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Abstract

Molecular mechanism of the
vernalization-induced expression

of COOLAIR, an Arabidopsis
long noncoding RNA

Myeongjune Jeon
School of Biological Sciences
The Graduate School
Seoul National University

To synchronize flowering time with spring, many plants undergo vernalization, a
floral-promotion process triggered by exposure to long-term winter cold. In
Arabidopsis thaliana, this is achieved through cold-mediated epigenetic silencing of
the floral repressor, FLOWERING LOCUS C (FLC). COOLAIR, a cold-induced
antisense RNA transcribed from the FLC locus, has been proposed to facilitate FLC
silencing. However, how cold induces COOLAIR expression has yet to be
understood.

Here, I show that C-repeat (CRT)/dehydration-responsive elements (DREs)
at the 3'-end of FLC and CRT/DRE-BINDING FACTORs (CBFs) are required for
cold-mediated expression of COOLAIR. CBFs bound to CRT/DREs at the 3'-end of
FLC, both in vitro and in vivo, and CBF levels increased gradually during
vernalization. Cold-induced COOLAIR expression was severely impaired in cbfs
mutants in which all CBF genes were knocked-out. Conversely, CBF-overexpressing
plants showed increased COOLAIR levels even at warm temperatures. | show that

COOLAIR is induced by CBFs during early stages of vernalization but COOLAIR
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levels decrease in later phases as FLC chromatin transitions to an inactive state to
which CBFs can no longer bind. I also demonstrate that cbfs and FLCacoorair
mutants exhibit a normal vernalization response despite their inability to activate
COOLAIR expression during cold, revealing that COOLAIR is not required for this

process.

Keywords: Arabidopsis thaliana, Flowering, Vernalization, COOLAIR, CBF, FLC
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Chapter 1

1.1. Winter-annual flowering habit of plants

Plants pass through several developmental phases in their lifetime: embryonic,
vegetative, and reproductive stages and senescence. They carry out different body
plans by switching these phases to optimize their survival and reproduction.

Flowering is one way of transition from vegetative to reproductive growth,
adopted by the dominant land plant group, angiosperms. During the floral transition,
flowering plants’ shoot apical meristem develops an inflorescence architecture
required for sexual reproduction rather than producing more vegetative organs. The
timely initiation of this process guarantees reproductive success. Hence, plants
strictly determine when to flower by integrating various cues from the internal and
external environments (Lang, 1952; Wada and Takeno, 2010; Srikanth and Schmid,
2011).

Of diverse determinants of flowering time, seasonal cues are the primary one,
as plants cannot behaviorally decide their exposure to unfavorable conditions due to
their sessile nature. Especially for plants adapted to temperate climates, successful
reproduction heavily depends on the temperature continuously changing during the
seasons. Cold temperatures during winter particularly have adverse effects on plant
reproduction, such as reducing the activity of pollinators and disturbing the survival
or growth of parental plants and their offspring. To overcome this, many temperate
plant lineages, including some accessions of the model plant Arabidopsis thaliana,
have evolved to germinate in fall and flower in spring after getting through the winter
(Figure 1; Napp-Zinn, 1955; Chouard, 1960; Weinig and Schmitt, 2004).

Two adaptive responses of plants to low temperatures, cold acclimation and
vernalization, ensure such a “winter-annual” habit (Napp-Zinn, 1955; Chouard, 1960;
Weiser, 1970; Gilmour et al., 1988; Sung and Amasino, 2004a). Plants exquisitely

monitor the surrounding temperature during winter and elicit these responses

A

1] O 1 &)

s



Introduction

through which they tolerate thermal stress and control the timing of flowering

properly (Went, 1953; Penfield, 2008; Ding and Yang, 2022).
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Winter Annuals
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Figure 1. Winter-annual and rapid-cycling lifestyles of plants.

