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SUMMARY

Long noncoding RNAs (IncRNAs) affect gene regulation through structural and regulatory
interactions with associated proteins. The Polycomb complex often binds to INCRNAS in
eukaryotes and a IncRNA, COLDAIR, associates with Polycomb to mediate silencing of the floral
repressor, FLOWERING LOCUS C (FLC) during the process of vernalization in Arabidopsis.
Here we identified an additional Polycomb-binding InNcRNA, COLDWRAP. COLDWRAP is
derived from the repressed promoter of FLCand is necessary for the establishment of stable
repressed state of FLC by vernalization. Both COLDAIR and COLDWRAP are required to form a
repressive intragenic chromatin loop at the ~LC locus by vernalization. Our results indicate that
vernalization—-mediated Polycomb silencing is coordinated by IncRNAs in a cooperative manner to
form a stable repressive chromatin structure.

eTOC Blurb

Flowering control occurs in part through repression of FLOWERING LOCUS C (FLC). Kim and
Sung identify a £LC promoter-derived noncoding RNA (COLDWRAP) that is induced by
vernalization and functions with the INcRNA COLDAIR to retain Polycomb at the ~LC promoter
through the formation of a repressive intragenic chromatin loop.
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INTRODUCTION

Environmentally induced regulation of gene expression is critical for the proper development
of eukaryotic organisms. Given their sessile nature, plants have evolved intricate regulatory
systems to provide developmental plasticity to respond to changing environments. One such
example is the floral transition. Flowering is one of major developmental changes in the life
cycle of flowering plants. A number of studies revealed that sophisticated regulatory
networks control the onset of floral transition in response to both endogenous and
environmental conditions (Amasino and Michaels, 2010; Andres and Coupland, 2012; Kim
et al., 2009). To increase the survival of progeny, flowering occurs only under proper
environmental conditions. Seasonal change is a major environmental variable that greatly
influences the floral transition. Two major environmental stimuli, photoperiod and winter
cold, are critical for plants to recognize the seasonal change. Inductive photoperiods provoke
a cascade of gene expression changes that results in the activation of floral integrators.
Unlike photoperiod, winter cold does not immediately induce flowering. Rather, winter cold
renders plants to be competent to flower under inductive photoperiods, through a process
known as vernalization. Because there is a temporal separation between cold stimuli and its
biological response, flowering, many vernalization systems have evolved to establish
mitotically stable epigenetic changes at critical flowering loci (Bastow et al., 2004; Sung and
Amasino, 2004).

One major epigenetic change caused by vernalization is the silencing of the floral repressor,
FLOWERING LOCUS C (FLC). This silencing of FLC is mediated by an evolutionarily
conserved Polycomb Repression Complex 2 (PRC2) (De Lucia et al., 2008; Gendall et al.,
2001; Kim and Sung, 2013). A prolonged exposure to cold triggers the increased enrichment
of PRC2 and increased levels of a repressive histone mark, Histone H3 Lys 27 trimethylation
(H3K27me3), at FLC chromatin (De Lucia et al., 2008; Kim and Sung, 2013). The PRC2-
mediated H3K27me3 histone mark is stably maintained at /L C chromatin even after plants
are returned to warm temperature, ensuring the competence achieved by vernalization is
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stable. During and after vernalization, PRC2 spreads throughout ~LC chromatin including
the promoter region (Angel et al., 2011; Finnegan and Dennis, 2007; Gendall et al., 2001).

Long noncoding RNAs (IncRNAs) are emerging as key regulators for recruitment of
Polycomb complexes (Brockdorff, 2013; Kaneko et al., 2014; Kaneko et al., 2010; Rinn et
al., 2007; Zhao et al., 2010). In Arabidopsis, an IncRNA, COLDAIR, is necessary for
increased occupancy of PRC2 at L C chromatin during vernalization through its direct
association with PRC2 (Heo and Sung, 2011). COLDAIR is derived from the 15t intron of
FLCand reaches its maximum level of expression at around 20 days of cold exposure and
decreases to the levels comparable to pre-vernalization condition, as the FLC locus is
silenced (Heo and Sung, 2011). A number of PRC2-associated IncRNASs have been
identified in mammals, including promoter-derived IncRNAs (Kanhere et al., 2010; Negishi
et al., 2014). Previous studies suggested that the proximal promoter region of FLCis
necessary for a proper vernalization response (Coustham et al., 2012; Helliwell et al., 2011;
Sheldon et al., 2009), although it is not clear how the proximal promoter region of FLC
contributes to Polycomb-mediated silencing of FLC.

Here, we identify an additional IncRNA from the proximal promoter of ~LC and find that
the formation of a repressive chromatin loop by IncRNAs is critical to maintain the
Polycomb-mediated silencing of FLC by vernalization.

RESULTS
Promoter-derived noncoding RNA, COLDWRAP, from FLC locus in Arabidopsis

To examine the dynamics of PRC2-RNA interaction over the course of vernalization at FLC,
we used an RNA immuno-precipitation (RIP) using the polyclonal antibody against CLF
(CLF, Arabidopsis homolog of human EZH2; (Hyun et al., 2013)) followed by tiled RT-PCR
approach (Figures S1A and S1B). Using RIP followed by RT-PCR, we observed transiently
increased association of COLDAIR with PRC2 during the course of vernalization as
expected (Figures S1A and B). We also observed additional overlapping RNA transcripts
from the promoter region of FLCthat co-precipitate with PRC2 and named this transcript
COLDWRAP (Cold of Winter-induced noncoding RNA from the Promoter) (Figures 1A,
1B, S1A and S1B). During cold exposure, COLDAIR associates transiently with PRC2,
whereas COLDWRAP remains associated throughout cold exposure (Figures 1A, S1A and
S1B). COLDAIR transcription transiently increases during cold exposure (Figure 1B),
whereas COLDWRAP transcription persists during and even after cold exposure (Figure
1A).

COLDWRAP is transcribed in a sense direction relative to FLC mRNA and its major
transcription starts at 225 bp upstream from the /. C mRNA transcription start site (Figure
S1C). Similar to COLDAIR, COLDWRAP has a 5" cap (Figures SID-S1F), but the
majority of the transcripts appears not to be polyadenylated (Figure S1G). COLDWRAP is ~
316 bases long and overlaps with 5" end of AL C mRNA as determined by 3’ tiled RT-PCR
(Figures S1C and S1E). To rule out the possibility of COLDWRAP being an alternative FLC
mRNA transcript or unspliced FLCtranscripts, we performed a series of RT-PCR assays
spanning various regions of FLC (Figures S2A-S2C). COLDWRAP is not co-amplified with
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either FLC mRNA or unspliced FLC (Figure S2C). In addition, COLDWRAP and FLC
MRNA exhibit opposite expression patterns during vernalization, further confirming the
independent transcription of COLDWRAP (Figures S2B, S2C-S2E).

