteins, namely theA-type, consisting
of CCS52A1 and CCS52A2, and B-type CCS52B (Cebolla
et al., 1999). Whereas the function of CCS52B in the cell
cycle is still unclear, both CCS52A1 andCCS52A2 activator
subunits have been demonstrated to control endocycle
onset (Cebolla et al., 1999; Lammens et al., 2008; Narbonne-
Reveau et al., 2008; Mathieu-Rivet et al., 2010). In the
Arabidopsis root, APC/CCCS52A1 activity controls the
timing of endocycle onset by marking the A-type cyclin
CYCA2;3 for destruction (Imai et al., 2006; Boudolf et al.,
2009). Correspondingly, ccs52a1 mutants display roots
with an expanded meristem size owing to an increased
number of meristematic cells (Vanstraelen et al., 2009).
CCS52A1 also drives the trichome endocycle and tri-
chome branching, as ccs52a1 loss-of-function mutant
trichomes display two branches in contrast to wild-type
trichomes that predominantly contain three branches.
Correspondingly, CCS52A1 overexpression results in
trichome overbranching (Imai et al., 2006; Kasili et al.,
2010). In contrast to CCS52A1, the CCS52A2 activator
subunit appears not to control root meristem size, but
is instead required for stem cell maintenance by sup-
pressing cell division of the Quiescent Center (QC) stem
cells, as ccs52a2 mutants display increased QC cell divi-
sion rates being correlated with a disorganization of the
root meristem (Vanstraelen et al., 2009). CCS52A2might
play a similar role in the shoot, as its absence results in a
disrupted cell organization of the L1 and L2 layers (Liu
et al., 2012). In leaves, both CCS52A1- and CCS52A2-
activated APC/C complexes control endocycle onset,
as mutation of either results in reduced DNA ploidy
levels (Lammens et al., 2008). Functional redundancy
between CCS52A1 and CCS52A2 is additionally sug-
gested by the observation that no viable double mu-
tant plants can be obtained (Baloban et al., 2013).

Due to its importance during development, APC/
CCCS52A activity is tightly controlled at both the tran-
scriptional and posttranslational levels. On the tran-
scriptional level, expression of both CCS52A1 and
CCS52A2 is negatively regulated by E2Fa in complex
with RETINOBLASTOMA-RELATED PROTEIN1 (RBR1).
Overexpression of a mutated E2Fa allele, lacking the
RBR1 interaction domain, results in increased CCS52A
expression, indicating that recruitment of RBR1 is re-
quired to suppress gene expression (Magyar et al.,
2012). CCS52A1 expression is additionally negatively
regulated by the GT2-LIKE1 trihelix transcription factor
(Breuer et al., 2012), whereas its transcription is activated
by the cytokinin-activated ARABIDOPSIS RESPONSE
REGULATOR2 (Takahashi et al., 2013). CCS52A2 ex-
pression rather appears to be specifically repressed by
the atypical E2F transcription factor DEL1, which acts as
a negative regulator of endocycle onset (Vlieghe et al.,
2005; Lammens et al., 2008). Mutation of DEL1 results
in increased CCS52A2 expression and APC/CCCS52A2

activity, resulting in a premature endocycle onset
and increased DNA ploidy levels. At the posttransla-
tional level, the UVI4 protein, in association with the
UBIQUITIN-SPECIFIC PROTEASE14, has been found

to be an inhibitor of the APC/CCCS52A1 complex
(Heyman et al., 2011; Xu et al., 2016). Double mutant
analysis of plants lacking a functional CCS52A1 and
UVI4 gene revealed thatCCS52A1 functions epistatically
over UVI4 in controlling endocycle onset. Correspond-
ingly, UVI4 regulates endocycle onset in leaves and root
meristem size maintenance by inhibiting APC/CCCS52A1

activity, as observed by the increased DNA ploidy levels
in leaves and trichomes, and a reduced number of meri-
stematic cells in the root tip of uvi4 mutant plants (Hase
et al., 2006; Heyman et al., 2011). Here we aimed to study
the interplay and specificity of APC/CCCS52A1 and APC/
CCCS52A2 during plant development. For this purpose, we
performed a comparative phenotypic analysis of their
negative regulators, being UVI4 and DEL1, respectively,
as such circumventing the artificial and unspecific ef-
fects that might result from constitutive CCS52A1 and
CCS52A2 overexpression.