Adapted from Figure 2 in Weinig and Schmitt, 2004.
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1.2. Cold acclimation

Cold acclimation is generally initiated by a short period of non-freezing cold
exposure and increases the frost tolerance of plants (Weiser, 1970; Gilmour et al.,
1988; Guy, 1990; Thomashow, 1999; Chinnusamy et al., 2007). The three C-
REPEAT (CRT)/DEHYDRATION-RESPONSIVE ELEMENT (DRE) BINDING
FACTORs (CBFs) and their encoding genes serve as signaling hubs for cold
acclimation in A. thaliana (Figure 2; Stockinger et al., 1997; Medina et al., 1999;
Thomashow, 2010; Ding et al., 2019). When exposed to low temperatures, the
transcription of CBF's is rapidly promoted by a group of cold-signal transducers,
including the Ca*'/calmodulin-binding proteins, CALMODULIN-BINDING
TRANSCRIPTION ACTIVATORs (CAMTAs) (Doherty et al., 2009; Kim et al.,
2013; Kidokoro et al., 2017); the clock proteins, CIRCADIAN CLOCK-
ASSOCIATED 1 (CCA1) and LATE-ELONGATED HYPOCOTYL (LHY) (Dong
et al., 2011); and the brassinosteroid-responsive proteins, BRASSINAZOLE-
RESISTANT 1 (BZR1) and CESTA (CES) (Eremina et al., 2016; Li et al., 2017). In
addition, cold also enhances the stability or activity of CBF proteins. For example,
cold facilitates the interaction between CBFs and BASIC TRANSCRIPTION
FACTOR 3s (BTF3s), which promotes CBF stability (Ding et al., 2018), and it
triggers the degradation of co-repressor, HISTONE DEACETYLASE 2C (HD2C),
thereby allowing CBFs to activate their targets (Park et al., 2018a). Furthermore,
cold reduces oxidized CBFs, which increases active CBF monomers (Lee et al.,
2021).

Low temperature-induced CBFs, in turn, activate the expression of cold-
regulated (COR) genes by binding to CRT/DREs in their promoters (Stockinger et
al., 1997; Medina et al., 1999). Diverse arrays of cryoprotective proteins encoded by

COR genes allow plants to overcome freezing stress (Gilmour et al., 1988; Hajela et
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al., 1990; Thomashow et al., 1997; Shinozaki et al., 2003; Shi et al., 2018; Ding et
al., 2019).
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Figure 2. Signaling pathway of cold acclimation.
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Chapter 1

1.3. Vernalization

In contrast to cold acclimation, vernalization, a floral-promotion process that occurs
during winter, requires an extended cold period (Napp-Zinn, 1955; Chouard, 1960;
Michaels and Amasino, 2000). This allows plants to synchronize the timing of
flowering with favorable spring conditions.

Vernalization in A. thaliana is mainly achieved by silencing the floral
repressor gene, FLOWERING LOCUS C (FLC) (Michaels and Amasino, 1999;
Sheldon et al., 1999; Sheldon et al., 2000; Michaels and Amasino, 2001). FLC
encodes an MADS-box protein that represses the expression of floral activator genes,
SUPPRESSOR OF OVEREXPRESSION OF CO 1 (SOCI) and FLOWERING
LOCUS T (FT), by directly binding to their promoter regions (Lee et al., 2000;
Michaels et al., 2005; Helliwell et al., 2006). In Arabidopsis winter annuals, such as
San Feliu-2 (Sf-2), Lov-1, and Sweden (SW) ecotypes, flowering is prevented by the
high expression of F'LC before exposure to winter cold (Lee et al., 1993; Shindo et
al., 2005; Park et al., 2018b). This is caused by the strong transcriptional activation
of FLC by the FRIGIDA (FRI) supercomplex, which recruits general transcription
factors and several chromatin modifiers (Michaels and Amasino, 1999; Sheldon et
al., 1999; Johanson et al., 2000; Choi et al., 2011; Li et al., 2018).

