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Proteins containing bromodomains 
are capable of binding to acetylated 

histone tails and have a role in recog-
nizing and deciphering acetylated chro-
matin. Plant BET proteins contain one 
bromodomain. Twelve BET-encoding 
genes have been identified in the 
Arabidopsis genome. Two of these genes 
have been functionally characterized, 
one shows a role in seed germination, 
the other is involved in the establish-
ment of leaf shape. Recently, we char-
acterized a third AtBET gene, named 
GTE4. We demonstrated that GTE4 is 
involved in the activation and mainte-
nance of cell division in the meristems 
and by this controls cell numbers in dif-
ferentiated organs. Moreover, the qui-
escent center (QC) identity is partially 
lost in the apex of the primary root of 
gte4 mutant, and there is a premature 
switch from mitosis to endocycling. 
Genes involved in the retinoblastoma 
(RB)-E2F pathway, which is important 
for coupling cell division and cell dif-
ferentiation in plants and animals, were 
either up or downregulated in the gte4 
mutant. In this report we also show 
that the defect in germination observed 
in gte4 mutant seeds is not rescued by 
the action of GA

3.
 Further the root pole 

of the mutant embryo shows irregular 
cytokinesis in the procambial stem cells, 
and the QC of the lateral root shows a 
partial, but not transient, loss of QC 
identity. These additional results rein-
force the importance of GTE4 in the 
control of cell proliferation.

Introduction

The acetylation of histone tails are able to 
relax the packing of the DNA, facilitat-
ing the access to DNA of many regulatory 
proteins involved in replication, transcrip-
tion, repair and recombination.1 Proteins 
containing bromodomains are capable of 
binding to acetylated histone tails and 
have therefore a role in recognizing and 
deciphering acetylated chromatin.2,3 The 
bromodomain was first discovered in the 
Drosophila Brahma protein and is present 
in a broad range of chromatin-modifying 
proteins.4,5 Some bromodomain proteins 
exhibit an extra terminal (ET) domain 
besides the N-terminal bromodomain(s), 
and are named BET proteins.6 The 
ET domain functions as an interaction 
domain to recruit other proteins to acety-
lated histones.7 BET proteins have been 
studied in a variety of organisms, where 
they are implicated in cell cycle progres-
sion and contribute to the transmission 
of the transcriptional memory from one 
generation of cells to the next.2,8,9 The 
BET proteins of plants are different from 
those of yeast and animals, since they have 
only one bromodomain instead of two.6 
Twelve BET-encoding genes have been 
identified in the Arabidopsis genome, 
however only two of them, IMBIBITION 
INDUCIBLE1(IMB1) and GENERAL 
TRANSCRIPTION FACTOR GROUP 
E6 (GTE6), were functionally character-
ized, and showed a role in seed germi-
nation and establishment of leaf shape, 
respectively.10,11 Recently, we characterized 
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Cell size in the apical region in the mutant 
was, instead, higher than in the wild type, 
resulting in a highly reduced cell num-
ber in gte4 apices. They also showed an 
anomalous organization, and QC defects, 
as demonstrated by histological and epi-
fluorescence analyses with QC marker 
lines (two QC-expressed promoter trap 
GUS lines, i.e., QC25 and QC46, and 
the AGL42:GFP line). We demonstrated 
that the loss of GTE4 function causes a 
partial loss of QC identity, since in the 
gte4 mutant containing the AGL42:GFP 
marker, no GFP signal was detected in all 
stages of root development in which the 
QC is present, whereas the QC25 and 
QC46 markers were normally expressed.12 
Furthermore, lateral root formation was 
also reduced in comparison with wild 
type, and the apex of the lateral root pri-
mordium showed an anomalous morphol-
ogy. To investigate whether the lateral 
roots exhibited the same features as the 
primary root apex, we investigated histo-
logically all the stages of lateral root devel-
opment following QC definition with the 
same QC markers. We observed that the 
QC25 and QC46 markers are expressed, 
the same as in the primary root apex, in 
both gte4 and wild type lateral root pri-
mordia (data not shown). However, in the 
gte4 mutant containing the AGL42:GFP 
marker, no GFP signal was detected in 
comparison with the wild type (Fig. 1C 
and D) independently on the primordium 
developmental stage, in accordance with 
the results obtained for the primary root 
apex.

