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ethylene-responsive element binding - 
-factor-associated amphiphilic repres-

sion (ear) motif-mediated transcrip-
tional repression is emerging as one of 
the principal mechanisms of plant gene 
regulation. the ear motif, defined 
by the consensus sequence patterns of 
either lxlxl or dlnxxP, is the most 
predominant form of transcriptional 
repression motif so far identified in 
plants. additionally, this active repres-
sion motif is highly conserved in tran-
scriptional regulators known to function 
as negative regulators in a broad range 
of developmental and physiological pro-
cesses across evolutionarily diverse plant 
species. recent discoveries of co-repres-
sors interacting with ear motifs, such 
as toPless (tPl) and atsaP18, have 
begun to unravel the mechanisms of ear 
motif-mediated repression. the demon-
stration of genetic interaction between 
mutants of tPl and athda19, co-com-
plex formation between tPl-related 1 
(tPr1) and athda19, as well as direct 
physical interaction between atsaP18 
and athda19 support a model where 
ear repressors, via recruitment of chro-
matin remodeling factors, facilitate epi-
genetic regulation of gene expression. 
here, we discuss the biological signifi-
cance of ear-mediated gene regulation 
in the broader context of plant biology 
and present literature evidence in sup-
port of a model for ear motif-mediated 
repression via the recruitment and action 
of chromatin modifiers. additionally, we 
discuss the possible influences of phos-
phorylation and ubiquitination on the 
function and turnover of ear repressors.
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Epigenetic Reprogramming  
of Gene Expression

All cells of multicellular organisms have 
essentially the same genome but may be 
structurally and functionally different due 
to differences in gene expression. Many of 
the differential patterns of gene expression 
in plants, which are established during  
development in response to intrinsic or 
external signals, arise due to changes in 
chromatin structure and DNA methyla-
tion status that do not involve alterations 
in the DNA sequence itself. Such altera-
tions in gene expression that are either 
heritable transgenerationally or are stable 
for the remainder of the plant’s life are said 
to be “epigenetic.”1 DNA methylation is 
one of the ubiquitous mechanisms of heri-
table epigenetic modification. A second 
epigenetic modification involves chroma-
tin conformation. In all eukaryotes, the 
genetic information encoded by DNA is 
compacted into chromatin, the basic unit 
of which, the nucleosome, is formed by 
the wrapping of DNA around a histone 
core complex composed of an octamer 
consisting of two copies each of the core 
histones H2A, H2B, H3 and H4.2 The 
amino- and carboxy-terminal tails of core 
histones offer approximately 240 sites for 
posttranslational modifications, including 
acetylation/deacetylation and methylation 
of Lys and/or Arg residues, phosphoryla-
tion of Ser and/or Thr and ubiquitination 
and sumoylation of Lys.3-5 Many of these 
covalent epigenetic marks on DNA and 
histones can activate or repress transcrip-
tion by generating open or closed chroma-
tin conformations, respectively.1
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occurring in at least 29 Arabidopsis tran-
scription factors, including members of 
the ABI3/VP1, ARF, HSF and MYB fam-
ilies.12 The LxLxPP motif, which occurs in 
a few AUX/IAA proteins and other TRs 
from primitive as well as higher plant spe-
cies, has been proposed to function as a 
repression motif;13 however, experimental 
evidence is lacking.

The Arabidopsis  
EAR Repressome

To obtain further insight to the potential 
breadth of utilization of the EAR motif 
in plant gene regulation, we recently 
conducted a comprehensive bioinformat-
ics analysis of the Arabidopsis proteome. 
We have established a list of “high-con-
fidence” Arabidopsis EAR repressors, the 
EAR repressome, comprising 219 TRs, 
which can be grouped into two categories: 
transcription factors (TFs, 180 candidates 
belonging to 18 different families) pos-
sessing distinct DNA binding domains 
and other transcriptional regulators 
(OTRs, 39 candidates belonging to three 
families) that do not possess a defined 
DNA-binding domain but are known in 
the literature to regulate transcription by 
interacting with TFs.22 Comparison of 
the sequences of EAR motifs and adjoin-
ing sequences from these proteins enabled 
refining the signature sequence patterns of 
the EAR motif as containing either LxLxL 
or DLNxxP. Our analysis suggests that 
the EAR motif is the most predominant 
form of transcriptional repression motif so 
far identified in plants (table 1).8 Proteins 
containing this motif play key roles in 
diverse biological functions by negatively 
regulating genes involved in various devel-
opmental and physiological processes.22 
Our analyses8,22 and growing evidence 
in the literature collectively support a 

recent findings uncovering the role and 
biological significance of the EAR motif 
in the broader context of plant gene regu-
lation and present an overview of the lit-
erature evidence supporting involvement 
of epigenetic pathways in facilitating EAR 
motif-mediated transcriptional repression 
in plants.