Prior to vernalization, FLC chromatin is highly enriched with active histone
marks such as histone H3 acetylation and trimethylation of Lys4 or Lys36 at H3
(H3K4me3/H3K36me3) (Figure 3; Bastow et al., 2004; Yang et al., 2014). In
contrast, prolonged cold exposure results in gradual deacetylation of FLC chromatin
and concomitant removal of H3K4me3 and H3K36me3 from the FLC (Bastow et al.,
2004; Yang et al., 2014; Nishio et al., 2016). Additionally, VP1/ABI3-LIKE 1 (VAL1)
and VAL2 recruit Polycomb repressive complex 2 (PRC2) onto the FLC chromatin,

thereby accumulating the repressive histone mark, H3 Lys27 trimethylation
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(H3K27me3), in the nucleation region around the first exon and intron of FLC (Sung
and Amasino, 2004b; Wood et al., 2006; De Lucia et al., 2008; Angel et al., 2011,
Nishio et al., 2016; Qiiesta et al., 2016; Yuan et al., 2016). Subsequently, upon
returning to warm temperatures, H3K27me3 marks are spread over the entire FLC
chromatin region by LIKE HETEROCHROMATIN PROTEIN 1 (LHP1), which
ensures stable FLC suppression and renders plants competent to flower (Mylne et al.,
2006; Sung et al., 2006; Yang et al., 2017).

Several long-term cold-induced factors have been shown to play crucial roles
in the vernalization-triggered epigenetic silencing of FLC. VERNALIZATION
INSENSITIVE 3 (VIN3) family genes, which are upregulated by prolonged cold,
encode plant homeodomain (PHD) proteins that recognize H3K9me?2 enriched in
FLC chromatin during vernalization (Sung and Amasino, 2004b; Kim and Sung,
2013, 2017a). These proteins mediate the recruitment of PRC2 and the subsequent
deposition of H3K27me3 at the FLC nucleation region (Sung and Amasino, 2004b;
De Lucia et al., 2008; Kim and Sung, 2013). In addition to VIN3, a group of long
noncoding RNAs (IncRNAs) expressed from the F'LC locus contribute to controlling

the FLC chromatin environment.
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Figure 3. Epigenetic silencing of FLC during vernalization.
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1.4. Cold-induced IncRNAs in Arabidopsis

COLDAIR and COLDWRAP, the two IncRNAs transcribed from the first intron and
promoter region of FLC, respectively (Figure 4A), are required for H3K27me3
deposition in response to long-term cold (Heo and Sung, 2011; Kim and Sung,
2017b). They directly associate with the PRC2 component, CURLY LEAF (CLF),
thereby recruiting PRC2 to the FLC locus (Figure 5). COLDAIR and COLDWRAP
are also thought to affect the formation of the intragenic chromatin loop at the FLC,
which may be a part of the FLC silencing mechanism (Kim and Sung, 2017b).

Unlike COLDAIR and COLDWRAP, which are transcribed in the sense
direction of FLC, another IncRNA, COOLAIR, is an antisense transcript expressed
from the 3'-end of FLC (Figure 4A; Swiezewski et al., 2009). The gradual
accumulation of COOLAIR reaches a maximum within a few weeks of cold exposure,
whereas COLDAIR and COLDWRAP show peaks at a later phase of vernalization
(Figure 4B; Csorba et al., 2014; Kim and Sung, 2017b).

COOLAIR was reported to remove active histone marks from FLC chromatin
(Liu et al., 2007; Csorba et al., 2014; Fang et al., 2020; Xu et al., 2021a; Zhu et al.,
2021). Particularly, in summer annuals, phase-separated RNA-processing complexes
favor co-transcriptional proximal polyadenylation of COOLAIR (Marquardt et al.,
2014; Wang et al., 2014; Fang et al., 2019; Wu et al., 2020; Xu et al., 2021a). The
COOLAIR-processing machinery exhibits transient and dynamic interactions with an
H3K4 demethylation complex, leading to FLC suppression at warm temperatures
(Appendix; Liu et al., 2007; Fang et al., 2020; Xu et al., 2021a; Kyung et al., 2022b).
COOLAIR is also likely to be involved in reducing H3K36me3 at the FLC during
the vernalization process (Figure S; Csorba et al., 2014). COOLAIR was reported to
promote the sequestration of the FRI complex from the FLC promoter by condensing

it into phase-separated nuclear bodies (Zhu et al., 2021). This has been suggested to
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cause the inactivation of FLC, which is probably accompanied by the silencing of
FLC chromatin through the removal of H3K36me3. However, a previous study has
raised the issue that COOLAIR appears not to be necessary for vernalization

(Helliwell et al., 2011; Luo et al., 2019).
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Figure 4. Characteristics of IncRNAs transcribed from the FLC locus.

