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Abstract  

 

Core cell cycle genes regulate the dividing cell to progress through the different phases of the cell cycle in response to environmental 

cues. The identification of cis-regulatory elements involved in complicated gene networks of core cell cycle genes can help to clear 

gene expression variation during Arabidopsis cell division cycle. We have found cis-acting upstream regulatory elements of core cell 

cycle-encoding genes with using PLACE and plantCARE databases. These databases analyzed the promoter regions of seventy five 

of the core genes and determined ci-regulatory elements. The upstream sequences of core cell cycle genes contain different 

regulatory groups such as light responsive element (LRE or L), stress responsive element (SRE or S), hormone-responsive element 

(HRE or H), elicitor specific responsive element (ESRE or E), expression regulation responsive element (ERRE or R), binding site 

specific responsive element (BSSRE or B), and plant tissue responsive element (PTRE or TS) which help in induction of gene 

expression during cell division and expansion. On the basis of analysis in the regulatory elements and experimental data, we confirm 

the functional responses of core cell cycle genes in plant Arabidopsis thaliana. We have also identified the presence of the most 

important elements under repetition frequency of them and genes number including cis-regulatory elements. The results indicated 

that correlation coefficient was the high (96%) in between these two parameters. The maximum upstream elements of core cell cycle 

genes are categorized in functional groups including light responsiveness (35.71%), abiotic stress (28.6), hormone (14.3%), and less 

than 0.01%of other groups. We concluded that the functional groups of cis-acting elements may collaborate with together and 

respond to environmental cues. The preparation of synthetic promoters using different motifs can develop manipulation of cell cycle 

with regulation of core genes expression through environmental signals. 
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Abbreviations: ABA- abscisic acid; APC- anaphase promoting complex; CDC- cell division cycle; CDK- cyclin-dependent kinase; 

CKS- cyclin kinase subunits; CYC- cyclin; DEL- DP-E2F-like; DP-dimerization partner; E2F- adenovirus E2 promoter-binding 

protein; G2/M- gap2/mitosis; G1/S-gap1/synthesis; JA-Jasmonic acid; KRP- kip-related proteins; MCM-minichromosome 

maintenance; MJ- methyl jasmonate; MSA- M-specific activators; ORC-origin recognition complex; ORF-open reading frame; Ub- 

ubiquitin. 

 

Introduction 

 

In spite of the importance of the migration and programmed 

cell death, cell division and expansion are fundamental 

biological processes which determine plant architecture and 

modulate growth rate in response to the environmental cues 

(Dupuy et al., 2010). On the other hand, developmental 

feature of plants is mainly established on the post-embryonic 

cell division (Combettes et al., 1999). Regulation of the 

Arabidopsis cell cycle critically intersects with the regulation 

of developmental programs (Wellmer and Riechmann, 2005) 

that necessarily manages the essential regulations through a 

complex gene network. The experimental results revealed 

that up to 1000 genes display cell cycle-regulated or –

associated expression (Menges et al., 2002, 2003) and a wide 

range of cellular processes including hormone response, 

signal transduction, transcription control, and metabolic 

regulation have been marked to be cell cycle regulated 

processes in plants (White et al., 1999; Chen et al., 2002). Of 

the complex gene network,61 ones appear to formed the core 

cell-cycle genes where 23 genes were generally expressed in 

diving and young differentiating tissues, 34 genes mostly in 

both dividing and differentiated tissues, and 4 gene 

transcripts were primarily in differentiated tissues (Engler et 

al., 2009). In total, the core genes were classified in seven 

selected families of cell cycle regulators including cyclin-

dependent kinases (CDKs), cyclins (CYC), CDK/cyclin 

interactors,  dimerization partner (DP), adenovirus E2 

promoter-binding protein (E2F), DP-E2F-like (DEL), and 

regulatory proteins (Vandepoele et al., 2002). In other 

classification, they were clustered at the seven family classes 

during cell cycle progression including CDKs, CYC, kip-

related proteins (KRP), DNA synthesis, cell cycle regulators, 

cyclin kinase subunits (CKS) and proteasome (Engler et al., 

2009). Cell cycle-regulated gene expression conducts key 

step in cell cycle control and consequently cell progression. 

