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PHDs govern plant development
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Posttranslational modifications present in the amino-
terminal tails of histones play a pivotal role in the chromatin-
mediated regulation of gene expression patterns that control
plant developmental transitions. Therefore, the function of
protein domains that specifically recognize these histone
covalent modifications and recruit chromatin remodeling
complexes and the transcriptional machinery to modulate
gene expression is essential for a proper control of plant
development. Plant HomeoDomain (PHD) motifs act as
effectors that can specifically bind a number of histone
modifications and mediate the activation or repression of
underlying genes. In this review we summarize recent
findings that emphasize the crucial role of this versatile family
of chromatin “reader” domains in the transcriptional
regulation of plant developmental processes such as meiosis
and postmeiotic events during pollen maturation, embryo
meristem initiation and root development, germination as
well as flowering time.

Chromatin remodeling is central in the establishment and sta-
ble maintenance of gene expression patterns that control develop-
ment in eukaryotic organisms, and particularly in plants."
Among the different enzymatic activities involved in chromatin
reorganization, those that mediate the covalent modification of
histone tails have a significant impact in the regulation of tran-
scriptional programs. A number of plant developmental transi-
tions such as seed germination and the initiation of flowering are
influenced by modifications like acetylation or methylation of
specific residues in the N-terminal region of histones.>* These
histone posttranslational modifications (PTM) that decorate
nucleosomes are essential to orchestrate the recruitment of a vari-
ety of protein complexes that reorganize chromatin structure to
promote changes in the transcription of underlying genes. In this
way, specific recognition of histone marks by functional domains
present in so called “reader” proteins and subsequent interaction
with chromatin remodeling complexes and transcriptional
machinery translate histone PTM into patterns of gene activation
or repression that direct developmental transitions.”

The PHD Domains are Nucleosome Readers

The specific recognition of covalent histone modifications by
reader” modules has emerged in recent years as one of the key
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mechanisms that control gene expression. The first functional
domain described to recognize a specific histone PTM was the
bromodomain, a histone acetyl-lysine reader module.® The dis-
covery of additional “reader” pockets has been reported ever
since. Among them, the Plant HomeoDomain (PHD) represents
a large and versatile family of epigenomic effectors. The PHD
domain is a Cys4-His-Cys3 double loop Zn finger motif orga-
nized in a cross-brace topology,” described for the first time back
in 1993 as a functional domain present in the Arabidopsis thali-
ana homeodomain protein HAT3.1.® A wealth of members of
this family has been identified in other eukaryotic organisms
since then.”'® However, functional data unveiling the mecha-
nism of action of this motif had to wait until 2006, when several
papers reported the ability of the PHDs present in the human
BROMODOMAIN AND PHD FINGER TRANSCRIPTION
FACTOR (BPTF) and INHIBITOR OF GROWTH2 (ING2)
proteins to specifically bind trimethylated Lysine 4 in histone H3
(H3K4me3). These studies showed that binding of these PHD-
containing proteins to H3K4me3, a landmark of active gene
expression, could result in either transcriptional activation or
repression, depending on the recruitment of histone acetyl trans-
ferase (HAT) or histone deacetylase (HDAC) complexes.“‘m
Later reports have identified a number of PHD domains that
interact with H3K4me2/3, but also new members of this family
that bind other histone marks such as H3K9me3 or H3K36me3.
In addition, the recognition of unmodified H3K4 and H3R2 by
other PHD-containing proteins has also been reported.”'® Acet-
ylation of H3K14 and H4 can be also recognized by some PHDs
such DPF3b,” underscoring the versatility of this class of domain.

Besides the ability of PHD domains to recognize specific his-
tone marks, these effector modules also target non-histone pro-
teins. In fact, the simultaneous binding of PHD motifs to histone
PTM and non-histone interactors has been reported.” Further-
more, PHD-containing proteins often bear additional domains
that can also recognize histone PTM. These features highlight the
striking capacity of PHD domains to exert complex regulatory
functions and to mediate the cross talk between the epigenomic
status of the chromatin and additional cellular pathways.