(A) Gene structures of A. thaliana FLC and IncRNAs transcribed from the FLC locus:
COOLAIR, COLDAIR, and COLDWRAP. For FLC, the black and white bars indicate
protein-coding exons and untranslated regions (UTRs), respectively. For IncRNAs,
the white bars indicate exons. The thin black arrows indicate the transcription start
sites (TSSs).

(B) Expression patterns of FLC, VIN3 and FLC-derived IncRNAs during the

vernalization period.
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Figure 5. Proposed model for the roles of FLC-derived IncRNAs in FLC
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Introduction

1.5. Aims of the thesis

Compared with the signaling pathway of cold acclimation, how a long-term cold
signal is transduced to trigger the induction of VIN3 and IncRNAs needs to be better
understood. It is marginally known that some chromatin modifiers, NAC WITH
TRANSMEMBRANE MOTIF 1-LIKE 8 (NTLS), and CCA1/LHY act as positive
regulators of VIN3 during the vernalization process (Kim et al., 2010; Finnegan et
al., 2011; Zhao et al., 2020; Kyung et al., 2022a). However, little is known about the
upstream regulators of COOLAIR required for cold-induction.

Recent reports have shown that an NAC domain-containing protein, NTLS,
and the WRKY transcription factor, WRKY63, can bind to the promoter of
COOLAIR and activate its expression (Zhao et al., 2021; Hung et al., 2022). Despite
the lack of these factors, however, COOLAIR is still induced to a certain extent upon
long-term cold treatment. Therefore, there is no doubt there will be other unknown
factors that trigger the COOLAIR expression during the vernalization period.

This study aims to reveal novel cold-signal transducers primarily governing
the cold-induced expression of COOLAIR. To this end, I isolate the cis-element in
the COOLAIR promoter required for its vernalization response and identify the
transcription factors binding to this element. The molecular mechanism of how these

cold-signal transducers activate COOLAIR expression is also described.
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Materials and Methods

FLCucoorar lines were generated by Yupeng Yang at Chinese Academy of Sciences and Xiao
Luo at Peking University. RNA-seq data analysis was carried out by Daesong Jeong at Seoul
National University.
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2.1. Plant materials and treatments

A. thaliana Columbia-0 (Col-0), Wassilewskija-2 (Ws-2), and Col FRIS2 (FRI Col)
were used as the wild types in this study. “Wild type” in this thesis mainly refers to
FRI Col unless otherwise specified. FRI Col (Lee etal., 1994), cbfs-1, pCBF3:CBF3-
myc (Jia et al., 2016), pSuper: CBF3-myc (Liu et al., 2017), FLCcoormr-1 (Luo et al.,
2019), 35S:CBF1, 355:CBF2, and 35S5:CBF3 (Gilmour et al., 2004) have been
previously described. FRI cbfs-1 was generated by crossing the FRI Col with cbfs-1
stated above. FRI FLCjcoorar-1 was generated by crossing FRI Col with
FLCacoorari in the Col-0 background. pSuper:CBF3-myc FLCacoorari Was
generated by crossing pSuper: CBF3-myc with FLCacoorair-1.

For all experiments using plant materials, seeds were sown on half-strength
Murashige and Skoog (MS) medium (Duchefa, Haarlem, Netherlands) containing 1%
sucrose and 1% plant agar (Duchefa) and stratified at 4°C for 3 days. Plants were
germinated and grown at 22°C under a short-day (SD) photoperiod (8-h light/16-h
dark) with cool white fluorescent lights (100 umol-m2-s™!).