COLDWRAP physically associates with PRC2

COLDWRAP interacts with recombinant CURLY LEAF (HIS-CLF) protein /in vitro (Fig.
1C). To address the specificity of the interaction between COLDWRAP and the native PRC2
complex, we used nuclear extracts from wild-type plants and polyclonal CLF antibody to
perform in vitro RNA-binding assays (Figures 1D and 1E). We detected significant binding
of native CLF to the sense strand of COLDWRAP but weakly to the antisense strand of
COLDWRAP, confirming the specific interaction of COLDWRAP with native PRC2 (Figure
1D). We further dissected COLDWRAP regions to identify an RNA motif of COLDWRAP
that is responsible for its PRC2 association. The 5 half of COLDWRAP is sufficient to
pull-down PRC2 in vitro, whereas the 3" half of COLDWRAP does not bind to CLF-
containing PRC2 (Figure 1D). From prediction (Gruber et al., 2008) of the secondary
structure of COLDWRAP (Figure S2F), we identified several stable secondary structures of
the sort that have been implicated in RNA-protein interactions (Kanhere et al., 2010; Zhao et
al. 2010; Mercer and Mattick, 2013; Somarowthu et al., 2015). Point mutations that
disrupted the predicted secondary structures of COLDWRAP RNA (Figure S2F) reduced the
level of precipitated PRC2 in /n vitro RNA-binding assays (Figure 1D). In addition, the
mutated form of COLDWRAP failed to compete with the wild-type COLDWRAP for the
binding of PRC2 in the /n vitro binding assays (Figure 1E). This is not due to altered
stability of the mutated RNA, as there is no significant difference in the stability of /n vitro
transcribed RNAs (Figure S2G). Therefore, the secondary structures in the 5” half of
COLDWRAP appear to be critical for the proper association of PRC2 with COLDWRAP.

Biological roles of COLDWRAP in the PRC2-mediated FLC silencing by vernalization

To address the biological function of COLDWRAP in the vernalization response, we took
the RNAI knockdown approach. More than 70% of the primary RNAi-containing transgenic
plants show a reduced vernalization response (Figure S3). Two stable COLDWRAP
knockdown lines with significantly reduced levels of COLDWRAP during vernalization
were chosen for further analysis (Figures S3A-C). The levels of other ncRNAs from FLC,
COLDAIR and COOLAIR (Heo and Sung, 2011; Swiezewski et al., 2009), are not largely
affected in these COLDWRAP knockdown lines (Figures S3D and S3E). The reduced
vernalization response observed in COLDWRAP knockdown lines is consistent with
increased levels of FLC expression (Figure S3F).

To evaluate the effect of COLDWRAP on the repression of FLC by vernalization, we
determined the relative enrichment of PRC2 at ~L C over the course of vernalization by
chromatin immunoprecipitation (ChlP) assay using anti-CLF antibodies (Figure S3G). The
reduced enrichment of PRC2 is observed at the promoter regions of FLC (Figure S3G) in
COLDWRAP RNAi lines compared to the wild type. Consistent with the reduced occupancy
of PRC2 at FLC, the accumulation of H3K27me3 at regions of FLC s substantially reduced
in COLDWRAP RNA.i lines, particularly at the promoter regions of ~LC (Figures S3H and
S3l).
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Although knockdown approaches have been widely used to address biological significance
of IncRNAs (Heo and Sung, 2011; Orom and Shiekhattar, 2011; Tsai et al., 2010;
Willingham et al., 2005), knockdown approaches have limitations, including weaker than
expected phenotypes. Because COLDWRAP is transcribed from the proximal promoter of
FLC, using a traditional insertion mutant would not be informative. To overcome the
disadvantage of knockdown approach and the lack of insertion mutant, we utilized a deletion
allele of flc (flc-2). The flc-Z mutant harbors a deletion that encompasses the entire
COLDWRAP and COLDAIR regions (Michaels and Amasino, 1999). We created a mutant
form of COLDWRAP RNA that does not precipitate PRC2 /n vitro (Figures 1D and 1E).
The same mutations were introduced into the full-length FLC genomic construct that is
sufficient to complement f/c mutants ((Michaels and Amasino, 1999); Figures 2 and S4).
The mutated construct was introduced in flc-2background to create the “functional-null”
allele of COLDWRAP (mutant COLDWRAP) (Figure S4A). FLC transgenic lines are often
subject to the dosage effect and result in a rather wide-range of flowering times (Coustham
et al., 2012; Michaels and Amasino, 1999). Therefore, we generated a large number of
primary transgenic plants with the wild-type FLC genomic construct for comparison
(Figures 2A and 2B). About 43% of primary transgenic lines (57 out of 131) carrying the
mutant COLDWRAP show very late flowering after vernalization (rosette leaf numbers >
80) (Figures 2A-B, S4B and S4C). On the other hand, we did not observe this extreme late-
flowering phenotype in primary transgenic lines carrying the wild-type allele of
COLDWRARP after vernalization (Figures 2A-D).

Due to the dosage effect of FLC on flowering time (Michaels and Amasino, 1999), FLC
transgene may result in variations in flowering time depending on its insertion location and
the relative strength of transgene expression. Therefore, we examined the level of FLC
expression of randomly selected T2-pools of transgenic plants of early-flowering and late-
flowering cohorts among wild-type FLC (WT_FLC) and mutant COLDWRAP (Mut_FLC)
transgenic lines (Fig. S4J). The result indicated that the early-flowering cohort of mutant
COLDWRAP might be due to the integration of FLC transgene into the genome where the
behavior of the endogenous FLC locus cannot fully be recapitulated (i.e. the low level of
FLC expression was observed without vernalization), an indicative of the transgene effect.
Therefore, we chose several representative W7 _FLCand Mut FLC transgenic lines from
the ones that show significant level of FLC expression without vernalization for further
study.

