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Abstract

The cytokinin (CK) phytohormones have long been known to activate cell proliferation in plants. However, how CKs regu-
late cell division and cell expansion remains unclear. Here, we reveal that a basic helix—loop—helix transcription factor,
CYTOKININ-RESPONSIVE GROWTH REGULATOR (CKG), mediates CK-dependent regulation of cell expansion and cell cy-
cle progression in Arabidopsis thaliana. The overexpression of CKG increased cell size in a ploidy-independent manner and
promoted entry into the S phase of the cell cycle, especially at the seedling stage. Furthermore, CKG enhanced organ
growth in a pleiotropic fashion, from embryogenesis to reproductive stages, particularly of cotyledons. In contrast, ckg loss-
of-function mutants exhibited smaller cotyledons. CKG mainly regulates the expression of genes involved in the regulation
of the cell cycle including WEET. We propose that CKG provides a regulatory module that connects cell cycle progression
and organ growth to CK responses.

Introduction

Cytokinins (CKs) are a class of phytohormones that regulate
numerous growth and development processes such as cell
proliferation and fate determination, vasculature develop-
ment, sink/source relationship, leaf senescence, stress, and
defense responses, as well as responses to environmental

cues (Roitsch and Ehnefs, 2000; Mihonen et al, 2006;
Hejatko et al, 2009; Choi et al, 2010; Nishiyama et al, 20171;
Raines et al, 2016; Arnaud et al, 2017; Poitout et al,, 2018;
reviewed in Hwang et al, 2012; Kieber and Schaller, 2018;
Cortleven et al,, 2019; Wybouw and De Rybel, 2019).

CKs are perceived by a series of two-component histidine
kinase receptors located at the plasma membrane or the
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endoplasmic reticulum (ER): ARABIDOPSIS HISTIDINE
KINASE (AHK) AHK2, AHK3, and AHK4, also known as
CYTOKININ RESPONSE1 (CRE1) and WOODENLEG (WOL).
Activated receptors then phosphorylate ARABIDOPSIS
PHOSPHOTRANSFER PROTEINs, which act as shuttles be-
tween the plasma membrane or the ER and the nucleus to
phosphorylate type-B ARABIDOPSIS RESPONSE
REGULATORs (ARRs; reviewed in Hwang et al., 2012; Kieber
and Schaller, 2014). Type-B ARRs target various CK-respon-
sive genes, including the negative CK signaling regulators
type-A ARRs in a feedback loop (Hwang and Sheen, 2007;
Zubo et al, 2017). In addition, CYTOKININ RESPONSE
FACTORs, which belong to the ETHYLENE RESPONSE
FACTOR/APETALA2 (AP2)-type transcription factors, are in-
volved in CK signaling (Rashotte et al,, 2006; Kim, 2016).

CKs also play a critical role in the regulation of stem cell
niches in primary meristems. For example, the shoot apical
meristem (SAM) of the ahk2 ahk3 ahk4 triple mutant is
much smaller than that of the wild-type (Higuchi et al,
2004; Nishimura et al, 2004). Conversely, the overexpression
of a constitutively active form of the type-A ARR7 severely
affects SAM formation and subsequent shoot proliferation
(Leibfried et al., 2005; Bartrina et al, 2011). Likewise, loss of
the CYTOKININ OXIDASE-DEHYDROGENASE (CKX) CK-
degrading enzymes increases SAM size in Arabidopsis thali-
ana (Bartrina et al, 2011), whereas a mutation of the CK
biosynthetic gene LONELY GUY4 (LOG4) reduces SAM size
and perturbs meristem functions in rice (Oryza sativa;
Kurakawa et al.,, 2007).

In contrast to the positive role of CKs in SAM cell prolifer-
ation, the size of the root apical meristem (RAM) increases
in the ipt3 ipt5 ipt7 triple mutant for the CK biosynthesis
genes ISOPENTENYL TRANSFERASEs (IPTs), as well as in the
ahk3 single mutant and a double mutant of type-B ARR1
and ARR12, due to a reduced differentiation rate of meriste-
matic cells (Dello loio et al, 2007). In addition, CKs promote
the transition from cell division to cell expansion in the RAM
by initiating an early onset of endoreduplication via ARR2
(Takahashi et al, 2013). CKs also induce the expression of
the cell cycle regulator CYCLIN D3 (CYCD3), which controls
the transition from the G1 to the S phase of the cell cycle in
the SAM. In addition, the CK biosynthesis inhibitor lovastatin
blocks the G2/M phase transition in tobacco (Nicotiana taba-
cum) cell cultures (Redig et al, 1996; Riou-Khamlichi et al,
1999; Dewitte et al, 2007). It is clear that CK-mediated plant
growth and development is tightly associated with the cell-
cycle progression machinery, but how they are connected is
not fully understood. The opposite mode of action exhibited
by CKs between the SAM and RAM suggests that CKs regu-
late the cell cycle in a cell-type specific manner through dif-
ferent downstream targets or via additional but yet-unknown
specific modulators of CK signaling.

In this study, we reveal that CYTOKININ-RESPONSIVE
GROWTH REGULATOR (CKG), previously named basic he-
lix-loop—helix  (bHLH) transcription factor bHLH137
(Toledo-Ortiz et al, 2003), directly targets cell-cycle
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regulators and mediates organ growth in a CK-dependent
manner in Arabidopsis. We propose that the CK-CKG mod-
ule provides an important regulatory node for the cell cycle
during plant development.

Results

CKG is a novel regulator of CK responses

To identify novel transcription factors that specifically re-
spond to CKs, we first analyzed transcriptome data from a
time-course data set that tested the response of Arabidopsis
seedlings to the phytohormones abscisic acid, auxin, brassi-
nosteroids, CKs, ethylene, gibberellins, jasmonic acid, and sali-
cylic acid (GSE39384, E-TABM-51), using the systematic
analytical tool iNID (Choi et al, 2014). Using non-negative
matrix factorization clustering, we classified phytohormone
responses into 30 differential expression patterns (DEPs) that
described either phytohormone-specific regulation or com-
plex regulation of multiple phytohormones on gene expres-
sion (Figure 1A). Among them, three DEPs (arrows in
Figure 1A) were associated with CK-specific regulation and
designated as clusters C1, C2, and C3 (Figure 1B), containing
457, 237, and 205 genes, respectively. Arabidopsis seedlings
were treated with CK for 30 min, 1 h, and 3 h in the original
data set, and we observed that each cluster followed a dis-
tinct CK response profile. The C1 cluster included genes that
were upregulated in response to CKs only at the 3-h time
point. In contrast, the C3 cluster consisted of genes induced
as early as 30 min after CK treatment and remained highly
expressed thereafter. Genes that belonged to the C2 cluster
exhibited the opposite expression pattern from those in C3.