RESULTS

CCS52A Activators Are Indispensable for
Plant Development

Because of the importance of the CCS52A proteins in
cell cycle exit and endocycle onset, we aimed to test the
effects of deficiency in both CCS52A1 and CCS52A2
during plant development. Because ccs52a1-1 ccs52a2-
1 double mutants are not viable (Vanstraelen et al., 2009;
Baloban et al., 2013), we generated a ccs52a1-1 DEL1OE

double mutant, which lacks a functional CCS52A1 and
displays reduced CCS52A2 expression, owing to in-
creased activity of the DEL1 transcriptional repressor
(Lammens et al., 2008). Using flow cytometry, we con-
firmed the previously observed reduced DNA ploidy
levels of the ccs52a1-1 and DEL1OE single mutant leaves
compared to the wild type (Vlieghe et al., 2005;
Vanstraelen et al., 2009; Baloban et al., 2013; Fig. 1A;
Supplemental Table S1). In ccs52a1-1 DEL1OE double
mutant leaves, an additional decrease in theDNAploidy
level compared to those of the single mutants could
be observed (Fig. 1A; Supplemental Table S1), con-
firming that expression of both CCS52A genes con-
tribute to endocycle onset in the leaf.

Independently, the trichome branch number was
quantified, which frequently correlates with the DNA
content (Perazza et al., 1999a). Whereas the ccs52a1-1
mutant plants display trichomes with a reduced number
of branches, the DEL1OE trichome branch number did
not differ from that of the wild type, but the ccs52a1-1
DEL1OE double mutant showed a trichome branch num-
ber similar to that of the ccs52a1-1 mutant (Fig. 1B;
Supplemental Fig. S1A). In addition, the trichome nuclear
size was investigated. Corresponding to the reduced tri-
chome branch number, a reduction in trichome nuclear
size of the ccs52a1-1 mutant was observed (Fig. 1C;
Supplemental Fig. S1B), confirming previous findings
(Heyman et al., 2011).Whereas no difference in trichome
nuclear size of theDEL1OEmutant could be detected, the
ccs52a1-1 DEL1OE double mutant displayed a reduced
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nuclear size, comparable to that of the ccs52a1-1 single
mutant (Fig. 1C; Supplemental Fig. S1B), confirming
previous data that CCS52A1 is the main APC/C acti-
vator in trichomes.

UVI4 Is a Specific Inhibitor of CCS52A1

Previously, we demonstrated that UVI4 acts as an
inhibitor of APC/CCCS52A1 (Heyman et al., 2011). Using
leaf ploidy levels, and trichome nuclear size and
branching phenotype as a readout, the ccs52a1-1 muta-
tion was found to be epistatic over uvi4 (Heyman et al.,
2011). To test whether a similar genetic relationship
exists between CCS52A2 andUVI4, the leaf ploidy level
and trichome nuclear size of the uvi4 ccs52a2-1 double
mutant was compared with that of the single mutants.
Whereas the uvi4 and ccs52a2-1 single mutants showed
an increase and decrease in DNA ploidy levels compared
to the wild type, respectively, the uvi4 ccs52a2-1 double
mutant contained DNA ploidy levels intermediate to
those of the single mutants (Fig. 2A; Supplemental
Table S2). Additionally, the trichome branch numberwas
quantified. As demonstrated previously, uvi4 mutants
display increased trichome branching (Perazza et al.,

1999b; Hase et al., 2006; Heyman et al., 2011), whereas the
ccs52a2-1mutant showed a mild reduction in the number
of trichomes containing four branches compared to the
wild type (Fig. 2B; Supplemental Fig. S2A), correlating
with trichome nuclear size (Fig. 2C and Supplemental Fig.
S2B). The uvi4 ccs52a2-1 double mutant displayed a tri-
chome branch number intermediate to that of the uvi4 and
ccs52a2-1 single mutants, again corresponding to the
observed nuclear size (Fig. 2, B and C; Supplemental
Fig. S2B). Combined with the previously observed
protein-protein interaction of UVI4 with CCS52A1 but
not CCS52A2 (Heyman et al., 2011), these data suggest
that UVI4 is a specific inhibitor of APC/CCCS52A1.