PHD domains are widely conserved in eukaryotic organisms,
and in plants these histone binding modules are involved in the
control of a variety of biological mechanisms ranging from patho-
gen defense responses to a number of developmental processes.
We recently reported the central role of 2 Arabidopsis homologous
PHD-containing proteins, SHORT LIFE (SHL) and EARLY
BOLTING IN SHORT DAYS (EBS), in the fine regulation of
flowering time.'” Some other plant PHD proteins also participate
in the control of flowering time or other developmental programs
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such as male gametophyte development, root development and
germination. In this review we focus on the role of PHD contain-
ing proteins in the regulation of plant development.

PHD Containing Proteins in the Control of Meiosis
and Post-meiotic Processes

Meiosis is a pivotal process in the developmental program of
sporogenesis in plants.'® The Arabidopsis PHD containing proteins
MALE MEIOCYTE DEATH1 (MMD1)/DUET and the adherin
homolog AtSCC2/EMB2773 participate in the establishment of
sister-chromatid cohesion during replication, and are essential for
the proper segregation of chromosomes during mitosis and meio-
sis."” Loss of MMD1 function triggers cell death in male meiocytes
and causes defective progression through meiosis.”>*! AtSCC2 is
also required for embryogenesis and sister-chromatid cohesion dur-
ing the meiotic cell cycle.'” AzSCC2 knockdown lines showed steril-
ity arising from defects in meiotic chromosome organization. The
presence of a PHD finger suggests that these proteins may mediate
interactions with chromatin in the context of the establishment of
chromatid cohesion or the regulation of gene expression.

A number of MMD1-related genes, including MALE STE-
RILITY1 (MS1) homologues, are crucial for pollen development,
a postmeiotic process that drives mature pollen grain production
from microspores.”> Arabidopsis 75/ mutants do not produce
viable pollen, but these plants are phenotypically normal.***°
Degeneration of pollen in 75/ mutants occurs after microspore
release from the tetrads, time at which the tapetum appears
abnormally vacuolated. The rice putative ortholog of AMSI,
PERSISTENT TAPETAL CELL1 (PTCI) also controls pro-
grammed tapetal development and pollen formation.”® In the
same way, HvMSI up- and down-regulation resulted in male ste-
rility, a key target for selective breeding, as higher yield is com-
monly associated with hybrids in barley.”” Altogether, these
observations suggest that MS1 function is conserved in both
monocots and dicots, regulating the breakdown of the tapetum
and the secretion of materials for pollen wall formation. The
widely conserved MS1 function in higher plants plays an essential
role in controlling transcription during specific stages of male
gametogenesis and anther development. However, recognition of
specific histone marks by MS1 homologues has not been demon-
strated yet and putative MS1 target genes remain to be identified.

Besides, the Arabidopsis PHD-containing protein ASHR3 is
involved in stamen development and interacts with the bHLH
transcription factor ABORTED MICROSPORES (AMS). AMS
can target ASHR3 to chromatin and then mediates the regulation

. . . 28
of genes involved in stamen development and function.

Regulation of Embryonic Meristem Initiation
and Root Development by PHD-finger
Protein Complexes

Plant growth depends on the activity of stem cells within mer-
istems. One of the initial events in root meristem initiation is the
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specification of the hypophysis.”” MONOPTEROS/ AUXIN-
RESPONSE FACTOR 5 (MP/ARF5) mediates this process
through the promotion of auxin transport and by activating the
expression of TARGET OF MP (TMO) transcription factors.”®
PHD finger-containing proteins are also involved in this process;
specifically, the OBERON1 (OBE1) and OBE2 proteins act
downstream of auxin accumulation in specifying the vasculature
and primary root meristem.’' obel obe2 double mutant seedlings
resemble the 7p mutant, showing an absence of root and defec-
tive development of the vasculature. However, and in contrast to
mp, obel obe2 mutant embryos show auxin accumulation at the
root pole and in the provascular region, and the auxin transduc-
tion pathway is fully active in these double mutants. OBE1 and 2
have been proposed to mediate through their PHD domains the
recognition of H3K4 methylated marks in the chromatin of
genes involved in the signaling pathways of auxin accumulation
and translate these histone modifications into transcriptional out-
puts for the specification of root meristem and vasculature in the
embryo.’" In fact, OBE1 has been shown to bind 7MO7 chro-
matin, suggesting a role for OBE proteins in its MP-dependent
activation.’