Despite undeniable importance of post-transcriptional and 

post-translational regulation, the transcriptional regulation 

makes considerable controls on core cell cycle regulators 

(Menges et al., 2005). Cyclin-dependent kinases (CDKs) 

which govern the plant cell cycle show little dependence on 

transcriptional regulation (Inze´ and De Veylder, 2006), with 

the exception of the B-type CDK genes with an expression 

peak during G2 and M phases (Andersen et al., 2008), while 
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most cyclins exhibit striking oscillatory expression at the 

transcriptional level. The CYCA3 class is specifically 

expressed in the S phase, and other A-type and B-type 

cyclins largely showed common modulation in G2/M 

(Menges et al., 2005). Ito et al., (1998) and Tr´ehin et al., 

(1999) reported that the modulation of several M-phase-

regulated genes was dependent on a conserved cis-acting 

element (MSA; M-specific activators) containing a central 

core pentamer with homology to Myb-binding sites that is 

responsible for the M-phase-specific regulation. In 

Arabidopsis, expression of S-phase-specific genes such as 

DNA polymerase α, origin recognition complex (ORC), 

minichromosome maintenance (MCM), and cell division 

cycle 6 (CDC6) was stimulated using combined 

overexpression of E2Fa/DPa transcription factors (De veylder 

et al., 2002). In contrast, a monomeric form of DEL proteins 

can repress the transcription of genes under E2F promoter 

control (Kosugi and Ohashi, 2002). The results suggest that 

there is the potential for transcriptional regulation of cell 

cycle related genes and with the basis, establishment of 

signaling networks responsible for molecular translation of 

environmental cues into the language of the genes makes a 

critical point in the cycle regulation. Reports demonstrated 

that intrinsic and extrinsic signals such as cytokinines (Zhang 

et al., 2005; Beeckman et al., 2001),  auxin (John et al., 1993; 

Gray et al., 2001), gibberlines (Sauter et al.,1995), 

brassinostroids (Hu et al., 2000), abscisic acid (Wang et al., 

1998), jasmonic acid (Swiatek et al., 2002; Oakenfull et al., 

2002), sucrose (Van’t Hof, 1966; Riou-Khamlichi et al., 

2000; Oakenfullet al., 2002), light (del Pozo et al., 2002; 

Inze´, 2005), reactive oxygen species and redox (Reichheld et 

al., 1999)control cell cycle progression in the variety of 

situations. Here, we report our efforts to find candidate cis-

regulatory elements present up to 1000bp upstream of 75 

core cell cycle genes of Arabidopsis thaliana to further 

understand the regulation of core genes in plants in response 

to external and internal cues. 

 

Result 

 

Functional groups of cis-regulatory elements in core cell 

cycle genes 

 

Our data has suggested a model of cis-regulatory elements 

frequency and their function in core cell cycle genes. We 

divided the total cis-acting elements of core cell cycle genes 

into two major groups including; cis elements responsible for 

internal and external cues (Supplementary Table 1). The cis-

regulatory elements of each group are categorized to several 

sections according to their function. The cis elements 

responsible for internal cues are categorized into elements of 

hormonal responsiveness (HRE or H), expression regulation 

responsive element (ERRE or R), binding site specific 

responsive element (BSSRE or B) and plant tissue responsive 

element (PTRE or T), while the cis-regulatory elements 

involved in response to external conditions are embraced to 

elements of light responsive element (LRE or L), stress 

responsive element (SRE or S) and elicitor specific 

responsive element(ESRE or E) and circadian regulation. 

Light responsive elements were found at high frequency 

(62%) than other cis elements responsible for external cues. 