For the vernalization treatment, the plants were grown at 22°C for the
prescribed period and then transferred to a 4°C growth chamber under an SD cycle.
To adjust the developmental stage, the plants vernalized for 40 days (40V), 30 days
(30V), 20 days (20V), 10 days (10V), 4 days (4V), and 1 day (1V) were transferred
to 4°C after being grown at 22°C for 10, 12, 14, 15, 15, and 16 days, respectively.
Non-vernalized (NV) plants were grown at 22°C for 16 days. For 0.5, 1, 1.5, 2, 3, 6,
and 24 h of cold treatment, the plants were grown at 22°C for 16 days before the 4°C
treatment. For the freezing treatment, NV, 10V, and 20V plants were transferred to
—1°C under dark condition for 8 h (F). To measure flowering time of vernalized
plants, plants were transferred to 22°C under a long-day (LD) cycle (16-h light/8-h

dark) directly after the vernalization treatment.
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2.2. Generation of FLCcoor4ir lines by CRISPR-Cas9

The construction of FLCacoorar-3 and FLCacoorair-+ Were as previously described
(Luo et al., 2019). Briefly, two pairs of sgRNAs were designed for the deletion of
COOLAIR promoter regions (5'-CTTCACAGTGAAGAAGCCTA-3" and 5'-
AAATGCACTCTTACGTAACG-3' for FLCacoorair-3;

5'-TTATCCTAAACGCGTATGGT-3" and 5-CGTAGTTCCGTCATCCATGA-3’
for FLCcoorair-4), and sgRNA-Cas9 cassettes were introduced into Arabidopsis by
floral dipping. Homozygous deletion mutants were screened in T» generation, and

sgRNA-Cas9 free mutants were further isolated in T3 generation.

2.3. Plasmid construction

To generate the 35S:CBF3-HA construct, the entire coding sequence of CBF3 was
amplified using polymerase chain reaction (PCR) and cloned into the HBT-HA-NOS
plasmid (Yoo et al., 2007). For pCOOLAIRpre:LUC and pCOOLAIRpre":LUC
construction, the 1-kb sequence containing the COOLAIR promoter, the 3'-UTR, and
the last exon of FLC was amplified by PCR and cloned into the LUC-NOS plasmid
(Hwang and Sheen, 2001). To generate pCOOLAIRpre™:LUC, two CRT/DREs in the
COOLAIR promoter, 5'-AGGTCGGT-3' and 5'-ACCGACAT-3', were replaced with
5'-CGAGGTGT-3' and 5-TGAACCCA-3', respectively. For pFLC:LUC
construction, the 1-kb sequence containing the promoter, 5'-UTR, and the first exon
of FLC was amplified by PCR and was cloned into the LUC-NOS plasmid. Primers

used for plasmid construction are listed in Table 1.
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Table 1. Primers used for plasmid construction.

Construct Primer Sequence’ (5'—3)

358:CBF3-HA F

R
pCOOLAIR:LUC  F

R
DRE™

pFLC:LUC F

R

CGCCTGCAGATAAAATTAGATAAAGAAGA
AATTGG

CGCCCATGGCATCGCCGGAGGAGAA

CGCCTGCAGAGTAACTAGAATGTGAAATA
GAG

CGCCCATGGGGAGAATAATCATCATGTGG

CGCACGCGTGCGCGGTGTGGGGGGGTCG
GGGGGCCTGGGTTCACACATTCGGCCC

CGGGATCCATGAACTCATTTTCTGCTTTTT
C

CGCAGGCCTATAACTCCATAACGATACGTC

* Underlining indicates a restriction enzyme recognition site.
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2.4. EMSA

Maltose-binding protein (MBP) and MBP-CBF3 recombinant fusion proteins were
induced by 500 uM IPTG in the Escherichia coli BL21 (DE3) strain. Cell extracts
were isolated with a buffer containing 20 mM Tris-HCI (pH 7.4), 1 mM EDTA,
200 mM NaCl, 10% glycerol, 1 mM DTT, and 1 mM PMSF. Proteins were purified
from cell extracts using MBPTrap™ HP column (GE Healthcare, Chicago, IL, USA)
with AKTA FPLC system (Amersham Biosciences, Amersham, UK). The Cy5-
labeled probes and unlabeled competitors were generated by annealing 25 bp-length
oligonucleotides.

