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Polycomb-repressive complexes (PRCs) play key roles in development by repressing a large number of genes involved in
various functions. Much, however, remains to be discovered about PRC-silencing mechanisms as well as their targeting to
specific genomic regions. Besides other mechanisms, GAGA-binding factors in animals can guide PRC members in a sequence-
specific manner to Polycomb-responsive DNA elements. Here, we show that the Arabidopsis (Arabidopsis thaliana) GAGA-motif
binding factor protein BASIC PENTACYSTEINE6 (BPC6) interacts with LIKE HETEROCHROMATIN PROTEIN1 (LHP1), a
PRC1 component, and associates with VERNALIZATION2 (VRN2), a PRC2 component, in vivo. By using a modified DNA-
protein interaction enzyme-linked immunosorbant assay, we could show that BPC6 was required and sufficient to recruit LHP1
to GAGA motif-containing DNA probes in vitro. We also found that LHP1 interacts with VRN2 and, therefore, can function as a
possible scaffold between BPC6 and VRN2. The lhpl-4 bpc4 bpcé triple mutant displayed a pleiotropic phenotype, extreme
dwarfism and early flowering, which disclosed synergistic functions of LHP1 and group II plant BPC members. Transcriptome
analyses supported this synergy and suggested a possible function in the concerted repression of homeotic genes, probably
through histone H3 lysine-27 trimethylation. Hence, our findings suggest striking similarities between animal and plant GAGA-
binding factors in the recruitment of PRC1 and PRC2 components to Polycomb-responsive DNA element-like GAGA motifs,

which must have evolved through convergent evolution.

Transcription factors (TFs) control expression by
specific binding to cis-regulatory DNA elements close
to a gene and, thereby, modulating the activity of the
transcription machinery (Badis et al., 2009; Rohs et al.,
2009). For the majority of these regulatory proteins, it
is not well understood how they act at the molecular
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level to govern gene expression tightly, in a spatial and
temporal manner, and to orchestrate diverse cellular
processes such as development or the plasticity to re-
spond to environmental stimuli. Some TFs affect pol-
ymerase activity directly, while others function as
recruitment factors or as modifiers that change the
accessibility of cis-regulatory DNA elements through
posttranslational modifications of histones (Cedar and
Bergman, 2009; O’'Meara and Simon, 2012).
GAGA-motif binding factors (GAFs) are polyvalent
TFs that appear to act through diverse molecular
mechanisms in the control of homeotic gene expression
during development (Lehmann, 2004; Adkins et al.,
2006). There are two unrelated GAF families in ani-
mals, Trithorax-like (Trl) and Pipsqueak (Psq), which
compete for the same GAGA-motif containing DNA
sequences and are involved in similar regulatory pro-
cesses (Lehmann, 2004; Adkins et al., 2006; Kasinathan
et al., 2014). Both GAF families play key roles in the
context-dependent regulation of gene expression by
communicating with histone-modifying complexes
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(Huang et al., 2002; Schuettengruber and Cavalli, 2009;
Wang et al., 2010; Li et al.,, 2013). Psq is essential for si-
lencing homeotic genes through sequence-specific tar-
geting of POLYCOMB-REPRESSIVE COMPLEX?2 (PRC2)
members to certain genomic loci, which are involved
in the deposition of a repressive trimethylation mark at
Lys-27 in histone H3 (H3K27me3; Huang et al, 2002;
Schuettengruber and Cavalli, 2013). Similarly, the Trl
GAF mediates a sequence-specific recruitment of different
PRC1 members to GAGA motif-containing Polycomb-
responsive DNA elements (PREs; Faucheux et al., 2003;
Mishra et al., 2003; Mulholland et al., 2003; Salvaing et al.,
2003; Schwartz and Pirrotta, 2008). Although the exis-
tence of plant PRE-like elements has been proposed (Santi
et al., 2003; Schatlowski et al., 2008; Buzas et al., 2012), no
PRE-like element or GAF homologs have been identified
in plants so far.

Members of the plant-specific BARLEY B RECOM-
BINANT (BBR)/BASIC PENTACYSTEINE (BPC)
family have GAGA motif-binding properties and are
involved in the control of homeotic genes (Sangwan
and O’Brian, 2002; Santi et al., 2003; Kooiker et al.,
2005; Brand et al., 2010; Berger et al., 2011; Simonini
and Kater, 2014). Phylogenetic analysis disclosed three
groups of plant BBR/BPC proteins and a high degree
of conservation within these groups that is indicative
of a strong positive selection throughout evolution
(Meister et al., 2004; Lang et al.,, 2010; Wanke et al.,
2011). All BBR/BPC proteins possess the highly con-
served BPC DNA-binding domain at their C terminus
but differ by domains in the N terminus (Meister et al.,
2004; Wanke et al.,, 2011). Similar to animal GAFs,
group I BBR/BPC proteins control the expression of
homeotic genes during developmental processes,
while a molecular function for group II and III BBR/
BPC proteins remains elusive (Wanke et al., 2011).
Barley group I BBR is involved in leaf and flower de-
velopment by regulating the expression of Barley
Knotted3 (BKn3), the ortholog of the homeobox gene
Knotted1 (Kn1) from maize (Zea mays; Santi et al., 2003).
An intragenic duplication of a GAGA motif in the Bkn3
gene contributes to the dominant hooded mutation,
where the BBR-dependent ectopic overexpression of
BKn3 in the flower meristem abolishes seed develop-
ment (Santi et al., 2003). Accordingly, group I BBR/
BPC proteins regulate SHOOTMERISTEMLESS and
BREVIPEDICELLUS in Arabidopsis (Arabidopsis thali-
ana), which are orthologs of barley (Hordeum vulgare)
BKn3 or maize Knl (Simonini and Kater, 2014). The
group I BBR/BPC protein BPC1 is essential for the
activation of the TF genes LEAFY COTYLEDON?2
(LEC2), INNER NO OUTER (INO), and SEEDSTICK
(STK), which control ovule and embryo development
(Meister et al., 2004; Kooiker et al., 2005; Berger et al.,
2011). Moreover, group I BBR/BPC members have the
capacity to bend DNA, presumably through a molec-
ular mechanism that involves multimerization of the
proteins (Kooiker et al., 2005; Simonini et al.,, 2012).
In addition, Arabidopsis BPC1 regulates MADS box
gene expression and the recruitment of the SEUSS
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(SEU)-LEUNIG (LUG) transcriptional suppressor
complex to repress the homeotic STK locus (Simonini
et al., 2012). These findings on plant GAFs are remi-
niscent of the tight control of homeotic genes described
for animal GAF families.