UVI4 and DEL1 Are Coexpressed in Arabidopsis Seedlings

To investigate the putative interplay between UVI4
and DEL1 during plant development, we compared
their expression patterns using transcriptional GUS
reporter lines. Expression of bothUVI4 andDEL1 could
be detected in tissues showing a high cell division ac-
tivity, such as the root meristem (Fig. 3A) and shoot
meristem, and young leaves (Fig. 3B). Thus it appears that
bothAPC/Cregulators are tightly coexpressed, suggesting

Figure 1. Endoreplication phenotypes of the ccs52a1-1 DEL1OE double mutant. A, Flow cytometric analysis of wild-type (Col-0),
ccs52a1-1, DEL1OE, and ccs52a1-1 DEL1OE three-week-old first true leaves. Data are representative for the mean (n = 3). B,
Scanning electron microscope images of wild-type (Col-0), ccs52a1-1, DEL1OE, and ccs52a1-1 DEL1OE trichomes. Images are
representative for themean (n= 3). Bars = 300mm. C, Epifluorescence images of DAPI-stainedwild-type, ccs52a1-1,DEL1OE, and
ccs52a1-1 DEL1OE trichome nuclei. Images are representative for the mean (n . 13). Bars = 10 mm.
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a role for both APC/CCCS52A1 and APC/CCCS52A2 in the
development of different tissues.

UVI4 and DEL1 Contribute Independently to
Trichome Development

To study the effects of a lack of both a functional
UVI4 and DEL1, we generated a uvi4 del1-1 double
mutant, which is anticipated to result in an increased
activity of both APC/CCCS52A1 and APC/CCCS52A2

complexes. Similar to the uvi4 mutant, del1-1 mutants
were found to display an increased trichome branching
phenotype (Fig. 3C; Supplemental Fig. S3S). Corre-
spondingly, quantification of the trichome nuclear size
revealed an increase in theDNA content in del1-1mutant
trichomes, similar to the uvi4mutant, indicative for a role
of DEL1 in suppressing endoreplication in trichomes
(Fig. 3D; Supplemental Fig. S3B). In the uvi4 del1-1 dou-
ble mutant, a clearly enhanced effect on trichome
branching could be observed (Fig. 3C; Supplemental
Fig. S3A), with a correspondingly increased trichome

nuclear size compared to the single mutants (Fig. 3D;
Supplemental Fig. S3B). These data suggest that both UVI4
and DEL1, and hence APC/CCCS52A1 and APC/CCCS52A2,
control trichome branching.

UVI4 and DEL1 Independently Regulate Root Meristem
Size Maintenance

In the Arabidopsis root, CCS52A1 expression can be
found in the root elongation zone, where it controls the
timing of cell cycle exit. Accordingly, mutation of UVI4
results in a decreased root meristem size, reflected by a
decrease in the number of meristematic cortex cells,
probably owing to an increased APC/CCCS52A1 activity
(Heyman et al., 2011). On the other hand, CCS52A2
expression can be found predominantly in the QC cells,
where it is required to keep these cells from dividing
and differentiating (Vanstraelen et al., 2009). Because
theDEL1 transcriptional repressor ofCCS52A2 is expressed
throughout the root meristem, it was tested whether
DEL1mutation affects root meristem size maintenance.

Figure 2. Endoreplication phenotypes of the uvi4 ccs52a2-1 double mutant. A, Flow cytometric analysis of wild-type (Col-0),
uvi4, ccs52a2-1, and uvi4 ccs52a2-1 three-week-old first true leaves. Data are representative for the mean (n = 3). B, Scanning
electron microscope images of wild-type (Col-0), uvi4, ccs52a2-1, and uvi4 ccs52a2-1 trichomes. Images are representative for
the mean. Bars = 300 mm. C, Epifluorescence images of DAPI-stained wild-type, uvi4, ccs52a2-1, and uvi4 ccs52a2-1 trichome
nuclei. Images are representative for the mean (n . 8). Bars = 10 mm.
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No significant decrease in the number of meristematic
cortex cells could be observed in the del1-1 mutant
compared to wild-type roots (Fig. 4, A and B). In con-
trast, when determining the root meristem size of the
uvi4 del1-1 double mutant, a significant reduction in the
number of meristematic cortex cells could be observed
compared to both the uvi4 and del1-1 single mutants
(Fig. 4, A and B). This reductionwas offset by an increased
cortex cell size, resulting in a meristem size similar to that
of the wild type.
When determining the DNAploidy levels of uvi4 and

del1-1 mutant roots, an increase could be observed for
both compared to those of wild-type roots (Fig. 4C;
Supplemental Table S3). When determining the DNA
ploidy levels of uvi4 del1-1 double mutant roots, an

increase could be detected compared to the single uvi4
and del1-1 mutants (Fig. 4C; Supplemental Table S3).
These observations suggest that both APC/CCCS52A1

and APC/CCCS52A2 contribute to the DNA ploidy levels
of roots.