The EAR Motif

The EAR motif was the first active repres-
sion motif reported in plants. It was ini-
tially identified almost a decade ago in 
a subset of class II ERFs and TFIIIA-
type zinc finger proteins as a small motif 
with a consensus of L/FDLNL/F(x)P.10 
Interestingly, when this motif was teth-
ered to transcriptional activators, they 
functioned as dominant repressors.14 
Subsequent identification and confirma-
tion of the repression capability of the 
EAR motif in several other TRs involved 
in diverse biological functions, including 
SUPERMAN,15 AUX/IAA proteins,16 
HSI2 and related proteins,17,18 AGL15,19 
and NIMIN proteins,20 as well as the 
recent discoveries of corepressors19,21 facili-
tating EAR motif function have unequiv-
ocally established a role for this motif in 
mediating transcriptional repression.

Other Active Repression Motifs  
in Plants

The TLLLFR motif was identified in 
the carboxy-terminus of AtMYBL2, 
a R3-MYB protein involved in nega-
tive regulation of anthocyanin bio-
synthesis in Arabidopsis;11 from our 
analysis of the proteomes of several plant 
species, it appears that the occurrence of 
this motif is restricted to AtMYBL2.8  
The R/KLFGV motif was recently iden-
tified as a novel active repression motif 

Eukaryotic organisms have developed 
epigenetic mechanisms to achieve a stable 
yet flexible means of regulating genes and 
coordinating genetic pathways. An epi-
genetic pathway is generally initiated in 
response to intrinsic or external signals 
and is established via a complex and coor-
dinated networking between TRs, co-reg-
ulators and chromatin modifying factors.6 
TRs, which can function as either activa-
tors and/or repressors, play a central role in 
epigenetic reprogramming of gene expres-
sion as they are involved in perceiving and 
integrating external signals to establish the 
desired epigenetic state at the appropriate 
chromosomal loci to achieve the correct 
phenotypic response.6 In recent years, 
transcriptional repressors have emerged 
as important elements essential for estab-
lishing intricate spatio-temporal patterns 
of gene expression during plant develop-
ment and plant responses to stress and 
hormonal signals. Transcriptional repres-
sors are generally classified as active or 
passive repressors.7 Approximately 6% of 
the Arabidopsis proteome is represented 
by TRs of which an estimated 30% func-
tion as active transcriptional repressors.8 
Unlike passive repressors, which lack an 
intrinsic repression domain, active repres-
sors generally contain a distinct, small and 
portable repression motif(s) that inhibits  
activation of transcription either by 
modifying chromatin structure, thereby 
preventing binding of transcriptional acti-
vators to their target cis-elements or by 
interacting with and inhibiting the func-
tions of components of the basal transcrip-
tion machinery.7,9

To date, at least four different active 
transcriptional repression motifs have 
been identified in plants (table 1), includ-
ing the EAR motif,10 TLLLFR motif,11 R/
KLFGV motif12 and LxLxPP motif.13 In 
this Point-of-View article, we focus on 

Table 1. Active repression motifs in plants

Repression motif Sequence patterns
Representation among 

TRs* Corepressors
Chromatin 
 modifiers

References

EAR motif LxLxL, DLnxxp 10 to 25% tpL, SAp18, Sin3** HDA19 8, 17, 19–21, 24, 25

tLLLFR motif tLLLFR Found only in AtMYBL2 unknown unknown 8, 11

R/KLFGv motif R/KLFGv <2% unknown unknown 8, 12

LxLxpp motif LxLxpp <3% unknown unknown 8, 13
*As determined in 12 plant species.8 **interaction between EAR motif and Sin3 is supported by genetic studies but direct physical interaction is yet to 
be determined.
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and other candidates of the EAR repres-
some aid in recruiting AtSAP18 and the 
HDAC complex in a similar manner.