Here, we show that Arabidopsis BPC6, a group II
BBR/BPC protein, interacts with the core PRC1 com-
ponent LIKE HETEROCHROMATIN PROTEIN1
(LHP1) both in vitro and in vivo. Our data suggest the
existence of a group II BPC-dependent protein complex
in the nucleoplasm that contains LHP1 and that may
also comprise the plant PRC2 member VERNALIZA-
TION2 (VRN2). Furthermore, we show that BPC6 is
required and sufficient for the recruitment of LHP1 to
GAGA motifs in vitro. Consistently, GAGA motifs in
promoters coincide with in vivo LHP1 target genes and
H3K27me3 decoration. The lhp1-4 bpc4 bpc6 triple mu-
tant displays pleiotropic developmental defects that
suggested a synergistic interaction between LHP1 and
group II BPCs. This synergy was supported by tran-
scriptome analyses, where differentially expressed (DE)
genes in the triple mutant were enriched for TF genes
and known H3K27me3 targets. Our data indicate a
molecular role for group II BBR/BPC proteins in the
recruitment of Polycomb components to GAGA motifs
in plants, which emphasizes evolutionary similarities
between animal and plant GAF function.

RESULTS

BPC6 Interacts with LHP1 and Colocalizes with PRC2
Components in Vivo

The Arabidopsis BBR/BPC family consists of seven
members that are divided into three groups. Group II
consists of BPC4 and BPC6 as well as BPC5, which is a
putative pseudogene (Meister et al., 2004; Monfared
etal., 2011). We tested the possible physical interaction of
BPC6 with selected plant Polycomb Group (PcG) com-
ponents and chromatin-remodeling factors by yeast
(Saccharomyces cerevisize) two-hybrid analysis (Fig. 1).
The previously described formation of BPC6 homo-
dimers served as a positive control (Wanke et al., 2011).
Only the PRC1 component LHP1 disclosed a positive
interaction with BPC6 in yeast (Fig. 1A), whereas no
physical interaction was observed between BPC6 and
any other tested protein, such as SWINGER (SWN),
FASCIATA2 (FAS2), FERTILIZATION-INDEPENDENT
ENDOSPERM (FIE), MULTICOPY SUPPRESSOR OF
IRA1 (MSI1), or VRN2. To confirm our findings, we
studied the interaction between BPC6, LHP1, and control
proteins in transiently transformed Nicotiana benthamiana
cells by noninvasive in vivo fluorescence lifetime mea-
surement (FLIM), where fluorescent fusion proteins lo-
calize freely to their endogenous nuclear domains
(Supplemental Fig. S1). As no physical interaction be-
tween donor (e.g. GFP) and acceptor (e.g. red fluorescent
protein [RFP]) chromophores exists, a significant GFP-
donor lifetime decrease is an explicit indication for
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Figure 1. BPC6 interacts with the PRCI1 A
component LHP1 in vivo and tightly associ-
ates with the PRC2 core component VRN2. A, ADgara

Yeast two-hybrid analyses revealed positive
interaction between BPC6 and LHP1. No in-
teraction was found with SWN, FAS2, FIE,

AD-BPC6

AD-SWN
MSIT, and VRN2. AD, Activation domain;
BD, DNA-binding domain; CSM-LW, com- AD-FAS2
plete supplement mixture without Leu and
Trp; CSM-LWH, complete supplement mix- ADEIE
ture without Leu, Trp, and His. B, Noninva- AD-LHP1

sive FLIM of BPC6-GFP or BPC1ADBD-GFP

in the presence of LHP1-RFP, RFP-LHP1, AD-MSI1
VRN2-RFP, and RFP-VRN2 in transiently
transformed N. benthamiana epidermis cells.
Significant GFP-lifetime decrease was detec-
ted for BPC6 with LHP1 and VRN2, which
indicates the close proximity of these proteins
in vivo (P < 0.05). Group | BPCTADBD-GFP B

AD-VRN2

1 1:10 1:100 1:1000 1 1:10 1:100 1:1000

BPC6-GFP

brightfield
BPC6-YFPC
BPC1-YFPN

C

90d8-a8
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exhibited no significant GFP-lifetime de-
crease with LHP-RFP. Error bars indicate sp
(n = 6). C, BiFC assay in transiently trans-
formed N. benthamiana epidermis cells.
BPC6/LHP1 and LHP1/VRN2 heterodimers
were formed predominantly in the nucleo-
plasm. The formation of BPC6 homodimers
served as a positive control in all experiments.
Bars = 10 um.