To determine whether these three clusters were associated
with biological processes related to CKs, we investigated po-
tential enrichment in gene ontology (GO) biological processes
represented by their constituent genes (Figure 1C; P < 0.05,
Supplemental Figure S1). The C3 cluster included genes in-
volved in “cytokinin metabolic process” and “cytokinin-medi-
ated signaling”. The C1 cluster was associated with “ribosome
biogenesis” and “root development”, while genes from the C2
cluster returned the GO biological processes “gibberellin-me-
diated signaling”, “leaf senescence”, and “ethylene-mediated
signaling pathway”. These results suggest that the C3 cluster
is tightly connected to CKs, while the other two clusters are
not directly linked to CK-mediated responses.

Therefore, we further characterized the genes belonging to
cluster C3 to identify new regulators of CK responses: we se-
lected a set of transcription factor-encoding genes that (1)
were co-expressed with primary CK-responsive ARRs (ARR3/
4/5/6/7/8/15/16) and (2) that showed significant expression
changes after CK treatment (P < 0.001, Figure 1D). Among
them, CYTOKININ-RESPONSIVE GATA FACTOR1 (CGAT) and
cytokinin response factor2/5 have been previously character-
ized in the context of CK responses (Rashotte et al, 2006;
Kollmer et al, 2011), while MYB34 regulates indolic glucosi-
nolate biosynthesis (Celenza et al, 2005; Frerigmann and
Gigolashvili, 2014). MYB14 also functions in cold tolerance


https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab180#supplementary-data

1736 I PLANT PHYSIOLOGY 2021: 186; 1734-1746

Plant Physiology, 2021

o
& @
A B & & & & op v
®) o ¥ o
ABA Auxin BR CK Ethylene  GA JA SA C i . % >
= - = : === Js-——==-=
= e ’;—_f_-_;i;_-_ | ¥
I - | | = = =5 == = J457)
e— i ]
= — B
= - = = ===
= = < C: = =0 =1
— — p | — — +«C3 5 = = = = = . —]] .
= = — — il i
T = = = _ —== (205)
l -f! = e
o (0, 4,28 52h) Mg (0,4, 28,52 h)
Time (0, 0.5, 1, 3 h) Time (0,0.5,1,3h)
Fold-change I _ NI
21012
Cc D

l Ribosome biogenesis

Root development

AR‘?S
lq}"‘lﬁq
ARRs

Gibberellin-mediated signaling

Leaf senescence

m

Ethylene mediated signaling
pathway

Cotyledon development
| Cytokinin metabolic process

. Cytokinin mediated signaling

Cc1 C2 C3 I::]_mg‘U(P_value)
0 1 2 3

Relative CKG expression

100

Mock

t-zeatin treatment (nM)

Time after
CK treatment (h)
© - 3
o == N W A
Fold change

EEEFFFEESF S
r & o o & & &

XX X FoFg © s §F G
&

~

<8

2

G
Mock mRFP-ARR2 CKG-GFP
e
4 By - =
s +CK Chlorophyll
>t
s

300

Figure 1 Transcriptome-wide discovery of potential CK signaling regulators. A, Differential gene expression patterns in hormone responses. Red
and green colors indicate up- and downregulated gene expression, respectively, in time points under different hormone-treated conditions. ABA,
abscisic acid; BR, brassinosteroid; GA, gibberellin; JA, jasmonic acid; SA, salicylic acid. B, The three clusters of gene expression patterns associated
with CK response. Red and green indicate up- and downregulation in time points, respectively, under CK-treated conditions. Color bar, the gradi-
ent of log,(fold changes). C, Gene ontology biological processes represented by the genes in each cluster. Color bar, the gradient of —log;o(P-val-
ues) from Fisher’s exact test. D, Fourteen transcription factors in cluster 3 show the significant expression changes after CK treatment (P < 0.001).
Color bar, the gradient of log,(fold changes). E, CKG expression was induced by CK in a dose-dependent manner. Seven-day-old seedlings were
treated with or without CK for 30 min. The level of CKG expression in the absence of CK was set to 1, and its relative value is presented. Error
bars, so (n = 3). F, CK induced the expression of pCKG:GUS in seedlings. CK treatment, 300-nM t-zeatin for 1 h. Scale bar, 1 mm. G, CKG localizes
in the nucleus. 355:CKG-GFP was co-transfected with 355:mRFP-ARR2 as a nucleus marker. Scale bar, 10 um. Different letters indicate significant
differences at P < 0.05 based on Tukey’s honestly significant difference (HSD) test.

by regulating the expression of C-REPEAT/DRE BINDING
FACTOR (CBF) genes (Chen et al,, 2013). However, the func-
tion of AT5G50915, hereafter named CKG, has not been
characterized, and is the focus of this work.

To examine the potential role of CKG as a regulator or
mediator of CK responses, we first confirmed the induction
of CKG expression by CK treatment. In agreement with the
transcriptome results, we observed that CKs did upregulate
the expression of CKG in 7-d-old seedlings in a dose-depen-
dent manner (Figure 1E). We also generated a promoter re-
porter line by placing the B-glucuronidase gene GUS under
the control of the CKG promoter (pCKG:GUS). We detected
strong GUS signal in cotyledons, root, leaves, ovules, vascula-
ture, embryos, inflorescence, and flowers (Supplemental