The recent discoveries of physical 
interactions between TPL and the EAR 
motifs in several TRs in Arabidopsis, 
such as IAA12/BDL21 and NINJA32 have 
uncovered another novel component of 
EAR motif-mediated gene regulation. 
IAA12/BDL contains a LxLxL type of 
EAR motif in the N-terminal region and 
belongs to the AUX/IAA family of tran-
scriptional repressors, which are known to 
act as negative regulators of auxin signal-
ing.16 Mutation of the Leu residues within 
the EAR motif of IAA12/BDL to Ala 
abrogates its interaction with TPL, sug-
gesting that the Leu residues within the 
EAR motif are necessary and sufficient 
for facilitating the interaction between 
AUX/IAAs and TPL.21 Through genetic 
analysis of a tpl-1/bdl-1 double mutant 
and in planta transcriptional repression 
assays, TPL was shown to influence the 
repression ability of IAA12, thus reveal-
ing the biological significance of EAR-
dependent recruitment of TPL in AUX/
IAA-regulated transcriptional repres-
sion.21 Similar to AUX/IAA proteins, 
NINJA, which contains a LxLxL type of 
EAR motif in the amino-terminal region 
and functions as a negative regulator of 
jasmonic acid responses, also physically 
interacts with TPL in an EAR motif-
dependent manner.32 AFP proteins, which 
function as negative regulators of abscisic 
acid responses, also contain a LxLxL type 
of EAR motif in the amino-terminal 
region and have recently been shown to 
interact with TPL;32 however, whether 
this interaction is EAR motif-dependent 
remains to be determined. Although, 
a genetic interaction between TPL and 
a DLNxxP type of EAR motif has not 
been reported, we have recently detected 
physical interaction between TPL and five 
DLNxxP type of EAR motif-containing 
proteins in Arabidopsis (Kagale S and 
Rozwadowski K, unpublished) and are 
currently analyzing if these interactions 
are EAR motif dependent. As the EAR 
repressome in Arabidopsis has already 
been defined,22 it would be interesting to 
determine which of the members of this 
collection of TRs utilize TPL to facilitate 
transcriptional repression and whether 

AtERF7, another EAR motif-containing 
class II ERF protein, is also known to 
recruit AtHDA19 via a physical interac-
tion with AtSIN3.25 The in planta co-
expression of AtERF3, AtSAP18 and 
AtHDA19 or AtERF7, AtSIN3 and 
AtHDA19 in transient repression assays 
results in greater transcriptional repres-
sion of reporter genes as compared to when 
these proteins are expressed alone,25,26 
suggesting a role for AtSAP18, AtSIN3 
and AtHDA19 in ERF-mediated tran-
scriptional repression possibly via histone 
deacetylation. Although the EAR motifs 
in AtERF3, 4 and 7 have been shown to 
be responsible for the repression capability 
of these proteins, the direct involvement 
of the EAR motifs in mediating their 
interaction with AtSAP18 or AtSIN3 
has not been determined. A more recent 
study has revealed that the EAR motif in 
AGL15, a MADS-domain transcription 
factor, mediates the physical interaction 
of AGL15 with AtSAP18,19 supporting a 
role for the EAR motif in regulating gene 
expression via recruitment of an HDAC 
complex. Unlike ERF repressors that 
contain a DLNxxP type of EAR motif, 
AGL15 contains a LxLxL (LQLGL) type 
of EAR motif.22 Replacement of the Leu 
residues within this motif with Ala dis-
rupts the interaction between AGL15 
and AtSAP18,19 demonstrating that the 
interaction between these two proteins 
is EAR motif dependent. These obser-
vations clearly establish a role for the 
EAR motif of AGL15 in recruitment of 
AtSAP18/HDAC complex to the promot-
ers of AGL15 target genes. Thus, current 
information suggests a model where EAR 
motifs mediate gene repression through 
recruitment of an HDAC complex. 
Notably, as found for AGL15, the Leu 
residues within the LxLxL type of EAR 
motifs in SUPERMAN and AUX/IAA 
proteins in Arabidopsis have also been 
shown to be important for their repression 
activity.16,31 Considering these findings, it 
is possible that other members of the 165 
Arabidopsis EAR repressome candidates 
that contain a LxLxL type EAR motif(s)22 
could potentially interact with AtSAP18 
and recruit an HDAC complex to per-
form transcriptional repression functions. 
It would be of interest to determine if the 
DLNxxP types of EAR motifs in ERFs 

role for EAR motif-containing proteins 
in demarcation of expression boundaries 
for genes involved in plant organ develop-
ment and developmental transitioning, as 
well as regulation of stress and hormonal 
responses. Consequently, EAR motif-
mediated repression may be considered 
as one of the principle mechanisms of 
gene regulation in plants utilized multiple 
times during evolution to control gene 
expression.