Effects of the mutant COLDWRAP on the PRC2-mediated FLC silencing by vernalization

The mutant COLDWRAP does not impair the FLC expression prior to vernalization, as
determined by their flowering time and the level of FLC expression (Figure 2). The level of
FLC mRNA decreases during cold exposure in all genotypes compared to the levels of non-
vernalized plants (Figure 2D). Two representative transgenic lines (W7_FLC) carrying the
wild-type FLCand non-transgenic FR/-Col maintained their repressed levels of FLC after
vernalization (Figure 2D). On the contrary, the repression of FLC is not stable in the
transgenic lines carrying the mutant COLDWRAP (Mut_FL C) after vernalization (Figure
2D). Unstable repression of FLC by vernalization is commonly observed in Polycomb
mutants (Bastow et al., 2004; Helliwell et al., 2011; Heo and Sung, 2011; Sung and
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Amasino, 2004; Sung et al., 2006a), consistent with a model in which the mutant
COLDWRAP compromises Polycomb function at FLC. Expression of FLOWERING
LOCUS T (FT), adownstream target of FLC, remains at low levels even after vernalization,
consistent with late flowering phenotype of mutant COLDWRAP lines compared to wild
type (Figure S4D). The transgenic lines carrying the mutant COLDWRAP flower later than
either the transgenic lines carrying the wild-type COLDWRAP or non-transgenic lines
without vernalization (Figure 2C). The level of FLC mRNA in the transgenic lines carrying
mutant COLDWRAP is higher than that of wild type (F~/_Col) plants or transgenic plants
carrying wild-type FLC (WT_FLC) plants without vernalization (Figure 2D), which is
consistent of the involvement of Polycomb in the regulation of FLC without vernalization
(De Lucia et al., 2008; Kim and Sung, 2013). Expressions of five FL C-related genes are not
affected in the mutant COLDWRAP lines compared to the wild-type plants (Figure S4E),
and there is no COLDWRAP-like sequences found in five FLC-related gene loci. Therefore,
COLDWRAP specifically affects the regulation of FLC.

The enrichment of CLF and H3K27me3 at FL C by vernalization also decreases in the
transgenic lines carrying the mutant COLDWRAP, consistent with the requirement of
COLDWRAP in Polycomb-mediated silencing (Figures 3A and 3B). We also detected
reduced levels of COLDWRAP precipitated with PRC2 in RIP assays using anti-CLF
antibody only in transgenic lines carrying the mutant COLDWRAP (Figure 3C). Thisis in
agreement with /n vitro data that show reduced levels of precipitation of PRC2 with mutated
form of COLDWRAP (Figure 1D). The reduced levels of precipitated COLDWRAP is not
due to the reduction in the level of COLDWRAP expression, as COLDWRAP is expressed
at a comparable level in COLDWRAP mutant lines (Figure S4F). Therefore, the mutant
COLDWRAP affects vernalization through its physical association with PRC2. The mutant
COLDWRAP also causes reduced precipitation of COLDAIR (Figure 3C), indicating the
cooperative role of the two IncRNAs in Polycomb-mediated ~LC silencing by vernalization.

Restoration of vernalization response by in trans expression of COLDWRAP

To address whether FL C-derived IncRNAs function as a nascent transcript (/77 ¢/s) or in
trans, we introduced the CaMV35S-driven COLDWRAP transgene into the mutant
COLDWRARP lines and the wild type. Primary transgenic plants do not show significant
difference in flowering times compared to non-transgenic lines without vernalization
(Figures 4A, S4G and S4H). After 40 days of cold treatment, most primary transgenic plants
exhibit a normal vernalization response (Figures 4A—C). This is not due to the inactivation
of FLC itself, as non-vernalized transgenic plants show late flowering in the absence of
vernalization treatment (Figures 4A—C). The level of FLC mRNA is stably repressed by
vernalization in mutant COLDWRAP primary transgenic plants carrying 35S:COLDWRAP
(Mut_FLC #1-6+35S:COLDWRAP) compared to that of mutant COLDWRAP (Mut FLC
#1-6) lines (Figure 4D). This result indicates that the exogenous expression of COLDWRAP
restores the vernalization response and, therefore, that COLDWRAP is able to act /in fransto
mediate the repression of FLC by vernalization.
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Formation of repressive intragenic gene loop at FLC locus by vernalization

Chromatin conformation changes have been implicated in Polycomb-mediated gene
silencing (Lanzuolo and Orlando, 2012; Lanzuolo et al., 2007; Simon and Kingston, 2009)
and some IncRNAs have been shown to be involved in coordinating chromatin conformation
changes (Orom and Shiekhattar, 2011). To examine chromatin conformation at ~LC by
vernalization, we employed a chromatin conformation capture (3C) assay (Figures 5 and
S5). We observed a strong chromatin loop formation between the promoter and 3" end of
the first intron (downstream region from the COLDAIR transcribed site) (Figures S5A). We
tested a series of primers that cover the entire region of FLC. Among tested promoter and
the 5”end regions of FLC, the COLDWRAP transcribed region (F4) shows the most strong
chromatin loop formation with 3" end of the first intron of FLC (Figures S5A). The gene
loop is present prior to vernalization and is gradually enhanced by vernalizing cold,
indicating that chromatin loop function is part of the system required for stable maintenance
of FLCrepression by vernalization (Figures 5A-D and S5B). In COLDWRAP knockdown
lines, the extent of chromatin loop formation is significantly reduced (Figures 5A-D, and
S5B). In addition, the formation of this vernalization-mediated chromatin loop is impaired in
transgenic lines carrying the mutant COLDWRAP, but not in transgenic lines carrying the
wild-type COLDWRAP (Figure 5E), further demonstrating that COLDWRAP is required
for the formation of the chromatin loop between the promoter region and the 3’end of the
first intron. An additional chromatin loop exists between the promoter of FLCand the
downstream of 3" end of FLC locus (Figures 5A—-C, and S5B). Unlike the loop between the
promoter and the intron, this loop disappears during vernalization, implying it has a role in
favoring the active state of FLC (Crevillen et al., 2013; Zhu et al., 2015).

PRC2 mediates the formation of repressive intragenic gene loop at FLC locus by
vernalization

PRC2 that is specifically involved in vernalization-mediated ~LC silencing in Arabidopsis
includes at least two Plant-HomeoDomain (PHD) finger proteins, VERNALIZATION
INSENSITIVE 3 (VIN3) and VIN3-LIKE 1 (VIL1), and the PRC2 complex containing
these proteins is often referred to as PHD-PRC2 complex (De Lucia et al., 2008). Other core
components of PRC2 are involved in a range of developmental programs, which often
impedes the interpretation of flowering phenotypes when they are mutated (i.e. early
developmental defects; (Hennig and Derkacheva, 2009; Kohler et al., 2003; Schubert et al.,
2005)). VIN3 and VIL1, however, appear to be specific to the regulation of FLCand FLC-
related loci, and mutants in them do not show other pleiotropic phenotypes (Greb et al.,
2007; Kim and Sung, 2013; Sung and Amasino, 2004; Sung et al., 2006b). Therefore, we
evaluated the role of PRC2 in the formation of intragenic repressive chromatin loop at FLC
using vin3and vilZ mutants. The level of chromatin loop formation within FLC s
significantly compromised in both vin3-1 FR/and vi/1-1 FR/ mutants compared to the wild-
type plants (Figures 6A and 6B). This result indicates that VIN3/VIL1-containing PRC2
contributes to the formation of intragenic repressive chromatin loop at ~FLC locus in
response to vernalization.