In addition, stress, elicitor, and circadian responsive elements 

presented at a frequency up to 30, 6, and 2 percent in 

promoter region of core cell cycle genes, respectively. While 

functional groups of responsive elements related to internal 

cues included HRE (37%), PTRE (31%), BSSRE (20%), and 

ERRE with frequency of 12 percent. This indicates that 

hormonal stimulators can be most important internal factors 

involved in regulation of core genes through regulatory 

region. 

 

Occurrence rate of cis elements in promoter regions of core 

genes 

 

We also selected fourteen elements as more abundant cis-

regulatory elements in promoter regions of core cell cycle 

genes without mention of common cis-acting elements such 

as CAAT-box and TATA-box. The both of them have 

fundamental role in initiation of transcription process and are 

found in all the promoter regions of genes. The most 

important indexes for introduction of these elements were (1) 

the sum of each cis-regulatory element in promoter regions of 

75 core cell cycle genes and (2) the number of genes 

including each element, that correlation coefficient was the 

high (96%) in between these two parameters. The occurrence 

of cis elements in all the seventy five core cell cycle genes is 

shown in Fig 1. The highest frequency of cis elements is 

related to ARE cis motifs (110 times) which were discovered 

in most of core genes involved in cell cycle regulation. After 

that 5UTR Py-rich stretch cis elements (99), G-Box(89), 

GT1-motif (87), Skn-1_motif (73), HSE (70), Box 4 (69), 

TCA-element (66) GARE-motif and Box I (59), Circadian 

(58), TC-rich repeats and MBS (56), GAG-motif cis elements 

(55)with high frequency and other cis elements were found 

less than 45 times in 75 gene promoter regions. The 

maximum upstream elements of core cell cycle genes are 

classified almost in all groups of our classification including 

light responsive element, circadian, stress, hormone, specific 

process and expression regulation. Among cis acting 

elements of different groups, GAG-motif, GT1-motif, G-

Box, Box I and Box 4 involved in different wavelengths of 

light responsiveness. The circadian element (CIRC) and Skn-

1_motif which are essential for the control circadian rhythm 

and endosperm expression, respectively, were seen in the 

most of core cell cycle genes. The upstream sequences of 

these genes also have cis-regulatory elements that they 

respond to abiotic stress such as drought inducibility (MBS), 

defence and stress responsiveness (TC-rich- repeats), heat 

stress responsive element (HSE) and anaerobic induction 

(ARE). Data obtained from promoter regions for all core 

genes of cell cycle introduced two hormones responsive 

elements as the maximum elements in between hormones 

responsive elements including, TCA-element involved in 

salicylic acid responsiveness and GARE involved in 

gibberellin-responsiveness. The 5-UTR Py-rich stretch- 

element was shown as special cis element which has 

fundamental role in high transcription levels of cell cycle 

genes. This data indicated that gene expression control in 

different checkpoints of cell cycle may be dependent to both  
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Table 1. Clustering result using k-means. We mentioned each cis-regulatory element based on its functional inside each group 

(mentioned in Supplementary Table 1). For example, L_1 is as a light responsive element that we used L as an abbreviation of light 

and numbered all cis-regulatory elements with same function.  

  

 

 

 

 

 

 

 

 

 

 

 

 
Fig 1. Frequency of cis-regulatory elements occurrence in seventy five core cell cycle genes upstream sequences of Arabidopsis 

thaliana. The horizontal axis indicates the number of cis-identifier related each cis-regulatory element (mentioned in Supplementary 

Table 1) and vertical axis shows frequency of each cis-regulatory element in promoter regions of core cell cycle genes in Arabidopsis 

thaliana. 

 

the frequency of enhancers and stress responsive cis-

regulatory elements under abnormal conditions. 

 

Cluster analysis of cis-regulatory elements 

 

The main objective in cluster analysis is the classification of 

objects according to similarity. Similar objects are in one 

cluster and dissimilar objects separate by assigning them to 

different clusters. One of the most popular clustering 

methods is K-Means clustering algorithm that we run the 

algorithm repeatedly with different values of k and compare 

the clustering results. In the end, we chose four clusters (k=4) 

in our dataset as the optimal number of clusters (Fig 2). 