UVI4 and DEL1 Control the Onset of Endoreplication in
Leaves through a Common Mechanism

Next to the effect of the uvi4 de11-1 double mutation in
trichomes and roots, we tested its effect on leaf develop-
ment by analyzing the size ofmaturefirst true leaves. Both
theuvi4 and del1-1 singlemutants displayed a reduced leaf
size compared to wild-type leaves (Fig. 5, A and B). The
uvi4 del1-1 double mutant displayed an additive effect on

Figure 3. UVI4 andDEL1 independently control trichome ploidy levels. A and B, Expression pattern ofUVI4 andDEL1 in the root
meristem (A) and leaves (B). Bars = 0.1 mm. C, Scanning electron microscope images of wild-type (Col-0), uvi4, del1-1, and uvi4
del-1 trichomes. Images are representative for the mean. Bars = 300 mm. D, Epifluorescence images of DAPI-stained wild-type,
uvi4, del-1, and uvi4 del-1 trichome nuclei. Images are representative for the mean (n . 8). Bars = 10 mm.
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the significantly reduced leaf size compared to both uvi4
and del1-1 single mutants (Fig. 5, A and B). To determine
the cause of the reduced leaf size, the average abaxial
epidermal cell number and size were investigated. The
uvi4 and del1-1 single mutants’ reduced leaf size was
caused by a reduction in cell number, despite the small
increase in cell size, compared to wild-type plants (Fig. 5,
C and D). The uvi4 del1-1 double mutant displayed a de-
crease in epidermal cell number, being equal to that seen
for the singlemutants, butwithout compensatory increase
in cell size (Fig. 5, C and D). These data show that the
apparent additive effect of uvi4 and del1mutations on leaf
size in the double mutant is not caused by the additive
effects of the single mutations on epidermal cell size and
cell number.

Seeing how double mutation of UVI4 and DEL1 has
strong additive effects on the DNA ploidy levels in
trichomes and roots, we tested whether a similar ad-
ditive effect could hold true for leaves. When deter-
mining the DNA ploidy levels of mature leaves in the
uvi4 and del1-1 single mutants, an increase could be
confirmed compared to wild-type plants (Vlieghe et al.,
2005; Heyman et al., 2011; Fig. 5E; Supplemental Table
S4). However, the DNA ploidy distributions of the uvi4
del1-1 double mutant leaves did not differ signifi-
cantly from the uvi4 and del1-1 single mutants (Fig. 5E;
Supplemental Fig. S4; Supplemental Table S4), which is

in contrast to the results obtained in trichomes and roots,
suggesting that APC/CCCS52A1 and APC/CCCS52A2 are in-
terdependent in the leaf.

CCS52A2 Expression Is Affected by CCS52A1 Activity

The observation that the DNA ploidy levels of the
uvi4 del1-1 double mutant leaves are similar to those of
the single mutants, is contradicting the gene dosage effect
observed in ccs52a1-1 DEL1OE mutants. To investigate this
apparent paradox, we analyzed the CCS52A expres-
sion levels in developing first true leaves of the uvi4,
del1-1, and uvi4 del1-1 mutants using RT-qPCR. To
ensure the seedlings were at a similar developmental
age, leaves were harvested at stage 1.04 (Boyes et al.,
2001). For CCS52A1, no major differences in expres-
sion could be observed in the mutants compared to the
wild type (Fig. 6A). By contrast, when determining
the CCS52A2 transcript levels in the del1-1mutant, an
up-regulation could be observed, confirming previous
data (Lammens et al., 2008; Fig. 6A). Surprisingly, mu-
tation of UVI4 also resulted in an increased CCS52A2
expression in first true leaves compared to wild-type
leaves (Fig. 6A), suggesting that activation of APC/
CCCS52A1 results in increased CCS52A2 expression. In the
uvi4 del1-1 double mutant stage 1.04 leaves, however, no