Previously, another IncRNA, COLDAIR, was shown to be involved in the PRC2-mediated
silencing of FLC by vernalization through its role in the recruitment of PRC2 to FLC. To
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address the role of COLDAIR in the formation of intragenic repressive chromatin loop at
FLC, we created a null allele of COLDAIR in flc-2 mutant background (COLDAIR_proA
gFLC, Figure S6). We used a genomic construct of £LC in which the intrinsic promoter of
COLDAIR is deleted (Figure S6A). After vernalization, the majority of primary transgenic
lines show significantly late flowering compared to wild type (Figures S6B and S6C).
Expression of COLDAIR is not detectable and the de-repression of FLC by vernalization is
observed in stable COLDAIR_proA gFLC transgenic lines (Figure S6D and S6E).
Furthermore, the vernalization response is restored in COLDAIR_proA gFL Ctransgenic
lines by introducing the wild-type copy of COLDAIR (Figure S6F). Therefore, we used
COLDAIR_proA gFL Ctransgenic lines to evaluate the contribution of COLDAIR to the
formation of intragenic repressive chromatin loop at ~LC (Figure 6C). Vernalization-
mediated chromatin loop formation is severely impaired in COLDAIR_proA gFLC
transgenic lines (Figure 6C). Thus, our results show that the formation of an intragenic
chromatin loop at FLCrequires the association of PRC2 at FLCthat is accomplished by two
IncRNASs and the intragenic repressive chromatin loop is involved in establishing stable
Polycomb-mediated silencing of FLC by vernalization (Figure 6D).

DISCUSSION

There is growing evidence that various long noncoding RNAs are engaged in the control of
gene expression in eukaryotes (Mercer and Mattick, 2013; Rinn and Chang, 2012; Vance
and Ponting, 2014; Wilusz et al., 2009; Yang et al., 2014; Zhao et al., 2008). However, there
remains much to learn about the mechanisms by which long noncoding RNAs control target
gene expression. Our study shows that two long noncoding RNAs coordinate with a histone
H3K27 methyltransferase complex, PRC2, to mediate vernalization-mediated silencing of
FL Cthrough the formation of intragenic gene loop within the FLC locus. The involvement
of multiple IncRNAs in the Polycomb silencing demonstrates diverse roles of InNcCRNAs in
the regulation of gene expression in eukaryotes.

Our study indicates that putative secondary structures in the 5° half of COLDWRAP is
necessary for the association with PRC2 /n vitroand in vivo. A long noncoding RNA,
HOTAIR, forms modular structures that are implicated in its function through the
association of various protein components (Somarowthu et al., 2015; Tsai et al., 2010).
Predicted secondary structures of COLDWRAP suggest that secondary structures may
constitute a structural module in COLDWRAP that is necessary for the physical interaction
with PRC2. The binding specificity of an RNA motif with PRC2 is questionable as PRC2
appears to bind promiscuously to many different RNAs in /n vitro assays (Davidovich et al.,
2013). However, mutated COLDWRAP impairs the PRC2 binding /in vitro (Fig. 1D, E) and
in vivo (Fig. 3C) and our data show that structural integrity of noncoding RNAs is necessary
for the proper function of INcRNA-PRC2 in vivo. Therefore, our results support the
biological significance of the secondary structure of IncRNAs in Polycomb-mediated
silencing. Comprehensive transcriptome data from 998 ecotypes of Arabidopsis are available
(Kawakatsu et al., 2016). It is interesting to note that we observed the COLDWRAP
transcript reads from about 12% (123 ecotypes out of 998 ecotypes) of the RNA-Seq data,
suggestive of the variations among natural accessions of Arabidopsis in the transcription of
COLDWRAP. Whether these variations contribute to the vernalization response remains to
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be addressed. In addition, it will be interesting to determine whether natural variations in the
secondary structures of COLDWRAP may play roles in fine-tuning the vernalization
response among natural accessions.

Although there are clear associations of COLDAIR and COLDWRAP with PRC2 during
vernalization, it remains to be investigated how PRC2 is recruited to FLC in a locus-specific
manner by IncRNAs. One possible model involves co-transcriptional association of IncRNA
and PRC2. In this model, IncRNAs become associated with PRC2 as they are transcribed.
However, both COLDWRAP and COLDAIR are capable of restoring a vernalization
response when they are expressed /n trans (Fig. 4A—C and S6F). Therefore, co-
transcriptional association is not necessary for COLDWRAP and COLDAIR activity. An
alternative model, consistent with the #rans effect, predicts the presence of direct DNA-RNA
interaction between target loci and IncRNAs. HOTAIR’s target loci share a sequence motif
that is preserved in HOTAIR itself (Chu et al., 2011) and likewise COLDAIR and
CODWRAP share sequence with FLC, suggesting that the DNA-RNA interaction may
mediate the recruitment of PRC2 to certain targets. Whether a direct DNA-RNA interaction
is actually needed for COLDWRAP and COLDAIR effects on FLC remains to be
established.

A number of proteins have been identified as IncRNA binding proteins (Chu et al., 2011;
Chu et al., 2015; Jeon and Lee, 2011; Sarma et al., 2014; Tsai et al., 2010). Some of these
IncRNA-interacting proteins are involved in the target specificity. For example, a
transcriptional repressor protein, Yin and Yang 1 (Y'Y1), is capable of binding to both DNA
and RNA through different motifs and acts to specifically tether XistIncRNA onto X
chromosome (Jeon and Lee, 2011). This exemplifies an alternative targeting model in which
a protein component bridges between IncRNA and target DNA. Some IncRNAS also serve as
scaffold molecules to harbor multiple protein complexes and deliver them to target loci
(Batista and Chang, 2013; Tsai et al., 2010). HOTAIR binds to both E(z), a H3K27
methyltransferase, and LSD1, a H3K4 demethylase (Tsai et al., 2010). Whether
COLDWRAP and/or COLDAIR is able to bind to additional proteins to target PRC2 to FLC
and/or to mediate other chromatin-modifying activities through its direct association with
other chromatin-remodeling complexes remains to be addressed. The constitutive expression
of COLDWRAP driven by 35S promoter is not sufficient to trigger the silencing of FLCin
the absence of vernalization (Figure S4), indicating that other vernalization-triggered events
(i.e. the induction of VIN3, COLDAIR and COOLAIR) are also required to repress FLC by
vernalization.