The PICKLE (PKL) CHD3 chromatin-remodeling factor also
contains a PHD domain and is required to prevent the expression
of embryonic traits in germinated seedlings.””> Although PKL
promotes the accumulation of the H3K27me3 mark,®* it has
been recently proposed that PKL and Polycomb Group (PcG)
proteins antagonistically regulate root meristem activity in Arabi-
dopsis.”® Alterations of meristematic activity in pk/ and clf
mutants are correlated with decreased or increased expression of
root stem cell and meristem marker genes, respectively. Lower
expression levels of these genes in pk/ correlated with increased
levels of H3K27me3, a mark deposited by PcG proteins, indicat-
ing that root meristem activity is controlled by the antagonistic
activity of this complex and PKL, although this mechanism
remains unknown. In addition to the repression of embryonic
traits, PKL participates in other developmental processes and its
histone

binding properties are

d 35,36

just beginning to be
elucidate

PHD-containing proteins also mediate adaptive responses of
the root to environmental factors. The Arabidopsis root system
architecture is modified on Pi deprivation conditions, resulting
in a reduction in primary root growth and in increased density
and length of lateral roots. The per2 mutant, with strong defects
in root hair elongation under low Pi conditions, is affected in the
ALFIN LIKE 6 (AL6) gene.”” AL6 can bind H3K4me3 through
its PHD domain,>® and controls the transcription of a number of
key genes modulating root hair elongation under low Pi condi-
tions. However, the exact mechanism by which ALG triggers the
activation of these genes with relevant functions in cellular Pi
homeostasis remains elusive. It is tempting to speculate that
under Pi starvation, H3K4me3 levels may increase at the pro-
moter of the ENHANCER OF TRY AND CPC1 (ETCI) gene,
which encodes a MYB transcription factor highly up-regulated
during Pi deficiency and involved in trichome and root hair cell
patterning.”” ALG might be recruited to ETCI by the recognition
of the H3K4me3 mark and then positively regulate the
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downstream transcriptional events to promote root hair elonga-
. . . . 40
tion during Pi deficiency.

PHD-containing Proteins Mediate the Switch of
Gene Expression Patterns During Seed Germination

Further to the role of PHD-containing proteins on gameto-
phyte and root development, these effectors are also required
for a proper regulation of gene expression patterns during seed
germination. HIGH-LEVEL EXPRESSION OF SUGAR
INDUCIBLE GENE2/VP1/ABI3-LIKE1 (HSI2/VALI1) and
HSI2-LIKE1 (HSL1/VAL2) are 2 redundant B3-related tran-
scriptional regulators that repress master genes of seed matura-
tion during seedling development in Arabidopsis.”’ Point
mutations affecting the HSI2 PHD domain cause upregulation
in Arabidopsis seedlings of a number of seed maturation genes
such as AGAMOUS-LIKEI5 (AGL15), FUSCA3 (FUS3), and
other genes encoding seed specific proteins. Some of the genes
that appeared differentially overexpressed in the /572 mutant
plants are enriched in the repressive mark H3K27me3, sug-
gesting that the repression activity of HSI2 might involve the
deposition of this histone modification.®? The relationship of
chromatin remodeling processes with the repression mecha-
nism mediated by HSI2 remains to be elucidated, and in fact,
the histone binding specificity of these PHD-containing pro-
teins has not been analyzed yet.