Epigenetic Mechanisms  
of EAR Motif-Mediated  

Transcriptional Repression

Transcriptional repression by chroma-
tin modification is one of the principal 
mechanisms employed by eukaryotic 
active repressors.23 In yeast and mamma-
lian cells, histone deacetylation plays an 
important role in active transcriptional 
repression9,24 and in these systems tran-
scriptional co-repressors such as SIN3 
and SAP18 are postulated to establish a 
physical link between HDACs and DNA-
bound active repressors.9 Putative ortho-
logues of SIN3 and SAP18 have been 
identified in Arabidopsis.25,26 Our analy-
sis has identified putative orthologs of 
SAP18 and SIN3 in evolutionarily diverse 
plant species, including primitive species 
such as Physcomitrella patens (a moss), 
Selaginella moellendorffii (a lycophyte) and 
Chlamydomonas reinhardtii (a unicellular 
green alga; Kagale S and Rozwadowski K, 
unpublished). Furthermore, the existence 
of several HDACs and their importance in 
histone deacetylation and transcriptional 
repression during plant growth and devel-
opment has been well established,27 sug-
gesting that active repression mechanisms 
in plants employ HDAC complexes, anal-
ogous to yeast and animal systems.

Evidence in the literature supports a 
role for AtSAP18, AtSIN3 and AtHDA19 
(an HDAC) in transcriptional repres-
sion by EAR motif-containing proteins 
in Arabidopsis.19,25,26 For instance, the 
EAR motif containing class II ERFs, 
such as ERF3 and ERF4, which are 
known to function as active repressors in 
vitro and in vivo,10,28-30 have been shown 
to physically interact with AtSAP18, 
which in turn interacts and forms a 
repression complex with AtHDA19.26  
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differentially regulated by various devel-
opmental, hormonal and environmental 
signals.22 Thus, it is possible that EAR-
mediated gene regulation is modulated at 
least in part by differential spatio-temporal 
expression of EAR repressors. Conversely, 
the TPL gene family and AtSAP18 in 
Arabidopsis, as represented in publicly 
available transcriptome datasets,40 appear 
to be broadly expressed in most plant  
tissues and are either not affected or mar-
ginally affected by stress or hormonal sig-
nals, suggesting a broad and general role 
for these co-repressors in a range of biolog-
ical processes. The lack of substantial dif-
ferential transcriptional response amongst 
TPL gene family members suggests that 
the function of these genes may be regu-
lated at a post-transcriptional, transla-
tional or post-translational level.

Post-translational modifications such 
as phosphorylation and ubiquitination 
can potentially have either a positive or 
negative influence on EAR-mediated gene 
regulation, as they may affect conforma-
tion, protein-protein interactions, subcel-
lular localization and turnover of the EAR 
repressors or associated co-repressors. 
Interestingly, Ser and Thr residues adja-
cent or integral to the EAR motif have 
been detected as being phosphorylated 
in at least five proteins belonging to the 
Arabidopsis EAR repressome, including  
IAA9, ERF10, BEH4, DEAR4 and a 
C2H2 family protein.22 Additionally, the 
Ser and Thr residues in IAA9, BEH4 and 
DEAR4 that were determined to be phos-
phorylated are conserved in correspond-
ing orthologs across evolutionarily diverse 
plant species.8 Furthermore, analysis of 
the Arabidopsis phosphoproteome41,42 
revealed that at least three residues in 
TPL, including Tyr133, Ser214 and 
Thr286, are identified by mass spectrom-
etry as being phosphorylated. Our analy-
sis indicates that Tyr133 and Thr286 of 
TPL are highly conserved in TPL proteins 
across diverse plant species (Kagale S and 
Rozwadowski K, in preparation). Overall, 
these results suggest that phosphorylation 
may have a role in regulating the func-
tions of EAR repressors as well as TPL, 
and may possibly provide another level 
of regulation controlling EAR-mediated 
repression. We have recently identified 
a protein kinase that interacts with the 

physical interaction between TPL and 
AtHDA19 by yeast two-hybrid assay 
revealed that these proteins do not directly 
interact (Kagale S and Rozwadowski 
K, unpublished), suggesting that an 
unknown adapter protein may be involved 
in facilitating their association. The 
genetic and in vivo association of TPL and 
AtTPR1, respectively, with AtHDA19 and 
the ability of TPL to interact with several 
candidates of the EAR repressome suggest 
a novel epigenetic link between the EAR 
motif, TPL, AtTPR1 and chromatin mod-
ification via histone deacetylation.