Figure S2A). GUS signal was further induced by CK treat-
ment (Figure 1F). CKG is predicted to encode a member of
the bHLH family of transcription factors (Toledo-Ortiz et al,,
2003). To determine the subcellular localization of CKG, we
fused the CKG coding sequence to the green fluorescent
protein (GFP), and transfected Arabidopsis protoplasts with
the resulting 355:CKG-GFP construct together with the nu-
clear marker gene mRFP-ARR2 (encoding a fusion between
ARR2, a transcription regulator of CK signaling, and the red
fluorescent protein; Hwang and Sheen, 2001). The CKG-GFP
fusion clearly co-localized with mRFP-ARR2 in the nucleus
(Figure 1G). We further examined CKG expression in the CK
signaling mutant arr2 and a line overexpressing ARR2, as
well as the CK degradation mutant CKX2, which degrades
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endogenous CK, overexpressing line (Werner et al, 2003).  CKG enhances the grf)wth of vari.ous organs
CKG was highly expressed regardless of the CK treatment in To further unravel the biological function of CKG, we gener-

the type-B ARR2-overexpressing line compared to the wild-  ated lines overexpressing CKG and selected two individual lines
type Col-0, but the CK-responsive induction of CKG expres-  With high CKG expression (Supplemental Figure S3C). We also
sion was hampered in the arr2 mutant and the CKX2-over- identified a loss-of-function allele of CKG: the T-DNA insertion

expressing line (Supplemental Figure S2B). We then turned line SALK_141414C named ckg which has severely reduced
to a protoplast reporter assay using pARRGLUC as a readout ~ CKG transcript levels and is therefore considered a null allele
for CK signaling (Hwang and Sheen, 2001). Overexpression  (Supplemental Figure 53, A and C). Seedlings of the CKGox-15

of CKG increased transcriptional activation of the ARR6 pro- line, with the highest CKG expression level, showed larger coty-
moter, and this effect was further enhanced by treatment  ledons compared to Col-0, while the ckg mutant had smaller
with CK (Supplemental Figure S2C). These results indicate  cotyledons (Figure 2A). Indeed, cotyledon size of 7-d-old seed-
that CKG may function as a mediator of a canonical CK sig-  lings increased by over 40% in CKGox-15 seedlings, but de-

naling cascade. creased by 30% in the ckg mutant, relative to Col-0.
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Since we had observed high pCKG:GUS signal in flowers
(Supplemental Figure S2A), we paid close attention to any
phenotype in reproductive structures and measured pistil
length in all genotypes. Arabidopsis undergoes self-pollina-
tion (autogamy) by promoting the growth of the pistil
through a circle of stamens shortly after flower buds open.
Pistils from CKGox-15 flowers outgrew the stamen at an ear-
lier stage and were longer than Col-0, whereas ckg flowers
had slightly shorter pistils (Figure 2B). The outgrowth of pis-
tils in CKG-overexpressing lines resulted in individual siliques
with fewer seeds (Figure 2C). In addition, the CKGox-15 line
formed many aborted siliques that contained few seeds
(Figure 2D). However, the CKGox-15 line was fully fertile, as
hand pollination restored normal seed set (Figure 2E).

CKG is expressed in the egg cell and central cells (Johnston
et al, 2007), and in the embryo (Supplemental Figure S2A),
which suggests that CKG functions in early ovule and em-
bryo development. Developing seeds of the CKGox-15 line
exhibited larger embryos at 4 d after pollination compared to
Col-0 and the ckg mutant (Figure 2F). We also observed that
most radicles of CKGox-15 embryos were bent and skewed
within the seed, which is likely due to enhanced outgrowth
of the cotyledons and embryonic root within a limited space.
A fraction of ckg mutant embryos showed a defective and
abnormal development not seen in Col-0 or the CKGox-15
line (Supplemental Figure S4). In addition to alterations in re-
productive structures, ectopic expression of CKG in the over-
expression lines increased the size of root meristems
compared to Col-0, while the ckg mutant showed smaller
root meristems (Figure 2G), which indicates that CKG may
drive early cell elongation or differentiation in the root meri-
stem. We also generated a CKG deletion line with clustered
regularly interspaced short palindromic repeats (CRISPR)/
CRISPR-associated protein 9 (Cas9), named CKG-CAS9
(Supplemental Figure S3, A and B). CKG-CAS9 plants showed
a similar phenotype as the ckg mutant—short pistil length,
and smaller cotyledons, embryo, and root meristem com-
pared to Col-0 (Supplemental Figure S5).

The visible phenotypes associated with variation in CKG
levels therefore point to cell and organ growth as a CK re-
sponse, leading us to hypothesize that cell cycle progression
and cell expansion might be directly under the control of
CKG.

CKG regulates cell cycle and macromolecule
synthesis genes

To test whether genes related to cell cycle progression and
cell expansion were regulated by CKG, we used microarrays
to profile transcript levels in the cotyledons of 7-d-old Col-0
and ckg seedlings. We identified differentially expressed
genes (DEGs) in ckg relative to Col-0, based on an absolute
fold-change of 1.5 or more and with an associated P< 0.05.
Among the DEGs, 755 genes and 549 genes were up- and
downregulated, respectively (Figure 3A; Supplemental Figure
S6 and Supplemental Data Set S1).

Plant Physiology, 2021

To investigate the biological processes related to these
DEGs, we determined the GO terms that were enriched in
the DEGs that were up- and downregulated using BiNGO
(Maere et al, 2005; Figure 3B; Supplemental Data Set S2).
Interestingly, downregulated DEGs in the ckg mutant
showed strong enrichment with cell cycle- and organ
growth-related biological processes (“DNA replication”,
“DNA conformation change”, “regulation of cell cycle”, and
“nitrogen/amino acid metabolic process”). Upregulated
DEGs in the ckg mutant included many genes associated
with various stress responses (“response to salt/oxidative/
light/temperature/biotic stress”). These results indicated that
CKG likely regulates organ growth via the modulation of
transcript levels for genes involved in cell cycle progression
and macromolecule synthesis.

We then tested whether CKG directly controlled the ex-
pression of the core cell cycle regulators (Menges et al,
2005; Gutierrez, 2009) that were downregulated in the ckg
mutant by chromatin immunoprecipitation (ChIP) analysis
using an anti-HA antibody on chromatin extracted from
355:CKG-HA transfected protoplasts. Since bHLH transcrip-
tion factors are known to bind to the E-box motif
(CANNTG; Heim et al, 2003), we looked for the E-box in
the promoters of candidate genes and designed the relevant
primer sets for ChIP analysis (Supplemental Figure S7 and
Supplemental Table S1). Indeed, we observed direct binding
of CKG to the promoters of WEE1, DP-E2F-like 1 (DELT), and
the Arabidopsis homologue of yeast CDC10 Targetla
(CDT1a; Figure 3C). In addition, CKG binding was highly
enriched at the ARR6 promoter regions. CKG binding was
also highly enriched at the CKG promoter regions, suggest-
ing that CKG reinforces its activity through a positive feed-
back loop to allow sufficient gene regulation. To test the
stability of CKG protein, we transfected protoplasts with
35S:CKG-HA and treated with/without CK (t-zeatin) and
MG132, a 26S proteasome inhibitor with cycloheximide, a
protein synthesis inhibitor. The protein level of CKG started
to decrease in 10 min, and MG132 treatment delayed CKG
degradation. CK did not affect the stability of CKG protein
(Supplemental Figure S8).