GFP fluorescence lifetime [ns]

the very close proximity of donor and acceptor fusion
proteins in vivo that is probably caused by direct phys-
ical interaction (Elgass et al., 2010; Wanke et al., 2011;
Harter et al., 2012). In full agreement with our yeast two-
hybrid data, a significant BPC6-GFP lifetime decrease
was detectable when coexpressed with BPC6-RFP, LHP1-
RFP, or RFP-LHP1 but also with VRN2-RFP as an ac-
ceptor chromophore (Fig. 1B). In contrast, no decrease in
GFP-donor lifetime was detected when the group I BBR/
BPC protein fragment BPCIADBD-GFP was used as
donor or RFP-VRN2 and mCherry-NLS (for nuclear
localization signal) fusion proteins were used as
possible acceptors (Fig. 1B). It is noteworthy that LHP1
and VRIN2 lifetime decreases were orientation dependent
and strongest with C-terminal RFP fusions. However,
both orientations resulted in significant lifetime decreases
for LHP1 and BPC6, which confirmed our yeast two-
hybrid results in planta. In addition to FLIM, we con-
firmed our findings by noninvasive Forster resonance
energy transfer between the BPC6-GFP donor and dif-
ferent RFP fusion acceptor chromophores in individual
N. benthamiana nuclei (Supplemental Fig. S2).

LHP1 Interacts with BPC6 and VRN2 in the Nucleoplasm

To identify in which subnuclear domain the interaction
between BPC6 and LHP1 takes place, we used bimolec-
ular fluorescence complementation (BiFC) experiments.
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BPC6/LHP1 heterodimers formed predominantly in the
nucleoplasm (Fig. 1C) but not in the nucleolus or other
subdomains where BPC6-GFP is localized (Supplemental
Fig. S1; Wanke et al., 2011). This localization reflected the
known distribution of LHP1 (Libault et al., 2005), which
indicated the existence of at least two distinct pools of
BPC6, one that interacts with LHP1 in the nucleoplasm
and a second that localizes to the nucleolus and fulfills
other, yet unknown functions. Interestingly, BPC4, the
group II paralog of BPC6 (Monfared et al., 2011; Wanke
et al., 2011), was also able to interact with LHP1 in BiFC
assays (Supplemental Fig. S3).

Our data revealed no physical interaction but a close
proximity of BPC6 with the PRC2 component VRN2,
which suggested that LHP1 might function as a scaf-
fold and link PRC1 and PRC2 function. Hence, a sig-
nificant lifetime decrease between Arabidopsis BPC6
and VRN2 in the heterologous N. benthamiana system
(Fig. 1B) is possibly mediated by endogenous tobacco
(Nicotiana tabacum) LHP1 orthologs as scaffolds. By
BiFC experiments, we could show that VRN2 was also
able to interact directly with LHP1 (Fig. 1C). Thus, the
lifetime reduction of BPC6-GFP coexpressed with
VRN2-RFP in our FLIM experiment (Fig. 1B) can
readily be explained by the close proximity of BPC6
with VRN2, because all proteins interacted in vivo
with LHP1, possibly in a higher order complex. A
similar scaffolding function of LHP1 for PRC1 and
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PRC2 was also reported for the interaction between
LHP1 and MSI1 (Derkacheva et al., 2013).

BPC6 Interacts with the Chromo Shadow Domain of LHP1

To gain insight into the interaction of BPC6 and
LHP1, we aimed to identify the domains responsible
for the heterodimerization. BPC6 consists of three
distinct regions (Fig. 2A): an N-terminal dimerization
domain that is responsible for the formation of ho-
motypic dimers within group II BBR/BPC proteins, an
NLS, and the highly conserved BPC DNA-binding
domain (Brand et al., 2010; Wanke et al., 2011). LHP1
also consists of three principal domains (Fig. 2B): the
N-terminal chromo domain, which binds to histone 3, a
variable hinge region, and the chromo shadow domain
(CSD) at the C terminus, which mediates protein-protein
interactions (Gaudin et al., 2001; Latrasse et al., 2011).

By using truncated fusion proteins in yeast two-hybrid
analyses, we could show that the group II BBR/BPC-
specific Ala zipper-like dimerization domain and the C
terminus of LHP1 that contains the CSD are required for
the formation of the BPC6/LHP1 heterodimers (Fig. 2C).
Interestingly, the subnuclear localizations of BPC6-GFP
and LHPIAN-RFP overlapped (Supplemental Fig. S4),
which suggest a recruitment of this LHP1 fragment by its
CSD to BPC6 expression domains.

BPC6 Recruits LHP1 to GAGA DNA Motifs

BBR/BPC family members bind to the dinucleotide
repeat sequence GAGA (Sangwan and O’Brian, 2002;
Santi et al., 2003; Meister et al., 2004; Kooiker et al., 2005;
Brand et al.,, 2010). Therefore, our data suggested that
BPC6 might recruit LHP1 to GAGA motif-containing
DNA. To investigate the interaction of BPC6 with LHP1
at the DNA, we adapted the DNA-protein interaction-
ELISA method (Brand et al.,, 2010) by adding an
additional round of protein incubation (Fig. 3A). This
DNA-protein interaction-recruitment (DPI-R)-ELISA
allowed us to investigate also those proteins that are as-
sociated with nucleic acids but do not bind DNA directly
(Fig. 3A). We used the identical DNA probes that we
used previously for the specific binding of BPC2 to
GAGA motifs (Brand et al, 2010). The probes were
immobilized in different wells and incubated with re-
combinant GFP-BPC6 (Fig. 3B). As expected, specific
binding of GFP-BPC6 to GAGA probes was detected by
GFP fluorescence. We next added 6xHis-LHP1 or 6xHis
control extract to the DPI-R-ELISA (Fig. 3B). Only those
wells that contained all three components, GAGA probe,
GFP-BPC6, and 6xHis-LHP1, displayed significant lumi-
nescence over the background (Fig. 3B). Consistently, a
DPI-R-ELISA with 6xHis-LHP1AN also gave significant
signals and thereby confirmed the yeast two-hybrid data
(Supplemental Fig. S5). Hence, BPC6 was required and
sufficient to recruit LHP1 via its CSD-containing C ter-
minus to GAGA motif-containing DNA probes in vitro.
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GAGAGA Motifs Are Enriched in Known LHP1 and
H3K27me3 Target Loci