Members of the PHD-containing H3K4me2/3-binding AL
family of proteins38 are also involved in the reprogramming of
gene expression that takes place during seed germination in Ara-
bidopsis.*> A number of AL proteins including ALG interact with
components of the Polycomb Repressor Complex 1 (PRC1) such
as AtBMI1b and AtRINGla. Moreover, seeds of the double
mutant @/6 al7 show a germination delay under osmotic stress
conditions similar to that displayed by PRC1 mutants Atbmila
Atbmilb, consistent with a role for these AL and PRCI proteins
in the promotion of germination. In addition, several seed devel-
opmental genes such as ABSCISIC ACID INSENSITIVE3
(ABI3), DELAY OF GERMINATIONI (DOGI), and
CHOTTOI/AINTEGUMENTA-LIKE5S (CHOI/AIL5), known
to repress seed germination, were derepressed in these double
mutants. These genes also showed a delayed transition from the
H3K4me3-enriched state associated to active transcription dur-
ing seed development to an inactive transcriptional state charac-
terized by accumulation of H3K27me3 during seed germination.
Both AL6 and the PRC1 component LIKE HETEROCHRO-
MATIN PROTEIN1 (LHP1), involved in the specific recogni-
tion of the H3K27me3 mark,** can directly bind the chromatin
of ABI3 and DOG]I. Altogether, these observations suggest that
the PHD-containing AL proteins may form complexes with
PRCI to positively regulate seed germination by promoting the
switch from H3K4me3- to H3K27me3-enriched chromatin and
subsequent silencing of seed developmental genes (Fig. 1A).%
These results emphasize the central role of PHD-containing pro-
teins in the modulation of gene expression patterns that control
developmental transitions such as germination in plants.
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Regulation of Flowering Time by PHD-containing
Proteins

The switch from vegetative to reproductive development is a
crucial developmental transition because it determines the repro-
ductive success of plants. For that reason the initiation of flower-
ing is tightly regulated by several genetic pathways that integrate
both developmental and environmental signals. Signaling from
these regulatory pathways converge at the level of a few integrator
genes that control the switch to flowering. The balance between
floral promoting and repressing pathways finally determines the
timing of reproductive development.* Chromatin remodeling
plays a key role in the regulation of these master genes of flower-
ing time’ and many chromatin remodeling factors have been
shown to regulate this process, including several PHD-containing
proteins.

A Group of PHD Proteins Regulate a Family of Floral
Repressors in Arabidopsis

The Arabidopsis FLOWERING LOCUS C (FLC) gene
encodes a MADS box protein with a central role in the
repression of flowering and specifically in the vernalization
response.””> Vernalization refers to the acceleration of flower-
ing observed in plants in response to a prolonged exposure to
the cold temperatures of winter. The molecular mechanism
underlying vernalization in Arabidopsis relies on the mitoti-
cally stable repression of FLC in response to low tempera-
tures.*>*” This stable repression depends on the chromatin-
mediated silencing of FLC through the deposition of repres-
sive histone marks, mainly H3K27me3, by a PRC2 complex
and the maintenance of the repressed state through subse-
quent cell divisions. The VERNALIZATIONS5/VIN3-LIKE
(VEL) family of proteins containing PHD domains has been
shown to play a fundamental role in the vernalization-medi-
ated repression of FLC (Fig. 1B). The VEL family includes
VERNALIZATION [INSENSITIVE3 (VIN3), VIN3-LIKE/
VERNALIZATIONS (VIL1/VRNS), VIL2/VELI, VIL3/VEL2
and VIL4/VEL3. All the members except VIL4/VEL3, which
appears to be a pseudogene, bear a PHD domain.*® Early
studies showed that VIN3 and VRNS5 are required for a cor-
rect vernalization response and for the establishment of the
repressed state in the chromatin of FLC through the enrich-
ment of H3K9 and H3K27 methylation and histone deacety-
lation. Whereas VIN3 is only expressed upon cold exposure,
VRN5 is constitutively expressed, and both proteins interact
during vernalization.*” The function of these PHD finger
proteins in vernalization has been linked to the PRC2 activ-
ity.*>>® Exposure to cold triggers the association of the core
PRC2 component VRN2 with the PHD-containing proteins
VIN3, VRN5 and VELI to form a PHD-PRC2 complex. In
the early stages of cold exposure, VRN5 binds to a discrete
region of FLC intron 1 in a VIN3-dependent manner. As
vernalization progresses, VRN5 distribution spreads across
the FLC locus and results in an increase of H3K27me3. The
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Figure 1. Hypothetical mod-
els for the functions of PHD-
containing proteins in the
control of plant developmen-
tal processes. (A) PHD-con-
taining proteins of the AL
family bind H3K4me3 and
can interact with members of
the PRC1 such as ATBMI1b
and ATRING1a. Recruitment
of PRC1 to regulatory regions
of seed developmental genes
results in the deposition of
H3K27me3 and subsequent
silencing of these genes. AL
proteins mediate the transi-
tion from an H3K4me3- to an
H3K27me3-enriched status in
the chromatin of seed devel-
opmental genes, promoting
seed germination. (B) PHD-
containing proteins of the
VEL family participate in the
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vernalization-dependent
silencing of FLC, promoting
the accumulation of the
repressive mark H3K27me3.
In contrast, ATX1 is required
for the enrichment of
H3K4me3 in the chromatin of
FLC and its subsequent acti-
vation. FT and SOCT, 2 target
genes of the FLC protein, are
also regulated by the PHD
proteins EBS and SHL, respec-
tively. Both proteins are
required to maintain low lev-
els of histone H3 acetylation
in the chromatin of these flo-
ral integrators. In addition,
EBS and SHL interact in vivo
with HDA6.