To elucidate the genetic relationship between CKG and in-
dividual target genes during vegetative growth, we first mon-
itored growth daily for the ckg mutant, CKG overexpressing
lines, as well as selected mutants in target genes. weel
mutants in particular exhibited a retarded growth pheno-
type similar to that of the ckg mutant (Figure 3D). WEET is
well conserved in eukaryotes and functions as a kinase con-
trolling cell cycle progression during the S phase, especially
under DNA replication stress (O’'Connell et al,, 1997; Kellogg,
2003). However, the other selected mutants did not show
any visible phenotypes, which might be due to functional re-
dundancy with related genes. Our data therefore suggest
that CKG directly controlled WEET expression to regulate
cell growth downstream of CK signaling.

To test this hypothesis, we examined the induction of
WEET transcription by CKG using a protoplast reporter
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Figure 3 The downstream targets of CKG are mainly involved in the cell cycle and macromolecule synthesis. A, The number of up- and downregu-
lated genes in the ckg mutant compared to Col-0. Among the genes with P < 0.05, those with log,(fold changes) > 0.58 and less than —0.58 were
classified as the up- and downregulated genes, respectively. B, GO terms represented by the up- and downregulated genes in the ckg mutant. The
downregulated genes were involved in cell cycle, DNA replication, and macromolecule metabolic processes, whereas the upregulated genes were
mainly related to response to biotic and abiotic stresses. C, CKG directly binds to the promoters of core cell cycle regulators. Protoplasts were
transfected with 355:CKG-HA, and ChIP assays of the designated promoters were performed with anti-HA antibody and anti-myc antibody as
background. The EF1 promoter was used as a negative control. Fold enrichment was measured by calculating the ratios between normalized
results from anti-HA antibody and anti-myc antibody. Error bars, so (n = 3). D, ckg and wee1 mutants showed similar phenotypes in the cotyledon
and leaf growth. CKGox lines grew faster than Col-0, but the ckg and wee1 mutants were smaller than Col-0. The other mutants did not show a
growth difference compared to Col-0. Scale bar, T mm. E, CKG increases pWEET:LUC reporter activity. Protoplasts were transfected with
pWEET:LUC and 35S:CKG-HA. mER7-GFP was used as a control and normalized to 1. Error bars, so (n = 4). F, CKGox-15/weel and weel plants
showed smaller leaves compared to Col-0. Scale bar, 1 mm. G, WEET expression is induced by CKG in a CK-dependent manner. Seven-day-old
seedlings of Col-0, ckg, CKGox-15, ARR2-overexpressing, arr2, and CKX2-overexpressing lines were treated with or without CK. The expression of
WEET was highly upregulated in the CKGox-15 line after CK treatment, but not in the arr2 and CKX2-overexpressing lines. The level of WEET ex-
pression in Col-0 without CK was set to 1, and its relative value was presented. Error bars, so (n = 3). CK treatment, 300-nM t-zeatin for 3 h.
Asterisks indicate significant differences based on the P-value of two-tailed Student’s t test (*< 0.05; ** < 0.01; ***< 0.001)

assay. Co-transfection of 355:CKG-HA induced pWEET:LUC
promoter activity, confirming our assumptions (Figure 3E).
As an independent genetic test, we crossed the CKG overex-
pressing line with the weel mutant to determine the genetic

Although WEET was highly expressed in the ARR2 overex-
pressing line regardless of CK treatment, CK-dependent in-
duction of WEET was abolished in the arr2 mutant and the
CKX2 overexpressing line. Collectively, these data suggest

hierarchy between CKG and WEE1. CKGox-15/weel plants
had the same retarded growth phenotype as the weel mu-
tant, placing WEE1 downstream of CKG (Figure 3F). We also
measured WEET expression levels in the CKGox-15 line, the
ckg mutant, and CK-related transgenic lines with or without
CK treatment. WEET expression was induced by CK treat-
ment in the wild-type (Figure 3G) and was further enhanced
in the CKGox-15 line but disrupted in the ckg mutant.

that CKG is a direct transcriptional regulator of WEET during
CK signaling.

CKG regulates cell growth and CK-mediated cell
cycle transition independently of ploidy

To further unravel the function of CKG and WEE1 during
cell growth, we measured the sizes of palisade cells in 7-d-
old cotyledons and 8- to 10-d-old true leaves of the ckg
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Figure 4 CKG functions as a growth regulator of cotyledons and leaves. A, (Left) Representative palisade cells of 7-d-old cotyledons of Col-0, ckg,
CKGox, and weel lines. Scale bar, 50 pm. (Right) Relative cell size of cotyledons and leaves of Col-0, ckg, CKGox, and wee1 lines. The ckg and weel
mutations resulted in smaller cotyledon and leaf cells compared to Col-0, while CKGox lines exhibited larger cells. Error bars, so (n > 100). B,
Relative cell densities of cotyledons and leaves at different growth stages. Due to the changes in cell size, cell densities of CKGox lines were low,
but those of ckg and wee1 mutants were relatively high throughout all growth stages. Error bars, so (n > 4). C, The ploidy of Col-0, CKGox-15,
and ckg plants was similar. Flow cytometric analysis was performed with 7-d-old cotyledons. D, S phase entries of mitotic cells in Col-0, ckg, and
CKGox-15 lines. S phase entries were visualized by EdU-staining of 6-d-old root tips. The seedlings were grown in the presence or absence of 100-
nM t-zeatin, and then treated with EdU for 2 h. Scale bar, 50 um. Error bars, so (n  >8). Different letters indicate significant differences at P < 0.05
based on Tukey’s honestly significant difference (HSD) test. Asterisks indicate significant differences based on the P-value of two-tailed Student’s t