Previous bioinformatics studies indicated that GAGAGA
hexanucleotide motifs were enriched in core promoters,
introns, and 5’ untranslated regions, especially of
TATA-less genes (Santi et al., 2003; Berendzen et al.,
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Figure 2. The dimerization domain of BPC6 physically interacts with
the CSD of LHP1. A and B, Schematic overviews of the BPC6 (A) and
LHP1 (B) truncations used for localization and interaction studies.
DIM, Dimerization domain; DBD, DNA-binding domain; CD, chromo
domain. C, Yeast two-hybrid analyses of BPC6 and LHP1 hybrid fusion
proteins. The dimerization domain of BPC6 (BPC6ADBD) interacted
exclusively with the CSD of LHP1 (LHPTAN). AD, Activation domain;
BD, DNA-binding domain; CSM-LW, complete supplement mixture
without Leu and Trp; CSM-LWH, complete supplement mixture
without Leu, Trp, and His.
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2006; Yamamoto et al., 2009). Moreover, GAGA /TCTC
repeat motifs were discovered in promoters of genes
that are important for the developmental phase shift
from vegetative to generative growth (Winter et al.,
2011). Based on these previous analyses, we investi-
gated the global distribution of the GAGAGA hex-
anucleotide motifs at the translation start site. Indeed,
a significant enrichment (5-fold; P < 10~y of
GAGAGA close to ATG implied a role in gene ex-
pression control (Fig. 4A; Supplemental Table S1).
Interestingly, we found that the GAGAGA hex-
anucleotide motif displayed an orientation-dependent
distribution at the translation start: the antisense
TCTCTC was abundant in the 5’ untranslated regions
and in the gene body, possibly in introns; the sense
GAGAGA hexanucleotide motif was less frequent than
its antisense and disclosed a sharp peak right up-
stream of the ATG (Fig. 4A). Due to the BPC6/LHP1
interaction, we analyzed the overlap between genes
with GAGAGA in their promoters that were already
known LHP1 in vivo target loci or associated with

A 488nm 510nm substrate light

GFP-fluorescence
[RFU]

L @

P S = W

luminescence
[pixel]
)
o

f mmﬁmﬁﬁﬁ
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+ + | - |+

GACT-probe + -
GFP-BPC6 + I A S A
LHP1-His |+ - - -
+ |+ |+ |+

empty His-vector | - | -

Figure 3. BPC6 recruits LHP1 to GAGA motifs in vitro. A, Schematic
overview of the in vitro DPI-R-ELISA. Immobilized DNA probes were
incubated with GFP-BPC6 and, subsequently, with His-LHP1 fusion
proteins. The recruitment of LHP1 by BPC6 to DNA probes was
detected by using anti-His antibody and quantified by relative lumi-
nescence. B, DPI-R-ELISA with recombinant GFP-BPC6 and His-LHP1.
Histograms show relative GFP fluorescence (top) and luminescence
(bottom). BPC6 was required and sufficient to recruit LHP1 specifically
to GAGA motif-containing DNA probes in vitro. Significant signals are
marked by asterisks (P < 0.05). Error bars indicate se. RFU, Relative
fluorescence units.
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Figure 4. GAGA motifs link BPC6 function with LHP1 targets and
H3K27me3. A, Distribution map of GAGAGA in a 3-kb region cen-
tered on the translation start sites (ATG). GAGA motifs were strongly
enriched before the ATG. The sense (blue line) and antisense (orange
line) orientations display significant positional disequilibria. B to E,
Overlap of H3K27me3 (B) or histone H3 Lys-4 trimethylation
(H3K4me3; C) chromatin marks or two random gene lists (D and E)
with genes that contain GAGAGA motifs in their promoters and that
are in vivo LHP1 targets. Statistical analysis of the gene list overlap is
given in Supplemental Table S3.

distinct histone modifications (Fig. 4B; Supplemental
Tables S1 and S2; Zhang et al., 2007; Lafos et al., 2011;
Roudier et al., 2011; Luo et al., 2013). Interestingly, a
significant overlap of genes existed at the triple inter-
section between GAGAGA-containing promoters,
LHP1 targets, and the H3K27me3 mark (Fig. 4B;
Supplemental Table S3; P =< 0), although there was no
significant overlap between the GAGAGA data set and
any of the individual data sets. No significant enrich-
ment was found for any other triple overlap between
GAGAGA hexanucleotide motifs, LHP1 in vivo target
loci, and any other histone modification (Fig. 4C;
Supplemental Fig. S6; Supplemental Table S3). It is
noteworthy, however, that GAGAGA hexanucleotide
motifs appeared to be associated with several histone
modifications but was absent in control lists of random
gene composition (Fig. 4, D and E; Supplemental Fig.
S6; Supplemental Table S3). These observations might
relate to the roles of group I or IIl BBR/BPC proteins
or to other, yet unknown group II BBR/BPC functions
that are LHP1 independent.
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The lhp1-4 bpc4 bpc6 Mutant Displays Severe Pleiotropic
Developmental Defects

To investigate the biological relevance of the inter-
action between group II BBR/BPCs and LHP1, we
crossed the previously described bpc4 bpc6 double
mutant with lhp1-4 (Larsson et al., 1998; Lindroth et al.,
2004; Monfared et al., 2011). We observed a much
lower allele penetrance for early-flowering lhp1-4 and
for the lhpl-4 bpc4 bpc6 triple mutant than was ex-
pected: we screened a total of 980 F2 plants and,
therefore, expected 240 homozygous early-flowering
Ihp1-4 plants and 15 triple mutant genotypes. In vast
contrast, 118 homozygous lhpl-4 plants (twice less
than expected) and only a single lhp1-4 bpc4 bpc6 triple
mutant (16 times less than expected; X < 107'% were
observed (Supplemental Table S4).

The Ihp1-4 bpc4 bpc6 triple mutant exhibited severe
pleiotropic defects: the mutant plants were smaller in
size, exhibited fewer side shoots, and had an altered
number of branches of the main inflorescence com-
pared with the wild type or both parental lines (Fig.