@ FLC

Recent results indicate
that all the members of
the VEL family mediate
the vernalization response
in Arabidopsis by repres-
sing the expression of the
FLC and its relatives
MADS AFFECTING
FLOWERING1/FLOWER-
ING LOCUS M (MAFI1/
FLM) and  MAF2-5,
referred to as the FLC
clade, but they have dif-

ferent functions and tar-

S0C1

interaction between these PHD proteins and the PRC2 com-
plex enhances the activity of PRC2 at FLC and contributes
to the increase of H3K27me3 and the silencing of the gene.
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gets among the FLC
family.*® Also, in addition to their function in the vernaliza-
tion response, VILI/VRNS5 and VIL2/VELI play a role in the
photoperiodic of MAFI/FLM and MAF5,

repression
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respectively, by increasing the levels of H3K27me3 and
H3K9me2. %!

Despite their divergent roles in the regulation of these floral
repressors, the members of the VEL family have some common
features. Apart from sharing the same domain architecture,®
they all seem to preferendally recognize /7 vitro the H3K9me2
histone mark, although they can also bind H3K4me2.*>" Fur-
thermore, all these proteins are required for the enrichment of
H3K27me3 and H3K9me?2 in their target loci, suggesting that
the binding of their PHD domains to H3K9me2 triggers the
increase of these repressive marks that eventually leads to the
silencing of target genes.

VIL proteins are conserved in crop species with a vernali-
zation requirement, such as wheat. Three VIL genes,
TmVILI-3, have been identified in einkorn wheat (77iticum
monococcum).”” Their expression is upregulated by vernaliza-
tion and non-inductive photoperiods, suggesting that the role
of VIL proteins in vernalization is conserved in this species.
VIL orthologues named as AetVIL1-3 are also present in wild
wheat (Aegilops tauschii).”>> However, their transcriptional reg-
ulation by low temperatures is not as clear, and further
research will be needed to clarify their involvement in the
vernalization response.

Other species without vernalization requirements, like rice
(Oryza sativa), also carry VIL homologues. OsVIL2 acts as an
activator of flowering in rice by inhibiting the expression of the
floral repressor LEC2 AND FUSCA3 Like 1 (OsLFLI), a putative
B3 DNA-binding domain-containing transcription factor.>*
OsVIL2 binds histone H3 through its PHD domain and medi-
ates the enrichment of H3K27me3 in the OsLFLI chromatin.
Furthermore, OsVIL2 physically interacts with the rice PRC2
component EMBRYONIC FLOWER 2a (OsEMF2a), suggest-
ing that both proteins might act together in a PHD-PRC2 com-
plex similar to the one present in Arabidopsis to participate in
the chromatin-mediated repression of OsLFLI and thus promote
flowering in rice.