test (*P< 0.05; **P < 0.01; ***P < 0.001)

mutant, the CKGox lines and the weel mutant. The CKGox
lines displayed larger cells, whereas the ckg mutant exhibited
smaller cells relative to Col-0 (Figure 4A). The sizes of pali-
sade cells in the weel mutant were smaller than those of
both Col-0 and the ckg mutant. These results suggest that
CKG and WEE1 affect cell expansion in a similar fashion.
While CKG had a profound effect on leaf growth at early

growth stages, mature leaves from the CKGox lines and the
ckg mutant were much closer in size and shape to those of
Col-0 (Supplemental Figure S9). In addition, the CKGox-15
line had an early flowering phenotype, which may be due to
a shortened vegetative phase by a developmental and
growth  promotion  during early growth  stages
(Supplemental Figure S10). In agreement with cell size, the
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cotyledons and leaves of the CKGox lines, especially CKGox-
15, had a lower cell density compared to Col-0, while the
ckg and weel mutants exhibited higher cell densities
(CKGox-15: 39% decrease over Col-0; ckg: 9% increase over
Col-0; weel: 57% increase over Col-0; Figure 4B 7-d-old
cotyledon).

Since cell size is largely related to ploidy levels, we mea-
sured DNA content contained in the nuclei of 7-d-old coty-
ledons for all genotypes. However, we failed to observe
notable changes in ploidy for the CKGox-15 line or the ckg
mutant when compared to Col-0 (Figure 4C). Similarly, the
weel mutation did not affect ploidy levels, as expected (De
Schutter et al, 2007). Therefore, CKG and WEE1 regulate
cell expansion in a ploidy-independent manner. Finally, we
tested whether CKG was involved in cell cycle transitions
under the control of CKs by monitoring 5-ethynyl-2'-deoxy-
uridine (EdU) incorporation into the nuclei of 6-d-old seed-
lings that are undergoing DNA replication and thus have
entered the S phase (Kotogany et al, 2010). The number of
EdU-positive cells was significantly lower in the ckg mutant
relative to Col-0, but remained unchanged in the CKGox-15
line (Figure 4D). The number of EdU-positive cells rose in re-
sponse to CK treatment in Col-0, but not in the ckg mutant
(Figure 4D). Our data therefore support the hypothesis that
CKG mediates the G1/S transition during cell cycle progres-
sion as well as cell cycle speed during root growth in re-
sponse to CKs.

Discussion

Identification of a novel transcription factor
involved in CK-mediated regulation of cell size and
cell cycle progression

We exploited a microarray data set cataloging plant
responses to various phytohormones to identify transcrip-
tional regulators specific for CKs. Our analysis revealed mul-
tiple candidate genes, several of which had been previously
described as being involved in CK signaling, thus validating
our approach. We named another CK-specific gene CKG (for
CYTOKININ-RESPONSIVE GROWTH REGULATOR) and fo-
cused on its characterization. CKG transcript levels were in-
duced by CK treatment, and CKG overexpression led to the
activation of transcription from the pARR6:LUC reporter, po-
sitioning CKG downstream of CK perception and identifying
it as a positive factor along the CK signaling cascade. A phe-
notypic analysis of CKG-overexpressing lines alongside a loss-
of-function mutant demonstrated that CKG increases cell
size, plant growth rates and entry into the S phase of the
cell cycle. In sum, CKG is a key regulator participating in cell
growth and cell cycle regulation in response to CK.

CK responses in cell growth regulation are complicated
because of their opposite actions in the SAM and the RAM.
To explain these diametrically opposed features of CK signal-
ing, many reports have proposed the presence of cell- and
tissue-specific regulators of CK signaling (reviewed in
Takahashi et al, 2013; Zhang et al, 2013; Schaller et al,
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2014). Moreover, CKs are connected to auxin signaling, as
ARR1 and ARR12 upregulate SHORT HYPOCOTYL2 (SHY2)
expression, which itself minimizes auxin transport by repres-
sing the expression of the auxin transporters PIN-FORMED
(PIN) and related genes. This modulation of auxin transport
controls root meristem size by affecting the balance be-
tween the rates of cell proliferation and differentiation (loio
et al, 2008, Moubayidin et al, 2010). Moreover, CK and
auxin interact for the regulation of SAM activity via
MONOPTEROS (MP, also known as AUXIN RESPONSE
FACTORS or ARF5), which represses ARR7 and ARR15 ex-
pression in the central zone (Zhao et al, 2010). However,
the roles of CKs in root cell proliferation cannot be easily
summarized by a linear signaling pathway, as CKs affect
each growth stage and tissue differently. Other phytohor-
mones such as jasmonic acid, abscisic acid, strigolactones,
gibberellins, ethylene, and brassinosteroids are also involved
in the regulation of the cell cycle, but their signal integration
is largely unknown (Del Pozo et al, 2005; reviewed in
Vanstraelen and Benkova, 2012; Takatsuka and Umeda,
2014). In addition, CK levels can affect the size of the root
meristem. The transcription factor PHABULOSA (PHB) indu-
ces CK biosynthesis in the distal parts of the root meristem,
which results in the activation of ARR1 in the elongation/
differentiation zone, where ARR1 then represses both PHB
and the microRNA MIR165A, a negative regulator of PHB,
thereby forming an incoherent regulatory loop that controls
meristem size (Dello loio et al, 2012). Another level of regu-
lation comes from the oscillation of endogenous CK con-
tents as a function of the cell cycle, during which CKs
mainly accumulate during the S and M stages (Redig et al,
1996). Hartig and Beck (2005) also presented evidence for
the accumulation of CKs at stage transitions such as the
G1/S and the M/G1 transitions. Hartig and Beck proposed
that the transient peak in CK levels and low CK content at
the end of each phase were equally important for cell cycle
stage transitions. Overall, the regulation of the cell cycle by
CKs should be considered holistically by integrating CK-re-
sponsive factors with the target tissue or cell type, cell cycle
stage and signaling from other phytohormones.