A). We observed smaller flowers in all three mutant
alleles and missing floral organs in Ihp1-4 bpc4 bpc6
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(Fig. 5B). Even though some aborted seeds in bpc4 bpc6
were observed (Fig. 5C), the silique size and the
number of seeds per silique were not significantly al-
tered (Fig. 5D). However, the size of the siliques and
the number of seeds were reduced in lhpl-4 or lhpl-4
bpc4 bpc6 (Fig. 5, C and D). Rosette leaves of lhp1-4 bpc4
bpc6 plants were drastically altered in size and form
(Fig. 5E). We also observed a reduced number of ro-
sette leaves in all three mutant alleles, which was in-
dicative of an early-flowering phenotype and strongest
in the Ihp1-4 bpc4 bpc6 triple mutant (Fig. 5F). Consis-
tent with the reduced rosette leaf number hp1- 4 bpc4
bpc6 flowered significantly earlier (1-2 d; x* < 10 %) than
Ihp1-4 and much earlier (approximately 12 d; x* < 10~%)
than bpc4 bpc6 or wild-type plants (Fig. 5G).

Synergistic Control of Gene Expression by Group II BBR/
BPCs and LHP1

We further analyzed the genetic interaction between
LHP1 and BPC6 by comparing the transcriptomes of
bpc4 bpc6, lhpl-4, lhpl-4 bpc4 bpc6, and wild-type
plants. A total of 723 genes displayed at least a 3-fold
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Figure 5. The triple mutant of group 1l BPCs and LHP1 displays severe pleiotropic defects. A, Plant growth habit. B, Flower
morphology. C, Silique morphology (left) and seed set (right). Aborted and dying seeds are marked by asterisks. D, Length of
siliques and number of seeds per silique. Error bars indicate sp. E, Silhouettes of rosette leaves at the time of bolting. F, Total
number of rosette leaves at bolting stage. The average number of rosette leaves is indicated by black vertical lines. G, Flowering
time given as relative number of plants at bolting stage. Col-0, Accession Columbia-0.
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difference in expression in at least one of the mutant
genotypes compared with the wild type (Fig. 6A;
Supplemental Table S5). Only 17 genes were differen-
tially expressed in all three genotypes (Fig. 6A). A vast
majority of 660 DE genes were found in lhp1-4 bpc4 bpc6
alone, which was many more than in the two parental
genotypes. Moreover, 412 DE genes were misexpressed
exclusively in Ihp1-4 bpc4 bpc6. This gene expression
pattern could not be proposed from the DE genes in the
parental plants and explicitly supported a synergistic
interaction between group II BBR/BPCs and LHP1. To
disclose the biological processes in which LHP1 and
group II BBR/BPCs were involved, we investigated the
Gene Ontology terms of all DE genes (Supplemental
Table S6). A significant enrichment in the Gene Ontol-
ogy terms nucleotide binding (molecular function),
transcription factor activity (molecular function), and
response to stress (biological processes) was found
(Supplemental Fig. S7). Consistently, many TF genes
were misexpressed in lhp1-4 and lhpl-4 bpc4 bpc6 (Fig.
6B), and a significant overlap of all DE genes with
known H3K27me3 targets (Lafos et al, 2011) in the
shoot was disclosed (Fig. 6C). In agreement with an
overall repressive function of LHP1 or H3K27me3,
more genes were up-regulated than down-regulated in
all mutants (Fig. 6D; Supplemental Table S5). In addi-
tion, a significant overlap between up-regulated genes,
GAGAGA hexanucleotide motifs in promoters, and
known H3K27me3 targets was observed in all three mu-
tants (Fig. 6D).

Several well-known homeotic TFs were under syn-
ergistic control of both LHP1 and group II BPCs (Fig.
6E; Supplemental Table S5). We analyzed a few can-
didate TFs that were already known in vivo LHP1
targets (Zhang et al., 2007), repressed by H3K27me3
marks in the shoot (Lafos et al., 2011), and simulta-
neously contained GAGAGA hexanucleotide motifs in
the proximal promoters 500 bp upstream of the ATG.
The homeotic MADS box genes AGAMOUS, SHAT-
TERPROOF1 (SHP1), SHP2, and SEPALLATA?2 (Fig.
6E; Supplemental Table S5) displayed a much more
pronounced misexpression in lhpl-4 bpc4 bpc6 com-
pared with the parental mutants, which also confirms
a synergistic interaction of LHP1 and group II BPCs at
these homeotic TF genes. Ectopic derepression of any
of these TFs in the shoot tissues harbors the potential
of homeotic transformations that might already ex-
plain much of the observed phenotypic differences in
lhp1-4 bpc4 bpc6 mutants (Ferrandiz et al., 2000; Pelaz
et al., 2000; Liu et al., 2009; Colombo et al., 2010). The
early-flowering phenotype of Ihpl-4 was proposed to re-
sult from the high expression of FLOWERING LOCUS T
(Kotake et al., 2003), which was even higher expressed in
the triple mutant than in /hp1-4. Still, many more TF genes
with homeotic potential were overexpressed and proba-
bly contribute to the severity of the Ihpl-4 bpc4 bpc6 phe-
notype. For example, HOMEOBOX PROTEIN2, MYB23,
and BELLRINGER/BEL1-LIKE HOMEODOMAINY were
all under the synergistic control of LHP1 and group II
BBR/BPC proteins, contain GAGAGA hexanucleotide
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motifs in their promoters, and are LHP1 target loci. Sim-
ilar deregulation was found for ACC OXIDASE, SMALL
AUXIN UPREGULATED36, and BTB AND TAZ DOMAIN
PROTEIN2, which are involved in phytohormone sig-
naling, or ARABIDOPSIS DEHISCENCE ZONE POLY-
GALACTURONASEI1, which encodes an indispensable
enzyme for proper cell separation during reproductive
development (Fig. 6E).