We also analyzed the formation of the 
embryo during seed development to find 

reactivation in the quiescent center (QC) 
cells.12-14 Here we present additional data 
that further support a role of GTE4 in 
seed germination, the control of cell divi-
sion and cytokinesis in the root stem cells 
of the mature embryo, and in the defini-
tion of the size of the differentiated leaves. 
These results reinforce the importance of 
GTE4 in the control of cell proliferation.

Loss of GTE4 Function Affects 
Plant Development

To determine whether the loss of GTE4 
function affects Arabidopsis development, 
we analyzed histologically gte4 mutant 
during vegetative and reproductive 
growth. The mutant plants were reduced 
in size at all stages of development. The 
leaves were macroscopically smaller than 
those of the wild type. However, there 
was no significant change both in the 
mean cell area,12 and in the mean area of 
the intercellular spaces, as exemplified for 
the 6th leaf at days 20 and 35 after germi-
nation (Fig. 1A and B and Fig. 2). This 
shows that in the gte4 leaves the reduced 
macroscopic size is related to a reduced 
cell number, because neither the intercel-
lular spaces nor the cell size12 are affected. 
The thickness of the inflorescence stem 
was also significantly reduced in the gte4 
mutant, and this was due to a reduced cell 
number. Moreover, a reduction in stamen 
number occurred in the mutant.12

The primary root of gte4 was macro-
scopically shorter than that of the wild-
type, and the reduction in length was 
observed in the hairy region, in the elon-
gation region, and in the apical meristem. 

GTE4, another gene belonging to a so far 
uncharacterized group of Arabidopsis BET 
proteins, and showed that gte4 mutant 
plants have some characteristic features 
of cell cycle mutants.12 We demonstrated 
that GTE4 is involved in the activation 
and maintenance of cell division in the 
meristems and by this controls cell num-
bers in the root, stem and leaf.12 Moreover, 
we suggest a link between GTE4 and E2F 
related pathways, which are known to 
regulate stem cell maintenance in the root 
meristem and to be involved in cell cycle 

Figure 1. effects of gte4 mutation on the 
histological structure of the leaf and the 
embryonic root pole, and the expression of 
a Qc marker in the lateral root primordium. 
(a and B) cross sections of the 6th rosette leaf 
showing the cell types and the extension 
of the intercellular spaces in the mesophyll 
of wild-type (a) and gte4 mutant (B). (c and 
d) expression of aGL42:GFP in the apex of a 
lateral root primordium. a strong GFP signal 
in the Qc cells is present in the wild-type (c), 
whereas no signal is present in gte4 mutant 
containing the same construct (d). (e and F) 
details of the longitudinal sections of the 
root pole of the embryo at the cotyledonary 
stage showing the regularly arranged cell 
files of the initials in the wild type (e), and 
the irregularly divided procambial initials 
(arrows) in the mutant (F). (a, B, e and F) tolu-
idine blue-stained sections observed under 
light microscopy. (c and d) samples observed 
under an epifluorescence microscope 
equipped with a double wavelength filter set 
(BP 490/20 and BP 575/30) with dichroic filters 
rKPs 505 and 600 and emission filters BPs 
525/20 and 635/40. Bars = 20 µm (a and B),  
10 µm (c–F).