Menges et al. (2005) profiled the transcriptome of a syn-
chronized MM2d Arabidopsis cell line over the course of
the cell cycle. They reported that CKG expression was con-
stant over all cell cycle stages, although CKG target genes
(WEE1, CDT1a, and DEL1) were induced at specific stages,
which suggests that the regulation of CKG expression and its
targets is distinct and reflects the stage of the cell cycle. In
addition, several bHLH proteins form homo- or hetero-
dimers in mammals, in the fruit fly (Drosophila mela-
nogaster; Evan and Littlewood, 1998), and in plants (Halliday
et al, 1999; Lingam et al, 2017; Liu et al, 2013). The poten-
tial for combinatorial dimerization may result in the ob-
served distinct transcriptional profiles (Heim et al, 2003).
Likewise, CKG may interact with other factors that are
themselves cell cycle stage-specific, a notion that is sup-
ported by the fact that CKG protein has a short half-life
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(Supplemental Figure S4). Therefore, CKG may coordinate
cell cycle-related genes together with other transcription
regulators that respond to various signals, including CKs, to
promote entry into the S phase of the cell cycle.

CKG regulates cell size

CKs induce CKG expression, which in turn regulates the ex-
pression of cell cycle genes and various macromolecular syn-
thesis genes. CKG physically binds to promoters of cell
cycle-promoting factors such as WEE1, CDT1a, and DELT,
consistent with a role for CKG in cell cycle regulation in re-
sponse to CK signaling. Although we failed to observe any
significant differences in leaf size in cdtla or del1 mutants
relative to Col-0 (Figure 3D), we hypothesize that redun-
dancy may partially mask their contribution to cell cycle
progression and cell division. Indeed, DELT has two closely
related genes in the Arabidopsis genome, while yeast CDT1
has two Arabidopsis homologs. In contrast, the weel mutant
exhibited smaller cell size in cotyledons when compared to
the wild-type Col-0 and also showed delayed growth. The
WEET1 kinase is a cell cycle checkpoint that measures DNA
damage and cell size at the G2/M transition (O’Connell
et al, 1997; Kellogg, 2003), so we had expected to see cell di-
vision and endoreduplication phenotypes in the weel mu-
tant. Transgenic lines overexpressing WEET showed no
significant differences in cell size, although limited overex-
pression of WEET using a heat shock-inducible system
resulted in cell enlargement (De Schutter et al., 2007), which
resolved the function of WEET in the promotion of cell ex-
pansion. However, ploidy levels remained normal in various
tissues from weel plants (De Schutter et al, 2007), which
fits well with the absence of ploidy changes in CKG gain-
and loss-of-function lines and indicates that CKG and WEE1
may not affect endoreduplication or DNA volume and thus
increase cell size independently of ploidy levels. WEET ex-
pression is also induced by DNA damage by the two up-
stream  kinases ATAXIA-TELANGIECTASIA  MUTATED
(ATM) and ATM AND RAD3-RELATED (ATR). There is little
evidence to suggest that WEE1 may participate in cell size
increase. Therefore, even though we can firmly link CKG
and WEET in the control of cell size, we cannot exclude the
existence of an additional player that regulates cell size and
that would act downstream of CKG but upstream of WEET.
We do note that the ploidy-independent cell size increase
observed here may be partially explained by enhanced mac-
romolecule synthesis, as pointed out by our transcriptome
analysis.

Although ploidy level is a major factor controlling cell size,
other ploidy-independent factors control cell size as well, for
instance, the level of cellular vacuolization or the induction
of genes involved in macromolecule biosynthesis (reviewed
in Sugimoto-Shirasu and Roberts, 2003). It is worth noting
that the expression of genes related to macromolecule bio-
synthesis is reduced in the ckg mutant, which suggests that
changes in cell size reflect macromolecule biosynthesis po-
tential. Like other cellular events, cell growth needs to be ac-
companied by the production of macromolecules such as
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nucleic acids, proteins, carbohydrates, and lipids to sustain
growth. In particular, macromolecules such as cellulose and
phospholipids are essential structural components for cell
wall expansion and the addition of new membrane at the
plasma membrane, endomembrane systems, and organelles.

The effect of ploidy on cell size can be easily explained by
the resulting increase in gene dosage, but cannot explain
how CKG affects cellular growth. Instead, CKG may specifi-
cally induce the expression of genes related to cell growth,
resulting in larger cells without resorting to ploidy changes.
The finding that overexpression of CKG later during plant
development is not accompanied by changes in overall plant
size also suggests that CKG-mediated effects on cell growth
are somewhat restricted and do not go over a pre-deter-
mined growth promotion threshold.

In this work, we propose that CKG is a key transcription
factor controlling cell cycle regulators to increase organ size
and growth rates in a ploidy-independent manner. CKG is a
mediator of a canonical CK signaling cascade, mainly down-
stream of a type-B ARR2, connecting to WEE1 in the control
of cell size and cycle (Supplemental Figure S11). It is of note
that CK, however, still induces CKG expression in the arr2
mutant (Figure S2B), suggesting that other type-B ARRs may
play a role in CK-mediated CKG expression. However, the
exact nature of the regulatory mechanisms behind CKG-me-
diated cell and organ growth remain to be fully investigated.
For example, how does CKG regulate the progression
through cell cycle stages and what are its co-regulators?
What other factors does CKG interact with to modulate
gene expression? It will be informative to study how CKG is
connected to other known cell growth regulators that are
under the control of CKs. In addition, CKG affects cell size
regulation at an early growth and development stage, which
might constitute a useful trait that can be harnessed to pro-
mote growth, early flowering, and higher productivity of leaf
vegetables.

Methods

Plant materials and growth conditions

Arabidopsis thaliana accession Col-0 was used as the wild-
type control and as the genetic background of the trans-
genic lines. The plants were grown in a controlled growth
chamber (23°C, 16-h light/8-h dark). T-DNA insertion lines
of ckg (SALK_141414C), weel (SALK_039890C), cdtla
(GABI_025G08),  del1 (SALK_105648), and arr2
(SALK_016143) were provided by the Arabidopsis Biological
Resource Center. The ARR2 and CKX2 overexpression lines
were previously described (Choi et al,, 2010). Plants for pro-
toplast isolation were grown in short-day conditions (23°C,
10-h light/14-h dark). To generate transgenic plants overex-
pressing CKG-HA, the CKG coding sequence was cloned into
the pCB302ES vector containing the CaMV 35S promoter
and a HA epitope tag. The expression level of CKG was veri-
fied by reverse transcription quantitative polymerase chain
reaction (RT-qPCR) using a CKG-specific primer set and also
by western blot with a horseradish peroxidase-conjugated
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high-affinity anti-HA antibody (1:2,000, Anti-HA-Peroxidase,
High Affinity, Roche, catalogue no. 12013819001). To gener-
ate pCKG:GUS transgenic plants, a 2-kb sequence of the
CKG promoter was cloned into pCAMBIA1303. The primers
used for cloning are listed in Supplemental Table S2.