Figure 4. UVI4 and DEL1 independently control cell cycle exit in the root. A, Representative confocal microscopy images of
wild-type (Col-0), uvi4, del1-1, and uvi4 del1-1 one-week-old root meristems stained with propidium iodide. Arrowheads in-
dicate themeristem size based on the cortical cell length. Bar = 50mm. B, Number of meristematic cortex cells for lines presented
in (A). Data represent mean6 SE (n. 8, *P, 0.05, Student’s t test). C, Flow cytometric analysis of wild-type (Col-0), uvi4, del1-1,
and uvi4 del1-1 one-week-old mutant roots. Data are representative for the mean.
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additive effect on CCS52A2 expression could be ob-
served, as CCS52A2 transcript levels were found to be
increased, identical to those observed in the del1-1 mu-
tant (Fig. 6A).
To confirm that an increase in APC/CCCS52A1 activ-

ity results in transcriptional activation of CCS52A2,

CCS52A2 transcript levels were analyzed in wild-type
versus CCS52A1OE leaves harvested at stage 1.04. Indeed,
CCS52A2 transcript levels were increased in CCS52A1OE

leaves, similar to uvi4 mutant leaves (Fig. 6B), suggesting
that increased APC/CCCS52A1 activity results in increased
CCS52A2 expression.

Figure 5. UVI4 and DEL1 control leaf ploidy levels through a commonmechanism. A, Images of three-week-old wild-type (Col-0),
uvi4, del1-1, and uvi4 del1-1 rosettes. Bar = 1 cm. B, Average first true leaf sizes of three-week-old wild-type (Col-0), uvi4, del1-1,
and uvi4 del1-1 plants (in mm2). Data represent mean6 SE (n = 45, *P, 0.05, Student’s t test). C and D, Average abaxial epidermal
cell size (3 1.000 mm2) and average cell number (3 1.000), respectively, of first leaves of three-week-old lines presented in (B).
Data represent mean6 SE (n = 18, *P, 0.05, Student’s t test). E, Flow cytometric analysis of wild-type (Col-0), uvi4, del1-1, and uvi4
del1-1 three-week-old first true leaves. Data are representative for the mean (n = 3).
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DISCUSSION

(Non)Redundant Functions of CCS52A1 and CCS52A2

Both APC/C activity-controlling proteins CCS52A1
and CCS52A2 play important functions during plant
development. CCS52A1 has been predominantly impli-
cated in controlling trichome branching and root ploidy
levels (Vanstraelen et al., 2009; Kasili et al., 2010), whereas
CCS52A2 has been demonstrated to control the prolifer-
ation status of the root QC stem cells (Vanstraelen et al.,
2009) and shoot apical meristem maintenance (Liu et al.,
2012). Although CCS52A1 andCCS52A2 control different
developmental processes, functional redundancy is
expected, as plants being deficient for both CCS52A
genes are not viable (Baloban et al., 2013). Indeed,
endoreplication onset in leaves is ensured bybothCCS52A-
type proteins. Furthermore, during plant growth, a de-
creased expression ofCCS52A1 appears to be compensated
by an increased expression of CCS52A2 (Baloban et al.,
2013). To overcome theproblemof lethality,wegenerated a
partial loss-of-function mutant using the ccs52a1-1 DEL1OE

double mutant in which the absence of CCS52A1 is ac-
companied with reduced CCS52A2 transcription owing to
its increased repression by DEL1 (Lammens et al., 2008).
Whereas no clear obvious additive effects could be ob-
served in the development of tissues that are predomi-
nantly controlled by CCS52A1, being the trichomes or the
root meristem, the leaf DNA ploidy levels were further
decreased in the ccs52a1-1 DEL1OE double mutant com-
pared to the single mutants. Therefore, it could be stated
that some tissues are more dependent on the CCS52A gene
redundancy compared to others.

UVI4 and DEL1 Specifically Fine-Tune APC/CCCS52A

Activity

The uvi4 ccs52a2-1 doublemutant displays a trichome
branching and DNA ploidy phenotype being interme-
diate to that observed for the single uvi4 and ccs52a2-1
mutants, which is in contrast to the observation that the
ccs52a1-1 mutation is epistatic over the uvi4 mutation
(Heyman et al., 2011). Together with the previously

observed lack of protein-protein interactions between
UVI4 and CCS52A2, these observations support the
idea that UVI4 is a specific inhibitor of the APC/
CCCS52A1 complex. How such specificity might be achieved
at the protein level is unclear. The CCS52A1 and CCS52A2
proteins share a high sequence homology, including the
C-box, Cdh1 specific motif, cyclin-binding, and C-terminal
IR motif, together with predicted CDK phosphoryla-
tion sites (Fülöp et al., 2005). Extending our knowledge
of CCS52A structural domains might help shed light
on the preference of the UVI4 protein inhibitor.