Interestingly, the expression of known group I BBR/
BPC targets such as LEC2, INO, STK, or BP/KNAT1
was not significantly affected in bpc4 bpc6 or lhpl-4
bpc4 bpc6, which was a strong indication for distinct
functionalities of the two groups of BBR/BPC proteins
(Supplemental Fig. S8).

DISCUSSION

In this work, we have shown that the plant group II
BBR/BPC protein BPC6 was able to recruit LHP1, a plant
PRC1 component, to GAGA motif-containing DNA ele-
ments. Consistently, bioinformatics analysis revealed that
GAGA motifs were significantly enriched at genomic
LHP1 in vivo target sites and at regions with increased
H3K27me3.

Our FLIM analyses indicated that the BPC6/LHP1
heterocomplex is in close proximity with the PRC2
member VRN2 in vivo. These data suggest a novel
function for group II BBR/BPC proteins in H3K27me3
repression via LHP1, which directly interacts with
VRN2 and other PRC2 components that are required
for setting the H3K27me3 marks.

Previous publications suggested that BBR/BPC
family members might function through plant PRE-
like elements to influence the expression of homeotic
genes (Santi et al., 2003; Schatlowski et al., 2008). In
animals, PREs were defined by their importance for
gene repression by PcG proteins (Schwartz and Pirrotta,
2008). Previous bioinformatics analyses of the in vivo
target loci of the PRC2 member FIE identified an en-
richment of GAGA motifs at putative PRE-like elements
(Deng et al., 2013). Our work directly supports the ex-
istence of such PRE-like elements in plants by identi-
fying a DNA-binding protein, BPC6, that can mediate
the specific interaction of the PRC1 component LHP1
with GAGA DNA motifs.

In recent years, several LHP1-interacting proteins
were identified, which suggested roles in many chro-
matin complexes like HP1 in animals (Gaudin et al,,
2001; Cui and Benfey, 2009; del Olmo et al.,, 2010;
Kwon and Workman, 2011; Latrasse et al., 2011; Li and
Luan, 2011; Derkacheva et al., 2013; Molitor and Shen,
2013; Shen et al., 2014). For example, LHP1 interacts
with SCARECROW (SCR), a member of the plant-
specific GRAS transcription factor family, which af-
fects cell division in the roots (Cui and Benfey, 2009).
However, no direct evidence for PRE-like elements at
SCR and LHP1 targets was disclosed. Similarly, no
direct link with DNA elements could be suggested
for the interaction between LHP1 and RING-finger
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Figure 6. Synergistic interaction between group Il BBRs/BPCs and LHP1. A, Overlap of DE genes. B, Overlap of DE TF genes
(Guo et al., 2005). *, P= 10~*. C, Overlap of DE genes that are known H3K27me3 target loci (Lafos et al., 2011). *, P=<10"*.
D, Number of up- or down-regulated genes that contain GAGAGA hexanucleotide motifs in their promoters (—1,500 bp to
ATG) and/or are H3K27me3 decorated. For each combination, the hypergeometric P value is given. Red values indicate sig-
nificant enrichment. E, Examples of synergistically regulated genes that are in vivo LHP1 and H3K27me3 targets and contain
GAGA motifs in their promoters. Top row, MADS box genes; middle row, homeotic TF genes; bottom row, other genes with
importance in development. Background corrected signal intensities are shown. Error bars indicate se. Col-0, Accession Columbia-
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proteins, which are essential for the plant PRC1 com-
plex and monoubiquitination of histone H2A (Xu and
Shen, 2008; Liu et al., 2009; Bratzel et al., 2010; Molitor
and Shen, 2013; Calonje, 2014; Feng and Shen, 2014).
The recruitment of LHP1 by BPC6 to GAGA DNA
motifs is reminiscent of the animal process, where the
Trl GAF can participate in histone modifications and
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gene silencing through its binding to PRC1 compo-
nents (Faucheux et al., 2003; Mulholland et al., 2003;
Salvaing et al., 2003).

It remains unclear, however, how group II BBR/
BPCs target a specific GAGA motif, which is short and
highly abundant in the genome (Santi et al.,, 2003;
Berendzen et al., 2006). It was proposed that the
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homotypic dimerization of group II BBR/BPC proteins
and their parallel dimer facilitates binding to neigh-
boring GAGA sites and, therefore, may participate in
the binding specificity in vivo (Wanke et al., 2011).
Most plausible is the organization of GAGA motifs in a
cis-regulatory module with other binding motifs (e.g.
LEAFY binding sites; Winter et al., 2011). Hence, group Il
BBR/BPC members may identify the correct plant PRE-
like elements in concert with other TFs or possibly group
I BBR/BPCs (Berger et al., 2011; Winter et al., 2011).

The phenotypic analysis of the lhp1-4 bpc4 bpc6 triple
mutant suggested a synergistic interaction between
group II BBR/BPC proteins and LHP1. These data
were supported by our transcriptome analyses, which
uncovered that, for instance, important developmental
regulators were under synergistic control. This syn-
ergy might be explained by an involvement of both
proteins in different pathways (e.g. the pleiotropic
function of LHP1 with its multiple partners might
contribute at very different levels to this synergy and
to the triple mutant phenotype). Similarly, BPC6
homodimers might also act by a different molecular
mechanism that is independent of LHP1 on gene ex-
pression control of common target genes.