RT-qPCR analysis

Total RNA was isolated using TRIzol reagent (Invitrogen)
according to the manufacturer’s manual. One microgram of
total RNA was used to synthesize cDNA using oligo(-dT)
primers and ImProm-Il reverse transcriptase (Promega).
RT-qPCR was performed with gene-specific primers
(CKG, WEET) with the Light Cycler 2.0 (Roche) and the
SYBR Premix Ex Taq system (Takara). EUKARYOTIC
TRANSLATION INITIATION FACTOR 4A1 (EIF4AT) was used
as an internal control. The primers used for RT-qPCR are
listed in Supplemental Table S2.

Plasmid constructs and protoplast transient
expression assay

The full-length ¢cDNA of CKG was cloned into plant expres-
sion vectors containing the CaMV 35S promoter and an HA
epitope tag. For the reporter assay, 2 X 10* protoplasts were
transfected with 20 pug of total plasmid DNA composed of
different combinations of the reporters (pARRG:LUC
pWEET:LUC), effector (355:CKG-HA), and an internal control
(mER7-GFP). For the pARRG:LUC reporter assay, transfected
protoplasts were incubated for 3 h and then treated with
100-nM t-zeatin for 3h at room temperature. To confirm
the subcellular localization of CKG, a CKG—GFP fusion con-
struct was co-transfected with the mRFP-ARR2 construct in
protoplasts and observed with a confocal microscope
(LSM800, Carl Zeiss). pARRG:LUC, mRFP-ARR2, and mER7-
GFP constructs were previously described (Hwang and
Sheen, 2001; Ryu et al., 2007; Choi et al, 2010). The primers
used for cloning are listed in Supplemental Table S2.

CKG deletion by CRISPR-Cas9

Protospacer oligos targeting CKG were designed from http://
crispr.hzau.edu.cn/CRISPR2/ (Liu et al, 2017) and cloned as
described by (Schiml et al, 2016). Briefly, two protospacer
oligos targeting CKG were inserted into each Bbsl-digested
pEn_C1.1. The sgRNA 1 containing first protospacer oligos
from pEn_C1.1 was inserted into pDe-CAS9 by Bsu36l and
Mlul digestion and ligation. The sgRNA 2 containing second
protospacer oligos from pEn_C1.1 was inserted into pDe-
CAS9 containing sgRNA 1 by Gateway Cloning LR reaction,
generating pDe-CAS containing both sgRNA 1 and 2. This
construct was transformed in Col-0. The region surrounding
the protospacer oligo target site was amplified from geno-
mic DNA and inserted into pGEM-T Easy Vector. Targeted
gene deletions were detected by sequencing of the pGEM-T
Easy Vector containing amplified PCR products. The primers
used for protospacer oligos and confirmation of CKG dele-
tion are listed in Supplemental Table S2.
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GUS staining

For determination of CKG expression, Arabidopsis samples
were stained with GUS-staining buffer (100-mM Tris—HCI
(pH 7.0), 2-mM ferricyanide, and 1 mM X-Gluc (5-bromo-4-
chloro-3-indolyl-B-p-glucuronidase)) for 3 h. For the CKG in-
duction experiment by CK treatment, the seedlings were
transferred to 1/2 B5 medium with or without 300-nM t-ze-
atin and incubated for 3 h, and then observed with a stereo-
microscope and a microscope (Axioplan2, Carl Zeiss).

Phenotypic analysis

For analysis of cotyledons and rosette leaves, seedlings were
grown on 1/2 B5 medium (Duchefa) containing 1% sucrose
(w/v; Duchefa) and 0.8% type-M agar (w/v; Sigma) at 23°C
with a 16-h light/8-h dark photoperiod. As previously de-
scribed with minor modifications (Jun et al, 2013), cotyle-
dons and leaves were fixed with fixation solution (2.5%
acetic acid (v/v), 2.5% formaldehyde (v/v), and 45% ethanol
(v/v) in water) under a vacuum, and the size of palisade
cells in the region between the mid-vein and leaf margin in
the center of the leaf were measured using a microscope
(Axioplan2, Carl Zeiss) and Image) software (NIH Image).
Pistil lengths were measured at 2 d after pollination using a
microscope (Axioplan2, Carl Zeiss). For analysis of embryos,
developing seeds at 4 d after pollination were dissected un-
der a stereomicroscope, and embryo sizes were measured
using a microscope (Axioskop2, Carl Zeiss). To analyze root
meristem size, sample preparations were performed as previ-
ously described (Malamy and Benfey, 1997), and measured
using a confocal microscope (LSM800, Carl Zeiss).

Microarray

For microarray gene expression analysis, two independent bi-
ological replicates for Col-0 and three independent biological
replicates for ckg cotyledons were analyzed with the
Arabidopsis V4 Oligo Microarray (Agilent) according to the
standard Agilent protocols. The total RNA integrity was
measured by using the Bioanalyzer 2100 (Agilent).
Fluorescent signals (probe intensities) were scanned using
the Agilent microarray scanner. Log,-intensities of whole
samples were normalized using quantile normalization
(Bolstad et al,, 2003). To identify DEGs between two condi-
tions, P-values were computed as previously described (Chae
et al, 2013): (1) we computed t-statistics from the two-
tailed t test for individual genes with assumption of unequal
variance. Log,(median differences) were computed for indi-
vidual genes; (2) empirical null distribution of the t-statistics
and log,(median difference) was derived from random per-
mutations of whole samples; (3) P-values of t test and log,(-
median difference) were computed based on corresponding
empirical null distribution ; and (4) two P-values were inte-
grated by Liptak-Stouffer's Z method (Hwang et al, 2005).
DEGs were selected if they showed an over 1.5-fold change
and P < 0.05. Microarray data were deposited in NCBI Gene
Expression Omnibus (accession ID: GSE131029).
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Functional enrichment analysis

BINGO was used to identify GO biological processes signifi-
cantly represented in DEGs (Maere et al, 2005). We used
Benjamini and Hochberg false discovery rate corrected P-
value provided from BINGO to compute the enrichment P-
value.

Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) assays were per-
formed as previously described with minor modifications
(Lee et al, 2007; Cho et al, 2014). Protoplasts were trans-
fected with 20 ng of 355:CKG-HA constructs. After 6 h, pro-
toplasts were crosslinked with 1% formaldehyde (v/v) for
10 min and quenched with 125-mM glycine. Harvested pro-
toplasts were ground and resuspended with nuclei isolation
buffer (0.25-M sucrose, 15-mM 1,4-piperazinediethanesul-
fonic acid (PIPES) (pH 6.8), 5-mM MgCl,, 60-mM KCI, 15-
mM NaCl, 1-mM CaCl,, 1% Triton X-100 (v/v), and 1-mM
phenylmethylsulphonyl fluoride). The nuclear pellets were
resuspended in nuclei lysis buffer (50-mM 2-[4-(2-hydroxye-
thyl)piperazin-1-yllethanesulfonic acid (HEPES) (pH 7.0),
150-mM  NaCl, 1-mM ethylenediaminetetraacetic acid
(EDTA), 1% sodium dodecyl sulfate (SDS) (w/v), 1% Triton
X-100 (v/v), 1-mM phenylmethylsulphonyl fluoride, and 1X
Protease inhibitor cocktail for plant cell and tissue extracts
(Sigma)). The chromatins were isolated and sheared by soni-
cation to produce 0.5-1-kb DNA fragments. Chromatin frac-
tions were diluted tenfold with nuclei lysis buffer and pre-
cleared with protein G agarose/salmon sperm DNA
(Millipore) for 2h at 4°C. The protein-DNA complexes
were immunoprecipitated with anti-HA antibody (1:1,000,
anti-HA tag antibody — ChIP Grade, Abcam, catalogue no.
ab9110) and anti-myc antibody (1:1,000, Myc-Tag (9B11)
Mouse mADb, Cell Signaling Technology, catalogue no. 2276)
for 9 h at 4°C and further incubated with protein G aga-
rose/salmon sperm DNA for 2 h at 4°C. After washing with
low salt buffer (150-mM NaCl, 20-mM Tris—HCl (pH 8.0),
0.2% SDS (w/v), 0.5% Triton X-100 (v/v), and 2-mM EDTA)
for 5min at 4°C and high-salt buffer (500-mM NadCl, 20-mM
Tris—HCl (pH 8.0), 0.2% SDS (w/v), 0.5% Triton X-100 (v/v),
and 2-mM EDTA) for 5min at 4°C, the immunocomplexes
were eluted twice by elution buffer (0.5% SDS (w/v) and 0.1-
M NaHCO;) and then reverse crosslinked with 200-mM
NaCl for 6 h at 65°C. After removing proteins with protein-
ase K, DNAs were purified by phenol-chloroform extraction
and recovered by ethanol precipitation. Precipitated DNAs
were resuspended with TE buffer (10-mM Tris—HCI (pH 8.0)
and 1-mM EDTA) and used as qPCR templates with ChIP
primer sets (Supplemental Table S2).

Ploidy analysis

Ploidy levels were measured using the ploidy analyzer PA-I
(Partec) as described previously (Sugimoto-Shirasu et al,
2002). At least 7,000 nuclei isolated from cotyledons of 7-d-
old seedlings were used for each ploidy measurement.
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EdU staining

Six-day-old seedlings were treated with 1-uM EdU
(Invitrogen Click-iT EAU Imaging Kit) for 2 h, transferred to
fixative (4% formaldehyde (v/v)), permeabilized with 0.1%
Triton X-100 (v/v) for 30 min and washed with 3% bovine
serum albumin (BSA) (w/v) in phosphate-buffered saline
(PBS). The seedlings were incubated in Click-iT reaction
cocktail for 30 min in the dark, then washed with 3% BSA
(w/v) in PBS three times before observation by confocal mi-
croscope (LSM510, Carl Zeiss).

Statistical analysis

Quantitative data were subjected to two-tailed Student’s t
tests or analysis of variance (ANOVA) test. For Student’s t
tests, asterisks indicate the P-values (*< 0.05; **< 0.01; **<
0.001). For ANOVA test, different letters indicate significant
differences at P < 0.05 based on Tukey’s honestly significant
difference test.

Accession numbers

The sequence data from this article can be found in The
Arabidopsis Information Resource (https://www.arabidopsis.
org/) under the following accession numbers: ARR2
(AT4G16110), ARR6 (AT5G62920), CDT1a (AT2G31270),
CKG (AT5G50915), CKX2 (AT2G19500), DEL1 (AT3G48160),
EF1  (AT5G60390), EIF4A1 (AT3G13920), and WEE1
(AT1G02970).

Supplemental data

The following materials are available in the online version of
this article.

Supplemental Figure S1. Expression patterns of represen-
tative genes in C1 and C2 cluster (related to Figure 1C).

Supplemental Figure S2. CK-dependent expression of
CKG and its expression pattern in tissues.

Supplemental Figure S3. T-DNA insertion site and
CRISPR-Cas9-meditated deletion site in CKG, and CKG ex-
pression levels in ckg and CKGox transgenic lines.

Supplemental Figure S4. Abnormal embryo growth in
CKGox-15 and ckg plants.

Supplemental Figure S5. The CKG-CAS9 deletion line
shows similar phenotypes to the ckg mutant.

Supplemental Figure S6. PCA plot of Col-0 and ckg mi-
croarray samples.

Supplemental Figure S7. Promoter regions amplified for
the ChIP assay in Figure 3C.

Supplemental Figure S8. CK does not affect the stability
of CKG proteins.

Supplemental Figure S9. The growth phenotypes of
weeT, ckg, and CKGox lines.

Supplemental Figure S10. The early bolting phenotypes
of CKGox-15 plants.

Supplemental Figure S11. Model of CK-mediated CKG
action for the cell cycle.

Supplemental Data Set S1. List of DEGs related to
Figure 3A.
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Supplemental Data Set S2. Gene ontology of up- and
downregulated genes in the ckg mutant.

Supplemental Table S1. CKG target gene candidates.

Supplemental Table S2. Primer list.
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