The specificity of DEL1 toward regulating CCS52A2
expression was demonstrated previously by specific
binding of DEL1 to the CCS52A2 promoter and exclu-
sive changes in CCS52A2 transcription levels inDEL1OE

and del1-1 knockout lines (Lammens et al., 2008).Whereas
these observations were made for complete seedling and
leaf tissue, respectively, a control of CCS52A2 expres-
sion by DEL1 can be observed as well for root tissue
(Supplemental Fig. S6, A and B), strongly suggesting
that DEL1 is a specific repressor of CCS52A2 across all
DEL1 expressing cells.

Additive Effects of UVI4 and DEL1

The specificity of UVI4 and DEL1 toward APC/
CCCS52A1 andAPC/CCCS52A2, respectively, offers a unique
tool to study the relative contribution of both APC/C
complexes during development, complementing avail-
able knockout data. This strategy has as benefit that the
APC/C activity levels obtained remain within a physi-
ological range, in contrast to constitutive CCS52A1 or
CCS52A2 overexpression, where it can be expected that
complexes lose substrate specificity when being highly
abundant. Using this strategy, we revealed an additive
effect of uvi4 and del1 knockout on trichome branching
and ploidy level, indicating that DEL1 functions to actively
repress APC/CCCS52A2 activity in trichome cells. Accord-
ingly, ectopic expression of CCS52A2 triggers trichome
hyperbranching (Baloban et al., 2013). A similar situation
likely holds true for the root, as uvi4 del1-1 double knock-
outs display a phenotypic enhancement of the uvi4 and

Figure 6. CCS52A1 activity affects CCS52A2 expression. A, Relative expression levels of CCS52A1 and CCS52A2 in first
true leaves from wild-type (Col-0), uvi4, del1-1, and uvi4 del1-1. First true leaves were harvested at stage 1.04. The relative
expression levels for wild-type leaves were arbitrarily set to 1. Data represent mean6 SE (n = 3, *P, 0.05, Student’s t test). B,
Increased CCS52A2 transcript levels in CCS52A1OE first true leaves compared to the wild type. First true leaves were
harvested at stage 1.04. The relative expression levels for wild-type leaves were arbitrarily set to 1. Data represent mean6 SE

(n = 3, *P , 0.05, Student’s t test).
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del1-1 single knockouts, again suggesting that DEL1
plays an active role in suppressing APC/CCCS52A2 ac-
tivity in the meristematic cells, supported by the
DEL1 expression pattern. Apparently contrasting with
an APC/CCCS52A2-repressing role for DEL1, del1-1 single
mutant roots are phenotypically indistinguishable from
wild-type roots in terms of meristem size. These data
suggest that APC/CCCS52A1 is the primary APC/C com-
plex controlling cell cycle exit in the root elongation zone
(Vanstraelen et al., 2009). Strikingly, the aggravated
meristematic cell number phenotype of del1-1 in the uvi4
mutant backgroundwas accompanied by an increased
meristematic cortex cell size, suggesting an increased
cell cycle duration. Knowing that APC/CCCS52A2 activity
represses cell division activity of theQCcells, it is appealing
to speculate that transcriptional activation of CCS52A2
throughout the root meristem here also delays cell cycle
progression, resulting in the observed increased cell size.

Cross Talk between APC/CCCS52A1 and APC/CCCS52A2

Activity

Contrary to trichomes and rootmeristems, where APC/
CCCS52A1 activity predominantly controls endoreplication
onset, in the leaf, both CCS52A1 and CCS52A2 control
the DNA ploidy level (Lammens et al., 2008; Baloban
et al., 2013). Correspondingly, mutation ofUVI4 orDEL1
results in leaves containing increased DNA ploidy levels,
likely due to increased APC/CCCS52A1 or APC/CCCS52A2