Besides these members of the VIL family, ARABIDOPSIS
TRITHORAX1 (ATX1), the homolog of Drosophila trxG
protein Trithorax (TRX), bears 2 PHD domains.”®> ATX1
regulates flowering time by activating the expression of FLC
(Fig. 1B)*° and binds dynamically to the chromatin of this
floral repressor, mediating the deposition of H3K4me3. Loss
of ATXI activity is accompanied by a reduction in
H3K4me3 and an increase in H3K27me2 levels in FLC chro-
matin and leads to early flowering.

The rice Early Heading Date 3 (Ehd3) PHD-containing
protein is involved in the photoperiodic regulation of flower-
ing time.”” Under non-inductive long days, Ehd3 negatively
regulates the expression of the floral repressor Grain Number,
Plant Height, and Heading Date7 (Ghd7), leading to the
upregulation of the downstream floral activator Ehdl and the
promotion of flowering. Under inductive short day condi-
tions, Ehd3 controls the expression of Ehdl independently of
Ghd7. Interestingly, the rice ortholog of Arabidopsis A7XI
(OsTxrl) also downregulates the expression of Ghd7 under
LD and physically interacts with Ehd3.”® OsTxrl is able to
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bind histone H3 through its PHD domain and has histone
methyltransferase activity iz vivo. It is possible that the inter-
action between these 2 PHD-finger proteins is involved in
the chromatin-mediated regulation of the floral repressor

Gdh7 in rice.

Regulation of the Arabidopsis Floral Integrators by
the PHD Containing Proteins EBS and SHL

In Arabidopsis, the floral promotion pathways converge in the
regulation of 2 master genes, the so-called floral integrators
FLOWERING LOCUS T (FT) and SUPPRESSOR OF OVEREX-
PRESSION OF CONSTANSI (SOCI). The transcriptional acti-
vation of these genes determines the transition from vegetative to
reproductive development.”® Previous studies implicated EBS in
the repression of flowering, and showed that this PHD-contain-
ing protein is necessary for the repression of FT.*°! EBS also
encompasses a BROMO ADJACENT HOMOLOGY (BAH)
motif, frequently found in chromatin remodeling proteins. Pro-
teins with this modular architecture are present in all plant spe-
cies but not in other eukaryotic organisms, suggesting their
specificity for the plant kingdom. At least one homolog of EBS is
present in the Arabidopsis genome, SHL, which had been pro-
posed to be required for proper development and fertility®* and
to regulate the expression of SOCI and SEPALLATA3 (SEP3)
genes.®

A recent study shows that EBS and SHL participate in
the chromatin-mediated repression of flowering,'” and have
independent roles in this process. While EBS is necessary for
the repression of F7, SHL negatively regulates the expression
of SOCI. The PHD domains of EBS and SHL bind
H3K4me2/3, suggesting that the recognition by these pro-
teins of this specific histone marks may mediate their role as
chromatin effectors. EBS and SHL were shown to bind dis-
crete regions in the chromatin of F7 and SOCI, respectively.
Moreover, EBS and SHL are required to maintain low levels
of acetylation in their target genes, as evidenced by the
hyperacetylation of H3K9K14 observed in the chromatin of
FT and SOCI in ebs and sh/ mutants, respectively. In addi-
tion, HISTONE DEACETYLASE6 (HDAG) is able to inter-
act in planta with EBS and SHL (Fig. 1B). The data
derived from this study are consistent with a model in which
EBS and SHL could bind the chromatin of their target
genes F7 and SOCI through the PHD-mediated recognition
of H3K4me2/3, subsequently recruiting HDAG6, which leads
to histone deacetylation and repression of these floral
integrators. 7

The observations described above highlight the pivotal role
of PHD proteins in mediating the cross talk between differ-
ent histone modifications and the important implications of
this signaling pathway in the regulation of gene expression
patterns that control developmental transitions in plants and
particularly flowering time. Future studies are likely to pro-
vide a deeper understanding of the chromatin remodeling
complexes that mediate the action of PHD-containing
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proteins in a variety of cellular pathways regulating plant

development and differentiation.
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