Despite the importance of group II BBR/BPCs for
LHP1, the bpc4 bpc6 double mutant displays a rather
mild phenotype (Monfared et al., 2011). These subtle
phenotypic changes can possibly be explained by the
expression of a partial BPC4 fragment from the trans-
fer DNA (T-DNA) insertion locus in bpc4 bpc6 plants
(Supplemental Fig. S9). Unfortunately, this bpc4 allele
is currently the only available line where the BPC4
coding sequence is affected by the insertion. The
T-DNA integrated into the reading frame of the DNA-
binding domain coding part of the gene (Supplemental
Fig. S10); thus, the truncated BPC4 protein will not
bind to DNA anymore but can probably form homo-
dimers and may interact with LHP1 or other unknown
interaction partners. In addition, group I and group 1II
BBR/BPC members might possibly compete for bind-
ing to GAGA motifs in similar and partially over-
lapping gene targets. Therefore, it might be possible
that group I BBR/BPC proteins can partially comple-
ment the repressive group II function at some vacant
GAGA loci in bpc4 bpc6 plants independently of PcG
members via the SEU/LUG suppressor complex,
which presumably acts through a different mechanism
(Simonini et al., 2012; Lee et al., 2014).

Our in vivo data suggested that probably a BPC6
dimer binds to DNA and recruits LHP1 via its CSD to
form a scaffold for VRN2. Hence, group II BBR/BPC
proteins may also be involved in the orchestration of
the deposition of H3K27me3, as was proposed earlier
(Santi et al., 2003; Schatlowski et al., 2008). However,
we missed so far the catalytic component that is re-
sponsible for the histone methylation. In addition, our
in vivo FLIM analyses have certain limitations, and
some tested components, such as the histone methyl-
transferaseses CURLY LEAF and SWN or FIE and
MSI1, might also be associated with the BPC6/LHP1
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complex but remained cryptic in our analyses, as they
were not close enough to evoke a significant change in
GFP donor lifetime (Wanke et al., 2011; Harter et al.,
2012). Therefore, much more time-resolved investiga-
tions will be required to decipher the precise series of
events in the mechanism of BPC6/LHP1 function. In-
terestingly, in the leaf meristems, a recruitment of
PRC2 to specific DNA motifs is facilitated by the
ASYMMETRIC LEAVES (AS) complex to maintain the
repression of KNOX homeobox genes (Lodha et al.,
2013). The AS/PRC2-dependent process is supposed
to operate locally and only during a defined develop-
mental phase. The possible BPC6/LHP1-dependent
recruitment of certain PRC2 members may act in a
similar way on a presumably different subset of genes.
Further analyses will be required to clarify the extent
to which any of the other VRN2 paralogs in Arabi-
dopsis can also be incorporated into a possible BPC6/
LHP1-dependent complex.

Thus, we propose a possible model for BPC6 func-
tion during PRC-dependent gene silencing (Fig. 7).
Group II BBR/BPC proteins recruit LHP1 to certain
GAGA motifs in the promoters of a subset of homeotic
genes. VRN2 bound to BPC6/LHP1 might participate
in the functions of VRN2-PRC2 to initiate, maintain,
spread, or reinforce a silent chromatin state. A similar
model was proposed for the inheritance of epigenetic
information through mitotic cell division that involves
LHP1 and MSI1 (Derkacheva et al., 2013). It might also
be possible that group II BBR/BPCs, PRC1 and PRC2
members, participate together in the same complex at
GAGA motif-containing PREs. This concept is consis-
tent with a function of the PRC2 member FIE in a
possible BBR/BPC-dependent H3K27me3 at plant
PRE-like elements (Deng et al., 2013).

Although our model envisions a role for BPC6, LHP1,
and possibly other PRC1 and PRC2 members during
the initial phase of gene silencing, it is not at all con-
flicting with our knowledge that led to the classic hi-
erarchical model. Moreover, this model combines our
data with previous findings on the importance of PRC1
in setting the H3K27me3 marks at distinct genomic loci
(Derkacheva et al., 2013; Yang et al., 2013). Still, various
models might exist in parallel with other forms of PRC
recruitment and repression yet to be uncovered.

® H3Kdme3

@ H3K27me3

AG, SHP1, SEP2, ....

Figure 7. Model for synergistic BPC6 and LHP1 function during the
initial phase of PRC2-dependent gene silencing at distinct homeotic
gene loci. BPC6 binds to GAGA motifs in PRE-like DNA elements and
recruits LHP1. Both proteins form a scaffold for the sequential at-
tachment of VRN2 and other PRC2 members. AG, AGAMOUS;
H3K4me3, histone H3 Lys-4 trimethylation; SEP2, SEPALLATAZ.
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CONCLUSION

Our study revealed that the plant GAGA-binding
protein BPC6 recruits LHP1 and probably VRN2 to
GAGA motif-containing PRE-like DNA elements in
plants. In animals, the GAF proteins Trl and Psq act in
the recruitment of PcG members to specific PREs
(Adkins et al, 2006; Schuettengruber and Cavalli,
2009, 2013). Hence, the group II BBR/BPC function
resembles animal GAFs in their role in PRC1 recruit-
ment. It is noteworthy that animal and plant GAFs do
not share any sequence similarities despite their high
degree of molecular mechanistic analogy (Wanke et al.,
2011), which, therefore, must have evolved indepen-
dently through convergent evolution.

MATERIALS AND METHODS
Yeast Two-Hybrid Analysis

The protocol of yeast (Saccharomyces cerevisiae) two-hybrid assays was described
previously (Wanke et al., 2011). Matchmaker (Clontech)-compatible pGBKT7-
DEST and pGADT7-DEST vectors were recombined with corresponding entry
clones and transformed to the PJ69-4A yeast strain. Complementation of auxot-
rophy was scored by growth on selective medium.

Image-Capture Analysis and Optical
Spectroscopic Measurements

Confocal laser scanning microscopy was performed using the Leica TCS SP2
or SP8 confocal microscope (Leica Microsystems). BiFC and FLIM were per-
formed in transiently transformed Nicotiana benthamiana leaf epidermis cells
according to Schiitze et al. (2009) and Wanke et al. (2011). The presence of
yellow fluorescent protein fluorescence was scored 1 to 2 d post infiltration.
Expression of the correct fusion proteins was tested by western-blot analyses
with antibodies against the fluorophores. Confocal laser scanning microscopy
image capture and analysis were described previously (Wanke et al., 2011).
Forster resonance energy transfer-FLIM was performed either with a custom-
built confocal stage scanning microscope, as described previously (Elgass
et al., 2010; Wanke et al., 2011) or with an SP8 confocal microscope equipped
with a FLIM unit and the Leica Application Suite Advanced Fluorescence
analysis suite (Leica Microsystems). FLIM data on display are derived from
three to nine different biological replicates/independent transformations and
measurements of five to 10 cells each.