activity, respectively. Surprisingly, no additive effect
on the leaf DNA ploidy levels could be detected
upon UVI4 and DEL1 double mutation. Rather, the
double mutant results suggest a linear pathway. Strikingly,
increased APC/CCCS52A1 activity was found to boost
CCS52A2 expression. Here, the effect of CCS52A1 on
CCS52A2 expression might be DEL1-dependent, be-
cause the increased CCS52A2 transcript level in the
uvi4 del1-1 double mutant leaves appeared to be sim-
ilar to that of del1-1 single mutant leaves. How DEL1
activity could be controlled by APC/CCCS52A1 remains
unknown. In mammalian systems, atypical E2F pro-
teins are recognized by APC/CCDH1 through a KEN-
boxmotif and are subsequently marked for proteolytic
degradation (Boekhout et al., 2016). However, no obvi-
ous APC/C recognition degron can be found in the
DEL1 protein sequence. Another possibility is that DEL1
activity is regulated through its phosphorylation, be-
cause a predicted CDK phosphorylation motif is pre-
sent in the N terminus of the DEL1 protein sequence
(Supplemental Fig. S5; Chang et al., 2007). Increased
APC/CCCS52A1-mediated destruction of cyclins could
reduce putative CDK-mediated phosphorylation of
DEL1, possibly rendering it unable to repress CCS52A2
expression. Although nothing is known about the reg-
ulation of DEL proteins through phosphorylation, DEL1
has been shown to interact with CYCB2;3 and CYCD1;1
in a yeast two-hybrid screen, hinting to a connection
between DEL1 and the cyclin-CDK machinery (Boruc
et al., 2010).

Another possible explanation might be that, in
leaves, activation of APC/CCCS52A1 or APC/CCCS25A2

alone is sufficient to surpass a specific activity threshold
to engage into the endocycle, e.g. through destruction of
a factor being rate limiting for endocycle onset. This
hypothesis would imply that CCS52A1 and CCS52A2
only control leaf endocycle onset, and not endocycle
progression itself. Correspondingly, in trichomes,
APC/CCCS52 activity has been postulated to mediate
endoreplication onset, whereas following endocycles
are thought to be maintained by the CULLIN4-RING
FINGER-LIGASE ubiquitin ligase (Roodbarkelari et al.,
2010). A similar endocycle onset/maintenance mecha-
nism might hold true for leaves as well. In this scenario,
the additive effects ofUVI4 andDEL1mutations observed
in root meristems and trichomes would be suggestive
for CCS52A1- and CCS52A2-independent functions,
e.g. through different substrate specificity.

In conclusion, gaining more insight into the tissue-
specific substrates and substrate specificity ofAPC/CCCS52A1

and APC/CCCS52A2 will strongly contribute to the un-
derstanding of how APC/C-dependent endocycle onset
is fine-tuned during development. In the root, CYCA2;3
has been reported to be a specific target of APC/CCCS52A1

in the root elongation zone (Boudolf et al., 2009), whereas
the ERF115 transcription factor was proposed to be a
APC/CCCS52A2-specific target in root stem cells (Heyman
et al., 2013). A possible method to uncover specific
APC/C substrates is by using a biochemical approach.
A proteomics screen to identify differentially ubiq-
uitinated proteins (Walton et al., 2016) in the ccs52a1
and ccs52a2 mutants might prove a major step for-
ward. Alternatively, mutant suppressor screens could
be adverted to search for APC/CCCS52A1 or APC/
CCCS52A2 specific targets. Finding the answer to these
questions might shed light on why certain tissues pre-
dominantly advert only one of the twoCCS52Aproteins,
whereas other organs depend on both CCS52A-type
isoforms.

MATERIALS AND METHODS

Plant Medium and Growth Conditions

Arabidopsis thaliana wild type and mutants are in the Columbia-0 (Col-0)
background. Plants were grown under a long-day/short-night regime (16-h
light/8-h darkness) at 21°C on agar-solidified culture medium (Murashige &
Skoog medium, 10 g/L saccharose, 0.43 g/L MES, and 0.8% [w/v] plant tissue
culture agar).

Mutant Lines

The uvi4 (Hase et al., 2006), pUVI4:GUS/GFP (Heyman et al., 2011), pDEL1:
GUS/GFP, ccs52a1-1 and ccs52a2-1 (Lammens et al., 2008), del1-1 and DEL1OE

(Vlieghe et al., 2005), and CCS52A1OE (Vanstraelen et al., 2009) mutants and
reporter lines used have been described previously. Double mutants were
generated by crossing and validated by genotyping.

Flow Cytometry Analysis

Leaveswere choppedwith a razor blade in 200mLCyStain UVPrecise nuclei
extraction buffer (Partec) and DNA was stained by adding 800 mL staining
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buffer (Partec). Nuclei were measured with CyFlow Flow Cytometer (Partec)
and analyzed with the CXP Analysis software (Partec). Three or more leaves
originating from different plants were analyzed for each technical repeat. The
endoreduplication index was calculated as follows: EI = [(0 3 %2C nuclei) +
(13%4C nuclei) + (23%8C nuclei) + (33%16C nuclei) + (43%32C nuclei)].