The spatial organization of the genome and higher-order chromosome structures in the
nucleus is important for gene expression and genome function in higher eukaryotes (Dixon
et al., 2012; Gibcus and Dekker, 2013; Jin et al., 2013; Van Bortle and Corces, 2012). Some
reports examined Arabidopsis chromatin conformation using genome-wide Hi-C technique
(Feng et al., 2014; Grab et al., 2013). These studies showed that the Arabidopsis genome
includes relatively short-range genomic interactions, compared to those of mammalian
genomes which have many long-range chromosomal interactions. Short-range chromatin
loop formation is closely related to control of gene expressions in Arabidopsis (Ariel et al.,
2014; Cao et al., 2014; Crevillen et al., 2013; Wang et al., 2015). For example, a chromatin
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loop between a distal enhancer motif and a proximal promoter part of the floral activator
gene, FLOWERING LOCUS T (FT) are required to its gene activation in a photoperiod-
dependent manner (Cao et al., 2014). The formation of an intragenic repressive gene loop at
the FLC locus by vernalization requires both COLDWRAP and COLDAIR IncRNAs. In
addition, the loop is formed between the promoter region (where COLDWRAP originates)
and the 1st intron (where COLDAIR originates). This implies that two IncRNAs,
COLDWRAP and COLDAIR, paly cooperative roles in the formation of chromatin loop to
establish stably repressed chromatin at the ~LC locus by vernalization. Promoter-derived
noncoding RNAs from Polycomb target loci have been observed in other organisms (Enderle
et al., 2011; Kanhere et al., 2010). Therefore, it is likely that these dynamic changes of
topological genomic structure directly influence the transcriptional outputs in response to
developmental or environmental cues in eukaryotes. Our study indicates that “intragenic”
loop formation could be a general mechanism of gene repression.

We have shown that both COLDAIR and CODWRAP IncRNAS are required to establish the
silencing of FLCby vernalization. COLDWRAP apparently affects the formation of
COLDAIR-PRC2 RNP complex (Figure 3C), suggesting the presence of a positive feedback
between COLDWRAP and COLDAIR in establishing repressive chromatin at ~LC locus.
This cooperative nature of two INCRNAs may serve as a safety lock to ensure that the
silencing of FLC occurs only in response to vernalization. Also, this intra-locus loop within
FLC might function to prevent re-formation of promoter-3"UTR loop after vernalization
(Crevillen et al., 2013) which is considered to enhance transcription of FLC by recycling
RNA Pol Il from the end of the gene back to the promoter (Laine et al., 2009; Tan-Wong et
al., 2009).

In conclusion, we show that vernalization-mediated ~LC silencing includes an elegant step-
wise system involving multiple IncRNAs by which a seasonal cue (exposure to the
prolonged cold of winter) results in the epigenetic repression of a target gene and the
initiation of an important developmental program. Thus vernalization transpires when two
IncRNAS cooperate to translate a seasonal cue (cold of winter) into repression of the target
gene FLC and subsequent release of the flowering program.

STARXMethods
KEY RESOURCE TABLE

Separate file submitted.

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to the
corresponding author, Dr. Sibum Sung (sbsung@austin.utexas.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All Arabidopsis plants are in the Columbia FRF™ background. Seeds were germinated on
agar plates, following stratifications at 4°C for 2 days, and grown for 10 days under short
day (SD) (8h light: 16h dark at 22°C). Seedlings were transplanted to soil or harvested for
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experiments. Vernalization treatment was performed as previously described (Kim et al.,
2010). Non-vernalized seedlings were grown for 11 days after germination under short day
condition. For 40VTO and 40V T10 plants, seedlings were grown for 7 days and 4 days,
respectively, after seed germination and then seedlings were subject to cold treatment.
Samples were harvested for experiments right after the cold treatment (40V) or grown for 10
days more (40VT10) under SD.

For 8kb genomic FLC construct, genomic DNA fragment that contains about 1.7-kb
promoter, coding and 0.7-kb 3" part sequence of FLC was amplified by PCR amplification.
Genomic FLC fragment was clonedinto pPZP211 binary vector. Using the wild-type
genomic FLC construct as a template, mutated form of genomic FLC fragment was
amplified by site-directed mutagenesis method using pairs of mutagenic primers and
flanking primers and then cloned into pPZP211 vector. Both of WT and mutated form of
genomic FLC constructs were transformed into Agrobacterium tumefaciens GVV3101 strain
and transformed into flc-2, FR/-Col plants. Full length of COLDWRAP and COLDAIR are
cloned into pENTR vector (Invitrogen) and then transferred into pEARLEY 100 vector using
LR clonase (Thermo Fisher Scientific). Cloned sequence was confirmed by sequencing and
used for transformation to create the mutant COLDWRAP or COLDAIR transgenic lines.
For COLDWRAP knockdown lines, 94 bp of 5° COLDWRAP was amplified and subcloned
into pENTR directional TOPO vector (Invitrogen) followed by LR reaction (Invitrogen) into
the RNA. destination vector pB7GWIWG2(1) using LR clonase (Invitrogen). The construct
was transformed into Agrobacterium tumefaciens strain GV3101 and transformed into FR/-
Col wild-type plants by Agrobacterium-mediated floral dip transformation. All transgenic
lines were selected on selective antibiotic marker-containing medium, and were confirmed
by PCR.