Results from Table 1 demonstrate that cluster 1 has the 

highest number of cis-regulatory elements. It almost includes 

all functional groups of cis-regulatory elements. In addition, 

other clusters have different cis elements that they also 

response to external and internal cues. 

 

What makes one cis-regulatory element dominant? The 

number or variety 

 

Principal component analysis (PCA) has proposed to analyze 

data set of cis-regulatory elements involved in core cell cycle 

genes. PCA (Jolliffe, 1986) is a classical technique to find a 

small number of new variables by reducing the 

dimensionality of the data set that PCA will do it by 

summarizing the features of the data. The variety and 

distributions of cis-regulatory elements of core cell cycle 

genes in response to internal and external cues are shown in 

Fig 3. As a result, the cis-regulatory element variety and 

frequency can be critically important in attraction of 

transcription factors and they will cause the more transcripts 

of core genes in response to internal and external cues. This 

data set showed the relative extents of distribution of 77 cis-

regulatory elements in promoter regions of 75 core genes in 

Arabidopsis cell cycle. With PCA, we could create a subset 

of the elements data (77 cis-regulatory elements) that were 

categorized into 8 temporal patterns according to their 

functional groups. Figure 4 is a visualization of this data in 

the space of the 2 Principal components (PC’s), which 

contains 97.7% of the variation in the data. Each of the eight 

patterns is shown by a different color of shape. The eight 

patterns overlap with together in Fig4. In our studies, the cis 

elements responsible for especial functions such as stress, 

hormone, and circadian have the low variety, but their 

frequency and number of repetitions are the high. Of course, 

the high number of occurrences of cis-regulatory elements 

can compensate the low rate of cis elements variety in 

promoters and be effective in gene expression. Many cis 
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elements in promoter of core cell cycle genes belonged to 

light, although the light effects are classified to three 

branches including qualification, quantification, and 

wavelength rate. In total, multiplicity and variety of this short 

sequence in promoter of core genes lead to gene response 

according to the signaling intensity. 

 

Discussion  

 