Leaf and Cellular Parameter Determination

Maturefirst true leaveswereharvestedand clearedusinga75:25 (v/v) ethanol/
aceticacid solution.Next, leaveswerefixedandmountedonaslideusing lacticacid.
Cells were drawn using a DF microscope (Leica). Analysis of the leaf area was
performed using the software ImageJ 1.41 (National Institutes of Health).

Quantification of Trichome Nuclear DNA Content

For 49,6-diamidino-2-phenylindole (DAPI) staining, 3-week-oldmature leaves
were fixed using acetic acid (75:25 [v/v] acetic acid/ethanol) for at least 2 h and
washed for at least 1 h with 70% (v/v) ethanol. Leaves were briefly submerged in
0.5 M EDTA and trichomes were removed using forceps. DNAwas stained using
20 mg/mL DAPI in McIlvaine’s buffer (60 mM citric acid, 80 mM Na2HPO4, pH
4.1). Trichomes were mounted in Vectashield mounting medium (No. CA94010;
Vector Laboratories) for fluorescence H1000 (Vector Laboratories) and observed
via epifluorescence on an Axioscope Imager microscope (Zeiss). Nuclear size and
epifluorescence signal were analyzed using the software ImageJ 1.41. The inte-
grated density was calculated by multiplication of nuclear size and fluorescence
intensity, normalized against the integrated density of wild-type Col-0 trichome
nuclei, of which the size was arbitrarily set to 32C.

Confocal and Scanning Electron Microscopy

Root meristems were analyzed with Axiovert 100M confocal laser scanning
microscopy (Zeiss). Plant material was incubated for 3 min in a 10-mMpropidium
iodide solution to stain the cell walls and observed after excitation using a 543-nm
laser and detected using the 650-nm long-pass emission filter. Images of leaf tri-
chomes were acquired with a TM-1000 Tabletop electron microscope (Hitachi).

RT-qPCR Analysis

RNAwas extracted from the respective tissueswith theRNeasyKit (Qiagen).
After treatment with the RQ1 RNase-Free DNase (Promega), cDNA was syn-
thesized using the iScript cDNA Synthesis Kit (Bio-Rad). Relative expression
levels were determined with the LightCycler 480 Real-Time SYBR green PCR
System (Roche). The ACT and CAK2 reference genes were used for normali-
zation. Primer sequences can be found in Supplemental Table S5.

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome
Initiative or GenBank/EMBL databases under the following accession num-
bers: CCS52A1 (At4G22910); CCS52A2 (At4G11920); DEL1 (At3G48160); UVI4
(At2G42260)

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Quantification of wild-type (Col-0), ccs52a1-1,
DEL1OE, and ccs52a1-1 DEL1OE trichome branch number and nuclear
DNA content.

Supplemental Figure S2. Quantification of wild-type (Col-0) and uvi4,
ccs52a2-1, and uvi4 ccs52a2-1 trichome branch number and nuclear
DNA content.

Supplemental Figure S3. Quantification of wild-type (Col-0) and uvi4,
del1-1, and uvi4 del1-1 mutant trichome branch number and nuclear
DNA content.

Supplemental Figure S4. Endoreduplication index of wild-type (Col-0),
uvi4, del1-1, and uvi4 del1-1 mature leaves reveals no significant differ-
ence in leaf ploidy distributions of the uvi4 del1-1 double mutant com-
pared to the uvi4 and del1-1 single mutants.

Supplemental Figure S5. Putative CDK phosphorylation site in the DEL1
N-terminal sequence.

Supplemental Figure S6. CCS52A1 and CCS52A2 expression levels in
del1-1 and DEL1OE mutant leaves and roots.

Supplemental Table S1. DNA ploidy distribution of three-week-old
first true leaves of wild-type (Col-0), ccs52a1-1, DEL1OE, and ccs52a1-
1 DEL1OE plants.

Supplemental Table S2. DNA ploidy distribution of three-week-old ma-
ture first true leaves of the wild-type (Col-0), uvi4, ccs52a2-1, and uvi4
ccs52a2-1 plants.

Supplemental Table S3. DNA ploidy distribution of one-week-old roots of
the wild-type (Col-0), uvi4, del1-1, and uvi4 del1-1 plants.

Supplemental Table S4. DNA ploidy distribution of three-week-old first
true leaves of wild-type (Col-0), uvi4, del1-1, and uvi4 del1-1 plants.

Supplemental Table S5. List of primers used for RT-qPCR analysis.
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