METHOD DETAILS

Tiling RNA-IP assay around FLC genomic region—Whole seedlings were harvested
and treated with formaldehyde-containing buffer (0.4 M sucrose, 10 mM Tris (pH 8.0), 1
mM EDTA, 1 mM PMSF, 1% formaldehyde) for cross-linking. Plants tissues were dried and
ground in liquid nitrogen, then re-suspended in nuclei isolation buffer (0.25M sucrose, 5mM
PIPES (pH 8.0), 5mM MgCl,, 85mM KCI, 15mM NaCl, 1% Triton X-100, RNaseOUT (40
U/ml, Thermo Fisher Scientific), LImM PMSF, 1 tablet of Roche protease inhibitors
cocktail), and placed on ice for 15 minutes. The crude nuclei fraction was centrifuged top
speed for 10 minutes at 4°C. Each pellet was re-suspended in lysis buffer (50mM HEPES
(pH 7.5), 150mM NacCl, 1% Triton X-100, 1mM EDTA, 0.1% Na deoxycholate, 1% SDS,
1mM PMSF, RNaseOUT (40 U/ml, Thermo Fisher Scientific), 1 tablet of Roche protease
inhibitors cocktail) and was sonicated five times, each 15 seconds. Sonicated lysates were
centrifuged with top speed for 15 minutes at 4°C. Each supernatant was transferred to new
tubes and added with 50 ul of protein A agarose beads (Roche, IN, USA) and rotated for 30
minutes at 4°C at for pre-clearing. Potein A agarose beads were removed by spin-down and
supernatants were transferred to new tubes. Each supernatant was volumed up to 1 ml with
dilution buffer (1.1% Triton X-100, 1.2mM EDTA, 16.7mM Tris-HCI (pH8.0), 167mM
NaCl, RNaseOUT (40 U/ml, Thermo Fisher Scientific), 1 tablet of Roche protease inhibitors
cocktail) and then 10% per sample was preserved as an input RNA sample and frozen at
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—-80°C. Anti-CLF antibody was added to each sample tube and each tube was rotated
overnight at 4°C to form immune complexes. Next day, each immune complex was
sequentially washed using low-salt, high-salt, LiCl and TE buffer (pH 8.0). After washing,
each sample was added by 100 ul of elution buffer (1% SDS, 0.1M NaHCO3, RNaseOUT
(40 U/ml, Invitrogen)) and incubated for 10 minutes at room temperature. Elution step was
repeated once. Eluted samples were treated with 20 ug of proteinase K and incubated for 1
hour at 42°C. For reverse-crosslinking, each sample was treated with 10 ul of 5M NaCl and
incubated for 1 hour at 65°C. RNA was purified using TRIzol (Invitrogen) according to
manufacturer’s instruction. After treatment of RQ1 DNase (Promega) for 25 minutes at
37°C, RNA were used for first strand cDNA syntheses using random primers (Gene Link)
with M-MLV System (Promega). To exclude the possibility of amplification of contaminated
DNA, we performed the same RT reaction without M-MLV reverse transcriptase. This
sample was used as a negative control for further gRT-PCR analysis.

RNA expression analysis—Total RNAs were extracted from whole seedling plants
using TRIzol (Invitrogen). DNase | enzyme (Invitrogen) was treated for 30 minutes at 37°C
to eliminate contaminated genomic DNA from total RNAs. Five micrograms of total RNA
were used for synthesis of first strand cDNA using random primers and then used for real-
time qRT-PCR analyses using ViiA 7 real time system (Life Technologies). Reactions were
carried out in a total volume of 10 ul with Maxima SYBR green master mix (Thermo Fisher
Scientific, USA). Primer sequences used in quantitative RT-PCR analyses are listed in
Supplementary Table 1.

5’ Rapid Amplification of cDNA ends (RACE)—We used 5'RACE System kit
(Invitrogen, Carlsbad, CA, USA) to determine the 5’end of COLDWRAP. With purified
total RNAs from 40 days-vernalized seedlings, COLDWRAP forward or reverse primers
(Supplementary Table 1) were designed and used to synthesize first strand cDNA by using
the M-MLV System (Promega) and further procedures were performed according to the
manufacturer’s instructions. The PCR reaction using primer set of AUAP/COLDWRAP
reverse primer only produced a single PCR band (Supplementary Fig. 2C) and this PCR
product was cloned into pCR2.1_TOPO TA cloning kit (Thermo Fisher Scientific) and
sequenced.

Determination of 3’end of COLDWRAP by RNA blot analysis and tiling 5’-
RACE PCR—To determine the approximate size of COLDWRAP, we carried out the RNA
blot analysis. 40 ug of total RNA from non-vernalized and vernalized seedlings were used
for RNA blotting. Full or the 5” part of COLDWRAP (157 bp) was amplified and cloned
into pBluscript SK vector. Orientation of inserted DNA was confirmed by sequencing using
T7 promoter primer. For synthesis of single-stranded antisense probe for COLDWRAP,
plasmid was digested by Sad restriction enzyme to produce linear plasmid DNA and then
eluted form gel using Gel extraction kit (Qiagen, USA). Each 262 bases of sense FLC 7t
exon sequence and 208 bases of sense PP2A sequence was amplified and cloned into
PENTR vector (Thermo Fisher Scientific). For synthesis of single-stranded antisense probe
for each FLCand PP2A, each pENTR clone was digested by NoA restriction enzyme to
produce linear plasmid DNA and then eluted from gel using Gel extraction kit (Qiagen,
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USA). Each linearized plasmid DNA was used to produce radioactive-labeled (with a.-P32
UTP) antisense strand-specific RNA by using T7 RNA polymerase (Roche, IN, USA) to
detect sense FLCand COLDWRAP transcript in total RNA blot using Riboprobe System
(Promega). A PP2A (At1g13320) was used as a loading control. To determine the 3"end of
COLDWRAP, we employed tiling 5"RACE PCR method as described previously (Heo and
Sung, 2011). In brief, a series of tiling reverse primers were designed around predicted 3"
end of COLDWRAP (Supplementary Fig. S2B) and used for the synthesis of first strand
cDNA. These first strand cDNA products were used as a template to amplify COLDWRAP
using primer combination of AAP/COLDWRAP-specific C2-2 reverse primer
(Supplementary Fig. S2B; Supplementary Table S1) and further used for second PCR
amplification with primer combination of AUAP/COLDWRAP-specific C2 reverse primer
(Supplementary Fig. S2D).

Chromatin Immunoprecipitation (ChlP) assay—Whole seedling plants were
harvested and cross-linked in 1% formaldehyde-containing buffer. Cross-linked seedling
plants were ground in liquid nitrogen and used for further ChlP experiments as previously
described (Kim et al., 2010). To measure specificity of CLF antibody, we performed ChIP
assay between WT and c¢/f-29 mutants. Enrichment level at FLC, AG, and FUS3
(At3g26790) loci were quantified by gPCR, normalized to the reference gene, PPZA
(At1g13320) (Figure S1H). Information for primer sequences used in ChIP-gPCR analyses
were shown in Supplemental Data Table 1.