Cell division is a constitutive process in meristem points of 

plant (Engler et al., 2009) and the amount of plant cell cycle 

gene transcripts varies at different stages of cell cycle 

(Menges et al., 2005). Cell cycle genes are widely studied 

and several core genes are well documented for regulation of 

plant cell cycle (Vandepoele et al., 2002). Plant cell division 

has been shown to control cell cycle in plants through two 

major different checkpoints including Gap1/Synthesis and 

Gap2/Mitosis (De Veylder et al., 2003). Arabidopsis plant 

over expresses 75 core genes (Engler et al., 2009;Vandepoele 

et al., 2002) that they are co-expressed in response to abiotic 

and biotic stimuli during different phases of cell cycle. It 

suggests that core genes play a role in the regulation of cell 

cycle and contribute to its basal management against 

environmental cues. Expression of core genes are induced by 

transcription factors through cis-regulatory elements (Menges 

et al., 2005) that each cis-regulatory element has a functional 

response. For example, E2Fa and E2Fb function as 

transcriptional activators and positive regulators of the cell 

cycle (De Veylder et al., 2002)  and E2Fc acts as a 

transcriptional repressor and suppressor of cell division(del 

Pozo et al., 2002) that E2F target genes have an E2F cis-

acting element in their promoter (E2F box). In addition, 

MSA-like sequences in B-type cyclin promoters from 

tobacco, soybean, and Arabidopsis may be a common cis-

acting promoter element that controls M phase–specific 

expression of cell cycle–related genes in plants (Ito et al., 

1998). Kip-Related Protein 1 (Arath; KRP1) expression as 

switching the cell cycle is activated by the phytohormone 

abscisic acid (Wang et al., 1998), suggesting that this 

particular KRP possess ABRE element and it is responsible 

for the cessation of cell cycle triggered with abscisic acid 

treatment. Recently, Nejad et al., (2012) demonstrated the 

presence of TGACG-motif element involved in the MeJA-

responsiveness, located in KRPs gene promoter that might be 

responsible cessation of cell cycle in G1/S checkpoint.  Light 

is a predominant factor in the control of many important 

biological processes during plant development and 

environmental responses such as growth, development, and 

stress responses in plants (Inze´, 2005).The highest frequency 

of light responsive elements can confirm that many 

environmental signals in plants are specifically adjusted by 

light conditions. In this study we found that all the upstream 

sequences of core cell cycle genes have light responsive cis 

elements which could have some roles in gene expression 

mechanism and control over expression of core genes during 

different phases of cell cycle. Plant hormones regulate the 

transcriptional expression of several cell cycle genes in 

complex regulatory network (del Pozo et al., 2005). Auxins 

and cytokinins are those best documented to be effective 

directly on cell cycle control. Auxin signal is caused the 

specific degradation of proteins through the ubiquitin (Ub) 

pathway (Dharmasiri and Estelle, 2002), which ultimately 

results in progression through the cell cycle. Anaphase 

promoting complex (APC) in plants affect cell division as a 

complex involved in degradation of proteins (Capron et al., 

2003). The presence of auxin responsive element (TGA- 

 
 

Fig 2. K-means cluster analysis. The x-axes are variable 

indices (core cell cycle genes) and y-axes are relative 

intensities (number of cis-acting elements). The blue lines 

represent median intensities of corresponding clusters. 

 

 

element) in promoter region of APC can be a major cause in 

expression of this gene. The importance of Cytokinin as 

regulatory hormone in the promotion of cell division is not 

undeniable (Wang et al., 1981; Bayliss, 1985). In 

Arabidopsis, plant D cyclins especially CYCD3 are the key 

regulators of the G1/S transition of the cell cycle that 

exogenous cytokinins and sucrose stimulate expression of D-

type cyclins (Riou-Khamlichi et al., 1999; Soni et al., 1995). 

Gibberelic acid, in addition, seems to stimulate cell division 

(Asahina et al., 2002). The variety of cis-regulatory elements 

involved in gibberellin-responsiveness such as TATC-box, P-

box, and GARE-motif can confirm expression of core genes 

in cell cycle progression. Our finding from promoter regions 

for all core genes of cell cycle introduced GARE-motif as the 

maximum elements in between gibberellin responsive 

elements and other hormone responsive elements. On the 

other hand, Jasmonic acid (JA) and Absiscisc acid (ABA) 

have negative regulatory role in cell cycle progression on 

G1/S and G2/M transitions (Swiatek et al., 2002), but the 

molecular mechanism are not yet known. The core promoter 

regions of genes revealed the occurrence of SARE and TCA- 

involved in salicylic acid responsiveness, TGACG- & 

CGTCA involved in the MeJA-responsiveness, and ABRE 

involved in the abscisic acid responsiveness. Shinozaki et al., 

(2003) demonstrated that ABRE has important role in 

adapting vegetative tissues to abiotic stresses such as drought 

and high salinity. In addition, Ethylene as endogenous and 

stress hormone acts during adverse biotic and abiotic 

conditions (Bleecker and Kende, 2000). An 8-nucleotide 

ERE (ATTTCAAA) was seen in the promoters of various 

genes especially DEL1 and DEL3 that are ethylene-inducible 

contain EREs and inhibit plant cell cycle on G1/S transition.  
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Fig 3. Classification of cis-regulatory elements according to variety and distributions of them in promoter regions of core cell cycle 

genes of Arabidopsis thaliana. This figure was designed according to Supplementary Table 1. Each cis-regulatory element receives a 

code number and it is utilized in each circle of our classification. The size of circle indicates the frequency rate of distribution of cis-

regulatory elements in promoter regions of core genes. For example, light responsive elements (LRE or L) (large circle) present at 

high frequency than other cis elements and elicitor specific responsive elements (ESRE or E) (small circle) have low variety in the 

analyzed 75 sequences.  