Protein Expression and DPI-R-ELISA

Protein expression, isolation, and western-blot analysis were performed as
described previously (Brand et al., 2010, 2013). The DPI-R-ELISA was per-
formed essentially as the previously described DNA-protein interaction ELISA
for BPC2-His (Brand et al., 2010) but was extended for an additional round of
incubation. DNA binding of recombinant GFP-BPC6 was detected by fluo-
rescence measurements. Subsequently, recombinant 6xHis-LHP1, 6xHis-LHP1AN,
or His control was added. Successful recruitment was investigated immunologi-
cally with anti-His-horseradish peroxidase antibodies and luminescence substrate
reaction. Recombinant proteins in the extracts were detected by immunoblotting
(Supplemental Fig. S4, B and C).

Phenotypic Analysis and Plant Growth Conditions

Arabidopsis (Arabidopsis thaliana) genotypes (accession Columbia-0) were
cultivated in the greenhouse with supplemental lighting (temperature, day 20°
C/night 19°C; humidity, 35%; 18 h of light/6 h of dark). The bpc4 bpc6 mutant
line was provided by C.S. Gasser (Monfared et al., 2011). To isolate homo-
zygous triple mutants, PCR-based genotyping and phenotypic preselection
were combined. Segregation and differences in bolting of the mutant pheno-
types were analyzed by x* test. Gene-specific and/or T-DNA border primers
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were used to verify the mutant genotypes (Supplemental Fig. 510). To com-
pare flowering time and number of rosette leaves, plants of all genotypes were
cultivated in the greenhouse (Supplemental Fig. S11). At the time of bolting,
the number of rosette leaves was counted.

Microarray Hybridization and Data Processing

Plants were grown in the greenhouse and harvested 18 d after germination.
Plant material was pooled and stored at —80°C for further analysis. Up to nine
individual plants were pooled per biological replicate. Two replicates per geno-
type were used for ATHI1 GeneChip (Affymetrix) analyses. Sample preparation,
copy RNA synthesis, and quality controls were performed as described before
(Wenke et al., 2012). The Affymetrix CEL files were imported into GeneSpring GX
software version 7.3 (Agilent Technologies). The microarray data from this article
have been submitted to the National Center for Biotechnology Information Gene
Expression Omnibus and assigned the identifier GSE68437. Normalization,
background correction, and comparison of replicates were performed as de-
scribed before (Kilian et al., 2007). Signal intensities of both treatment replicates
that were at least 3-fold higher or lower than the signal intensities for both control
replicates were classified as up- or down-regulated, respectively. Processed
microarray data on DE genes are provided as Supplemental Table S5.

Functional categorization using Gene Ontology terms was performed at The
Arabidopsis Information Resource (http://www.arabidopsis.org) with genome
release 9. The data for H3K27me3 in vivo targets were taken from Lafos et al.
(2011) and Luo et al. (2013), and the data for any other histone marks were taken
from Roudier et al. (2011) and Luo et al. (2012). In vivo targets of LHP1 were
taken from Zhang et al. (2007). Significant gene list overlap between data sets was
calculated using the hypergeometric distribution in the R statistical environment
of Bioconductor (http:/ /www.r-project.org/): each side of the probability dis-
tribution was tested independently for underrepresentation {sum[dhyper(1:x, m,
N — m, k)]} or overrepresentation {sum[dhyper(x:k, m, N — m, k)]}, where N is the
size of the population with 1 the number of incidents within the population and
k is the size of the sample with x as the number of incidents within the sample.

The Arabidopsis Genome Initiative identifiers for the genes and proteins
used in this article are as follows: BPC6, AT5G42520; LHP1, AT5G17690; SWN,
AT4G02020; FAS2, AT5G64630; FIE, AT3G20740; MSI1, AT5G58230; and
VRN2, AT4G16845.
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The following supplemental materials are available.

Supplemental Figure S1. BPCs colocalize with the tested PRC2 and PRC1
core components.

Supplemental Figure S2. BPC6-GFP interacts with LHP1-RFP and BPCé6-
RFP in vivo.

Supplemental Figure S3. BPC4 interacts with LHP1.
Supplemental Figure S4. BPCs colocalize with LHP1 truncations.
Supplemental Figure S5. DPI-R-ELISA with GFP-BPC6 and 6xHis-LHP1AN.

Supplemental Figure S6. Comparison of genes with GAGAGA motifs in
their promoters, LHP1 in vivo target loci, and different chromatin
marks.

Supplemental Figure S7. Gene ontology analysis of differentially expressed
genes.

Supplemental Figure S8. Differentially expressed genes.

Supplemental Figure S9. Expression trajectories of BPC4, BPC6, and LHP1
in the mutant genotypes.

Supplemental Figure S10. PCR-based genotyping of the T-DNA insertion
in bpc4 bpc6 and Ihpl-4 bpc4 bpcé.

Supplemental Figure S11. Phenotype of 21-d-old plants.
Supplemental Table S1. List of GAGAGA motif-containing gene loci.
Supplemental Table S2. Random gene lists.

Supplemental Table S3. Statistical analysis of gene list overlap between
GAGAGA motif-containing genes, LHP1 in vivo targets, and chromatin
marks.
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Supplemental Table S4. Segregation analysis of the F2 generation of [hp1-4
bpc4 bpc6 mutants.

Supplemental Table S5. List of all up- and down-regulated genes.

Supplemental Table S6. Gene ontology analysis of all differentially
expressed genes.
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