Evolutionary Conservation  
of EAR-Mediated Gene Regulation

We have previously shown that the EAR 
motif is highly conserved across evolu-
tionarily diverse plant species22 and is 
detected in 10–25% of TRs belonging 
to multiple gene families across various 
plant proteomes.8 Furthermore, com-
parative bioinformatics analyses have 
revealed that TPL- and AtSAP18-related 
proteins identified from primitive as well 
as higher plant species are highly simi-
lar in sequence and structural properties 
(Kagale S and Rozwadowski K, in prepa-
ration), supporting the possibility that the 
co-repressor functions amongst these pro-
teins are conserved. The evolutionary con-
servation of the EAR motif and associated 
co-repressors such as TPL and AtSAP18, 
combined with the success of EAR motif 
derived dominant repressor technology 
in different plant species,14,39 collectively 
support EAR-mediated repression of 
gene expression being a general regula-
tory mechanism in plants. Indeed, the 
recent study in maize demonstrating the 
role of an EAR motif-dependent repressor 
complex between RA1 and REL2 (a TPL 
orthologue) in the control of meristem 
fate33 has provided genetic and molecular 
evidence for EAR motif-TPL-mediated 
repression mechanisms being evolution-
arily conserved.

Transcriptional  
and Post-Translational Modulation 
of EAR-Mediated Gene Regulation

The Arabidopsis genes encoding EAR 
repressors have been shown to be 

there is overlap with those interacting 
with AtSAP18 or distinct categories of 
EAR repressome members recruit each 
of these co-repressors. A yeast two-hybrid 
screen performed using full-length TPL as 
bait has revealed that TPL interacts with 
several members of the Arabidopsis EAR 
repressome involved in diverse biological 
functions (Kagale S and Rozwadowski K, 
unpublished). These findings collectively 
support TPL having an important role in 
facilitating repression functions of at least 
a subset of EAR repressors in Arabidopsis. 
Evolutionary conservation of this gene 
regulation system was recently shown in 
a study of maize where REL2, a transcrip-
tional co-repressor and maize orthologue 
of Arabidopsis TPL, was found to interact 
with RA1, a LxLxL type of EAR motif-
containing C2H2-zinc finger transcrip-
tion factor involved in regulation of the 
fate of auxiliary meristems during devel-
opment of the inflorescence, tassel and ear, 
in an EAR motif-dependent manner.33

Through elegant genetic interaction 
studies, Long et al.34 have shown that TPL 
works in conjunction with AtHDA19 
to repress expression of root promoting 
genes in the apical half of the embryo 
and enable proper shoot pole formation. 
T-DNA insertion alleles of AtHDA19 
were found to enhance the penetrance 
of tpl-1 and display similar apical embry-
onic defects, suggesting that TPL and 
AtHDA19 act on the same targets.34 The 
possible role for HDACs in TPL function 
is further alluded to by the structural and 
potentially functional similarities between 
TPL and the Groucho/Tup1 family of 
transcriptional co-repressors, which 
are known to facilitate recruitment of 
HDACs to the regulatory regions of genes 
targeted by several distinct types of active 
repressors found in yeast, flies, worms and 
humans.35-37 Furthermore, AtHDA19 was 
recently shown to co-immunoprecipitate 
with AtTPR1, the most closely related of 
the four paralogues of TPL in Arabidopsis 
(93% amino acid sequence identity with 
TPL), supporting that AtTPR1 associ-
ates with AtHDA19 in vivo.38 Notably, 
the CTLH domain of AtTPR1 and TPL, 
responsible for physical interaction with 
EAR motifs,21,32 share 98% identity, sup-
porting the likelihood that AtTPR1 also 
interacts with EAR proteins. Analysis of 
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EAR motif and two protein kinases as 
well as a phosphatase that interact with 
TPL (Kagale S and Rozwadowski K, 
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HDAC-mediated chromatin modification 
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repressors such as AtSAP18 and TPL or 
related proteins.

Plant genomes encode several other 
co-repressors and factors associated with 
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at the transcriptional level play a central role in integrating these signals at precise locations 
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interact with other DnA binding proteins. EAR repressors suppress the expression of target genes 
probably through chromatin modification of regulatory regions by histone deacetylation via 
physically interacting with co-repressors such as (A) SAp18, known to directly interact with HDA19 
potentially forming a repression complex, or (B) tpL, which is known to function in conjunction 
with HDA19. An unknown adapter protein is speculated to facilitate the association between tpL 
and HDA19 since evidence for their direct interaction is lacking but a genetic interaction between 
tpL and HDA19 has been established and in vivo co-complex formation between the highly 
related tpR1 and HDA19 has been demonstrated. phosphorylation of some EAR repressors or the 
co-repressor tpL has been detected and may further influence repression complex formation or 
function by potentially affecting the activity of these proteins. tSS, transcription start site; ERBS, 
EAR repressor binding site.
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