 

 

 

 
 

Fig 4. Score plot showed the visualization of a subset of the cis-regulatory elements data involved in Arabidopsis core cell cycle 

genes. With PCA, functional groups of cis-regulatory elements were categorized into 8 temporal patterns that each of the eight 

patterns was shown by a different color of shape including; 1:light (red), 2: stress (green), 3:elicitor (blue), 4:circadian (light blue), 

5:tissue (purple), 6:regulation (yellow), 7:hormone (gray), 8:binding site (black). 
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The important biological processes when exposed to biotic 

stress, will activate the transduction pathway which is usually 

carried out by signaling molecules such as SA, JA, Ethylene, 

and ABA (Durrant and Dong, 2004; Lorenzo and Solano, 

2005; van Loon et al., 2006), although core cell cycle genes 

possess three elicitor-responsive elements including AT-rich 

sequence, EIRE, and ELI-box3 that they can control cell 

division in response to biotic stress. The cis elements 

presented in Supplementary Table 1 are known to perform 

different functions in plant cell division and expansion 

through regulation of gene expression in response to internal 

and external cues. However, molecular details of how these 

motifs interact to bring out combinatorial regulation are 

largely not clear. Hopefully, preparation of synthetic 

promoters using different motifs individually or in 

combinations for regulating the expression of core cell cycle 

genes can develop manipulation of cell cycle during different 

phases through outs cues. 
 

Materials and methods 
 

Selection of core cell cycle genes 
 

Studies of Engler et al., (2009) detected the core cell cycle 

genes of Arabidopsis thaliana that we used them as a set of 

genes to find the cis-regulatory elements.  

 

Promoter finding 

 

The core cell-cycle genes of Arabidopsis thaliana were 

submitted to NCBI (http://www.ncbi.nlm. nih.gov/) (Wheeler 

et al., 2005) and their mRNA sequences acquired. Translation 

start site for each open reading frame (ORF) was determined. 

Each ORF was blasted against Arabidopsis genome and 1000 

bp upstream of that, assumed as promoter region. 
 

Identification of regulatory motif 
 

We used plantCARE (http://bioinformatics.psb.ugent.be/ 

webtools/plantcare/html) (Lescot et al., 2002) and PLACE 

(http://www.dna.affrc.go.jp/PLACE) (Higo et al., 1999) to 

achieve cis-regulatory elements which occur in the promoter 

region and regulate the cell division process in different 

phases. 
 

Cluster analysis of cis-regulatory elements 
 

Classification analysis was done on cis-regulatory elements 

of Arabidopsis core cell cycle genes. K-means clustering 

were performed using Cluster software version 2.11 

(http://rana.lbl.gov/EisenSoftware.htm) (Eisen et al., 1998). 
 

Statistical analysis 
 

We created a data matrix that rows represented cis-regulatory 

elements and column represents core cell cycle genes. We 

used the Principal components analysis (PCA) for performing 

the analysis on the data set (Clark and Ma’ayan 2011). This 

analysis was done using web 

based MetaboAnalyst (http://www. metaboanalyst.ca) and 

produced a detailed analysis report. 
 

Conclusion  
 

The most important functional groups of cis-acting elements 

were introduced that they can regulate cell cycle progression 

through regulatory factors such as transcription factors. In 

addition, the low number of cis-regulatory elements with 

determined function in promoter sequences may cause the 

low affinity the assembly of transcription factors that play the 

important role in the gene expression. Instead, the increased 

frequencies of cis-regulatory elements may follow the 

sensitive behavior of promoter in response to environmental 

signals. This information helps us to manipulate the cell cycle 

through preparation of synthetic promoters using different 

motifs for regulating the expression of core cell cycle genes 

in response to environmental cues. 
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