Figure 2. Percentage of intercellular spaces in the mesophyll of rosette leaves of 20- and 35-old gte4 
and wild type plants. (5,000 µm2 randomly chosen in the 6th leaf of 10 specimens per genotype).
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method along with the determination of 
mitotic index and flow cytometry,17 we 
showed that a substantial number of gte4 
cells exit from the mitotic cell cycle earlier 
than the corresponding wild-type cells, 
and switch from mitosis to endoredupli-
cation. This results into an increase in 
ploidy levels in the differentiated organs 
of gte4 plants.12 The retinoblastoma (RB)-
E2F pathway is one of the most important 
pathways involved in the control and cou-
pling of cell division and cell differentia-
tion in animals and plants.18 We tested by 
quantitative RT-PCR the expression of a 
few genes important for a correct cell pro-
liferation/endoreduplication and related 
to the RB-E2F pathway (i.e., E2Fc, E2Fe/
DEL1, CDC6 and CCS52A2). We found 
that, except for E2Fe/DEL1, whose expres-
sion did not significantly change, E2Fc 
and CCS52A2 expression was upregu-
lated, while that of CDC6 was downregu-
lated in 4-days-old gte4 plantlets. These 
results show a possible involvement of 
GTE4 in the RB-E2F pathway. According 
to the ability of animal BRD2 (RING3) 
BET protein to bind E2F factor,19 we can 
speculate that GTE4 interacts with DNA, 
deciphering the acetylation-based epigen-
etic code, and recruits E2F transcription 
factors by its ET domain modulating tar-
get gene expression.

As expected, the treatment with GA
3
 

enhanced seed germination in the wild 
type whereas no stimulation of germina-
tion was observed for gte4 mutant seeds 
(Fig. 3). Moreover, the delay in germi-
nation of the mutant was observed up 
to day 5, both in the absence and in the 
presence of GA

3
, and without significant 

differences in the percentages of ger-
minated seeds between the treatments 
(Fig. 3). Thus, the mutation causes a tran-
sient defect in germination which is not 
rescued by the action of GA

3
. It is inter-

esting to note that IMB1, another BET-
encoding gene of Arabidopsis, belonging 
to a different subfamily in comparison 
with GTE4,12 similarly does not control 
GA

3
-regulated germination.10

Is GTE4 Involved in the E2F  
Related Cell Cycle Pathway?

To investigate the onset of cell prolifera-
tion during seed germination, wild type 
and gte4 mutant seeds were imbibited and 
grown in the presence of bromodeoxy-
uridine (BrdU), which allows the detec-
tion of cells entering the S phase.12 We 
observed that the delay in root emergence 
from the seed coat (i.e., germination) was 
related to the delay in cell cycle activation. 
Moreover, applying the BrdU pulse/chase 

whether the gte4 mutant has defects in the 
definition of the root pole at the embry-
onic level. The root pole was already 
defined in the wild type embryo at the 
cotyledonary stage, whereas it showed 
irregularly shaped QC cells and irregu-
larly divided columella initials in the 
mutant at the same embryonic stage.12 
Moreover, we presently show that also 
the division planes in the procambial ini-
tials were anomalous in position (Fig. 1E 
and F), demonstrating that cytokinesis 
is affected in various types of stem cells 
in the mutant. The anomalous position-
ing of cell walls continued to be observed 
during post-embryonic development, still 
occurring in the procambial initials, in 
particular, in the apex of the primary root 
at day 4 after germination.12

Previously, we have shown that there 
is a delay in germination in gte4 mutant 
seeds in comparison with the wild-
type.12 However, there is the possibility 
that an exogenous hormonal treatment 
may counteract GTE4-induced delay 
in germination. To investigate whether 
GA

3
, i.e., the hormone which promotes 

germination in Arabidopsis,15 is able to 
overcome the delay in germination, gte4 
and wild type seeds were sown on solid 
half strength MS medium,16 with 1 µM 
GA

3
 under a 16 h light/day photoperiod. 

Figure 3. Seed germination in the presence and absence of Ga3, in gte4 in comparison with wild type. the percentages of germinated seeds on the to-
tal of sowed seeds are shown at different days in culture. aValues of gte4 statistically different at P < 0.01 level with respect to the corresponding values 
of wild type grown under the same conditions. bValue statistically different at P < 0.05 level with respect to wild type grown with Ga3 at the same day. 
Values of the same genotype and day followed by no symbol or the same symbol are not significantly different (n = 90).
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Conclusions

Our results point to a role of GTE4 in cell 
cycle regulation, possibly through the E2F-
pathway. GTE4 is specifically involved in 
the maintenance of the mitotic cell cycle 
in the meristems and thereby controls 
the number of cells in the differentiated 
organs. A role of GTE4 on cytokinesis is 
also suggested by our results. Future stud-
ies directed to identify target genes that are 
under the control of GTE4 will be needed 
to clarify through which genes this BET 
protein controls these processes.
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