RNA pull-down assay using in vitro transcribed biotinylated RNA—RNA pull-
down assay was conducted as previously described (Heo and Sung, 2011). In short, Biotin-
labeled RNAs were in vitro transcribed using the Biotin RNA Labeling Mix (Roche, IN,
USA) and T7 RNA polymerase (Roche, IN, USA), and then treated with RNase-free DNasel
enzyme (Thermo Fisher Scientific). Transcribed RNAs were purified using RNeasy Mini Kit
(Qiagen) and three micrograms of biotin-labeled RNAs were used for binding assay with
His-tagged recombinant CLF protein or nuclear extract from FR/-Col wild type plants. Ten
micrograms of non-biotinylated RNAs were used for the competition assay. After 6 hours
incubation at 4°C in pull-down buffer [50mM Tris-Cl (pH 7.5), 100mM NaCl, 2mM DTT,
0.05% NP-40, RNase-OUT RNAse inhibitor (40U/mL; Thermo Fisher Scientific) and a
protease inhibitor tablet (Roche, IN, USA)], streptavidin agarose beads (Roche, IN, USA)
was added to each binding reaction and further incubated for overnight at 4°C. Next day,
protein A-agarose beads were added into samples and rotated for additional 2 hours at 4°C.
Then, beads were washed at 4°C briefly five times using pull-down buffer and boiled in SDS
loading buffer, and then loaded onto SDS-PAGE gel for further Western blot analysis using
anti-His (Santa Cruz Biotech) or anti-CLF antibodies.

Chromosome Conformation Capture (3C) assay—3C assays were performed
according to Louwers et al. (Louwers et al., 2009) with minor modifications. Arabidopsis
whole seedlings were cross-linked with 1% formaldehyde buffer at 4°C for 30 minutes.
Seedlings were dried and ground in liquid nitrogen. Nuclei were isolated and treated with
0.3% SDS at 65°C for 40 minutes. SDS was sequestered with 1% Triton X-100. Digestions
were performed overnight at 37°C with 400 U of Dpnll restriction enzyme (NEB).
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Restriction enzymes were inactivated by addition of 1.6% SDS and incubation at 65°C for
10 minutes and then, 2% Triton X-100 was added to sequester SDS. Ligations were
performed at 22°C overnight in 4-ml volume using 200 U of T4 DNA ligase (NEB). Reverse
crosslinking was performed for 6 hours at 65°C. After Proteinase K (NEB) treatment, DNA
was purified by phenol/chloroform/isoamyl-alcohol (25:24:1) extraction and ethanol
precipitation. Quantitative PCR reaction (QPCR) was performed using Maxima SYBR green
master mix (Thermo Scientific) according to the manufacturer’s instructions. Quantitative
PCR reaction was performed on ViiA™ 7 Real-Time PCR System (Life Technologies).
Primer sequences used in 3C-gPCR analyses are listed in Supplementary Table 1.

QUANTIFICATION AND STATISTICAL ANALYSIS

Measurement of flowering time—~Flowering time was measured as a rosette leaf
number at a bolting stage under the long-day condition. Numbers of plants used for
measurement of flowering time were indicated in Figure legends (Fig. 2, 4, Fig S3, S4, S6)

RNA-IP followed by quantitative RT-PCR analysis—Relative amounts of retrieved
RNA were calculated using double delta Ct method by comparing relative level to input
RNA. Quantitative RT-PCR reactions were performed using ViiA 7 real time system (Life
technologies, USA) with 33 cycles. Number of biological replicates used for gRT-PCR were
indicated in Figure legends (Figure SLA~B). The mean and SD of these sampled
calculations are shown. Primer sets spanning ~LC genomic regions used in previous study
were used for quantitative tiling RT-PCR analysis (Supplementary Table 1).

Quantitative RT-PCR analysis—Relative transcript level of each gene was calculated
using double delta Ct method by comparing to relative expression level of PP2A reference
gene (Czechowski et al., 2005). For COLDAIR, total RNA were used for first strand cDNA
syntheses using random primers (Gene Link) with M-MLV System (Promega) and
subsequently combination of anchor primers, AAP and AUAP (Invitrogen) and gene-specific
reverse primers (COLD1R and COLD2R) were used for detection (Fig. S3D). Number of
biological replicates used for qRT-PCR were indicated in Figure legends (Fig 1-4, Fig
S2~S4, Fig S6). The mean and SD of these sampled calculations were shown in Figures.

ChlIP analysis—Quantitative PCR reaction (qQPCR) was performed and calculated using
double delta Ct method by comparing relative level to input DNA. ChIP data for FLCwere
quantified by qPCR, normalized to the internal reference gene (AG, At4g18960) and then
relative fold changes were represented. Quantitative PCR reaction was performed in a 384-
well PCR plate of ViiA 7 Real-Time PCR System (Life Technologies). Numbers of
biological replicates used for ChIP-gPCR were indicated in Figure legends (Fig. 3, S3). The
mean and SD of these sampled calculations were shown in Figures.

3C-gPCR analysis—Relative interaction frequencies (Hagege et al., 2007) were
calculated by quantitative PCR reaction. In brief, cycle threshold (Ct) value was determined
for the each 3C sample with primer combination between anchor primers (4F) and the rest of
FLC primers (series of F primers or R primers which span FLCregion (Supplementary
Table 1). Then, we also determined the Ct value of PP2A loading control (LC), a PP2A
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primer set which does not span Dprill restriction sites (Supplementary Fig. S8D) to correct
variations in DNA concentration among 3C samples. Thus, ratios of Ct value of 3C product
to Ct value of PP2A (LC) of all samples were calculated. Next, we corrected primer
efficiencies for primer pairs by using control template DNA (CTD) as described in
(Crevillen et al., 2013). The CTD was obtained by digesting subcloned L C genomic region
(FLC-pPZP211 plasmid) DNA with Dpnll restriction enzyme (NEB), and subsequent
random ligation with T4 DNA ligase (NEB). FLC-pPZP211 plasmid is about 20-kb long,
and contains whole FLC genomic sequence (about 8kb). We measured Ct value of CTD for
each primer pair and then used to normalize ratio of Ct value of all 3C samples. Finally,
relative interaction frequency was calculated and shown as proportion of each fragment to
value of highest peak fragments (i.e. F4+F17 fragment in Fig. 5B or F4+R15 fragment in
Supplementary Fig S8A) in 3C assays. Numbers of biological replicates used for qRT-PCR
were indicated in Figure legends (Fig. 5, 6, S5). The mean and SD of these sampled
calculations were shown in Figures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

A long noncoding RNA, COLDWRAP, is transcribed from the repressed FLC
promoter

COLDWRAP is necessary for vernalization-mediated ~LC silencing

FLCsilencing by vernalization includes the formation of an intragenic
chromatin loop

IncRNAs and PRC2 are necessary for the formation of an intragenic
chromatin loop
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Figure 1.

Identification of COLDWRAP. (A) RIP using polyclonal CLF antibody retrieves
COLDWRAP RNA. (+) RT: with reverse transcription, (=) RT: without reverse transcription.
(b) Expression patterns of £FLC, COOLAIR (proximal and distal), COLDAIR, and
COLDWRAP transcripts during the course of vernalization. (A, B) Data (mean + SD of
guantitative PCR; biological replicates 7= 3). NV, non-vernalized. 10V, 10 days of
vernalization. 20V, 20 days of vernalization. 40V, 40 days of vernalization. 40VT10, 40 days
of vernalization followed by 10 days of normal growth temperature. (C) /n vitro RNA-
binding assays. C-terminal His-tagged CLF recombinant protein binds to /7 vitro transcribed
(IVT)-biotinylated COLDWRAP RNA. (D) RNA-binding assay using IV T-biotinylated
RNAs and CLF polyclonal antibody. (E) RNA-binding assay using non-biotinylated
competitive RNAs. (C-E) NB: non-biotinylated, B: biotinylated. Also see Supplementary
Figures S1 and S2.
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Figure 2.

COLDWRAP is necessary for vernalization response. (A) Flowering times of flc-2FR/
(parental; top), the primary transgenic lines carrying the wild-type FLCtransgene in
flc-2FRI after vernalization (middle) and the primary transgenic lines carrying the mutant
COLDWRAP in flc-2FR/ after vernalization (bottom). X-axis; range of rosette leaf numbers.
(B) Representative flowering behaviors of flc-2 FRI, flc-2 FRI transformed with the wild-
type FLCtransgene, and flc-2 FR/ transformed with the mutant COLDWRAP after 40 days
of vernalization. (C) Flowering times of a representative transgenic line carrying the wild-
type FLCtransgene, and two representative lines carrying the mutant COLDWRAP. (D)
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Changes in FLC mRNA during the course of vernalization in the wild type (FR/_Col) and
two representative transgenic lines carrying the wild-type FLCtransgene (WT FLC #3-4 and
#4-1) and two representative transgenic lines carrying the mutant COLDWRAP (Mut FLC
#1-6 and #12-2). Data (relative levels; mean + SD of quantitative RT-PCR; biological
replicates 7= 3). Also see Supplementary Figures S3 and S4.
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Figure 3.
COLDWRAP is necessary for vernalization-mediated H3K27me3 enrichment at FLC

chromatin. (A) Changes in occupancy of CLF at £LC chromatin during the course of
vernalization. (B) Changes in enrichment of H3K27me3 at ~L C chromatin during the course
of vernalization. (C) Relative fold changes of RNA retrieved by RIP using anti-CLF
antibody followed by quantitative RT-PCR in wild type (FR/_Col), a representative
transgenic line carrying the wild-type FLCtransgene (WT_FLC#3-5), and a representative
transgenic line carrying the mutant COLDWRAP (Mut_FLC#1-6). (A—C) Data (mean +
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SD of quantitative PCR; biological replicates /7=3). Also see Supplementary Figures S3 and
S4.
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Figure 4.
Restoration of vernalization response of transgenic lines carrying the mutant COLDWRAP

mutant by COLDWRAP. (A) Representative flowering behaviors of transgenic lines carrying
the mutant COLDWRAP and the mutant COLDWRAP, complemented with
35S::COLDWRAP without (NV) and with (40V) vernalization. (B) Flowering times of a
representative transgenic line carrying the mutant COLDWRAP (#1-6) without (NV) and
with (40V) vernalization (n = 19). (C) Flowering times of the primary transgenic lines
carrying the mutant COLDWRAP complemented with the 35S::COLDWRAP (7= 18). (D)
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Levels of FLCmRNA during the course of vernalization between Mut FLCgDNA in
flc-ZFRI (#1-6) and Mut_FLCgDNA in flc-2FR+35S:COLDWRAP T1 primary transgenic
lines. Data (relative levels; mean + SD of quantitative RT-PCR; 77=3). Also see
Supplementary Figure S4.
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Figure 5.

Chromatin conformation capture (3C) assays (A) Relative positions of primer sets used for
3C assays. (B) Relative Interaction Frequency (RIF) in 3C assay between F4 and a series of
F primer regions of FLC in the wild type (FR/) and the COLDWRAP RNA.i line (#3-2). (C)
RIF in 3C assay between F4 and a series of R primer regions of FLC in the wild type (FR/)
and the COLDWRAP RNA. line (#3-2). (D) RIF in 3C assay between F4 and R17 regions of
FLCin the wild type (FRI) and the COLDWRAP RNA.i line (#3-2) during the course of
vernalization. (E) RIF in 3C assay between F4 and a series of F primer regions of FLC in the
wild type (FRJ), the transgenic line carrying the wild-type FLCtransgene (WT_FLC#3-4)
and the transgenic line carrying the mutant COLDWRAP (Mut_FLC#1-6). (B~E)
Maximum interaction frequency is set as 1 and relative fold changes are shown. -V, without
vernalization. +V, with vernalization. NV, non-vernalized. 10V, 10 days of vernalization.
20V, 20 days of vernalization. 40V, 40 days of vernalization. 40VT10, 40 days of
vernalization followed by 10 days of normal growth temperature. Data (mean + SD of
guantitative 3C; biological replicates 77=3). Also see Supplementary Figure S5.
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Figure 6.
The formation of a repressive chromatin loop at the FLC locus. (A) RIF in 3C assay between

F4 and a series of F primer regions of FLCin the wild type (FR/) and vin3 mutant
(vin3-1FRI). (B) RIF in 3C assay between F4 and a series of F primer regions of FLCin the
wild type (FR/) and vil1 mutant (vi/Z-IFRI). (C) RIF in 3C assay between F4 and a series of
F primer regions of FLC in the wild type (WT) and a representative COLDAIR promoter
deletion line (COLDAIR proA gFLC). (A~C) Maximum interaction frequency is set as 1 and
relative fold changes are shown. -V, without vernalization. +V, with vernalization. (D) A
proposed model for Polycomb-mediated FLC repression by two ncRNAs during the course
of vernalization. During early cold, COLDAIR functions to recruit PRC2 at the first intron
region of FLC. Subsequently, COLDWRAP helps PRC2 spread to the promoter region,
which results in spreading of repressive histone mark, H3K27me3. This spreading is
achieved at least in part by the formation of an intragenic chromatin loop between the
COLDAIR-transcribed region and the promoter of FLC. Also see Supplementary Figure S6.
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