Electrophoretic mobility shift assay (EMSA) was performed as previously
described with a few modifications (Seo et al., 2012). For each EMSA reaction, 5 uM
of protein and 100 nM of Cy5-labeled probe were incubated at room temperature in
a binding buffer containing 10 mM Tris-HCI (pH 7.5), 1 mM EDTA, 50 mM NaCl,
5% glycerol, and 5 mM DTT. For the competition assay, the reaction mixtures were
incubated in the presence of 100-fold molar excess of each competitor. The reaction
mixtures were electrophoresed at 100 V after incubation. The Cy5 signals were
detected using WSE-6200H LuminoGraph II (ATTO, Ambherst, NY, USA). Probes

and competitors used for EMSA are listed in Table 2.
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Table 2. Probes and competitors used for EMSA

Target P/C” Sequence (5'—3)
DREI1 P Cy5-CCGAATGTGACCGACATAGGCCCAA
C CCGAATGTGACCGACATAGGCCCAA
DRE2 P Cy5-TATGGAAGAGGTCGGTCACGTTAAC
C TATGGAAGAGGTCGGTCACGTTAAC
DREI™ C CCGAATGTGTGAACCCAAGGCCCAA
DRE2™ C TATGGAAGCGAGGTGTCACGTTAAC
DREa C TTGAACTCTTCCGACTTCTCAAAAC
DREDb C AATATCTGGCCCGACGAAGAAAAAG
DREc C ACAAAAGTAGCCGACAAGTCACCTT
DREd C GGACAAATCTCCGACAATCTTCCGG

* P, Cy5-labeled probe; C, unlabeled competitor.
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2.5. ChIP assay

Approximately 4 g of seedlings grown on MS plates were collected and cross-linked
using 1% (v/v) formaldehyde. Nuclei were isolated from seedlings using a buffer
containing 20 mM PIPES-KOH (pH 7.6), 1 M hexylene glycol, 10 mM MgCl.,
0.1mM EGTA, 15mM NaCl, 60mM KCI, 0.5% Triton X-100, SmM B-
mercaptoethanol, and 1x cOmplete™ EDTA-free Protease Inhibitor Cocktail (Roche,
Basel, Switzerland) as described previously with a few modifications (Shu et al.,
2014). Isolated nuclei were lysed with a buffer containing 50 mM Tris-HCI (pH 7.4),
150 mM NaCl, 1% (v/v) Triton X-100, and 1% SDS (w/v), and were subsequently
sonicated using a Digital Sonifier® (Branson, Danbury, CT, USA). Sheared
chromatin was diluted with a buffer containing 50 mM Tris-HCI (pH 7.4), 150 mM
NacCl, 1% (v/v) Triton X-100, and 1 mM EDTA.

Chromatin immunoprecipitation (ChIP) was performed by incubating
sheared chromatin with Protein G Sepharose™ 4 Fast Flow beads (GE Healthcare)
and antibodies. Anti-myc (MBL, Woburn, MA, USA; #M192-3) and normal mouse
IgG: (Santa Cruz Biotechnology, Santa Cruz, CA, USA; #sc-3877) were used to
detect CBF3 protein enrichment at the FLC locus, and anti-H3K36me3 (Abcam,
Cambridge, UK; #Ab9050), H3K4me3 (Millipore, Bedford, MA, USA; #07-473),
and anti-H3K27me3 (Millipore; #07-449) were used to detect histone modifications
on the FLC chromatin. DNA was extracted with phenol:chloroform:isoamyl alcohol
(25:24:1, v/v) or Chelex® 100 Resin according to the manufacturer’s instruction.

Primers used for ChIP-quantitative PCR (qPCR) are listed in Table 3.
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Table 3. Primers used for ChIP assay

Target

Primer Sequence (5'—3)

FLC-2,320-2,267
FLC—-1,599-1,530
FLC-392-272
FLC —49—+53

FLC +157-314"f
FLC +416-5021
FLC +652-809
FLC +1,144-1,257
FLC +1,533-1,670
FLC+1,933-2,171
FLC +2,465-2,560"
FLC+3,197-3,333
FLC+3,998-4,178
FLC +4,322-4,469
FLC +5,139-5,244
FLC +5,643-5,758
FLC +6,057-6,175"

FLC +6,877-6,947

e R R R R R R I R I R R B R R R R R R R R R R I I R T

ATCCAGAAAAGGGCAAGGAG
CGAATCGATTGGGTGAATG
TGGAGGGAACAACCTAATGC
TCATTGGACCAAACCAAACC
ACTATGTAGGCACGACTTTGGTAAC
TGCAGAAAGAACCTCCACTCTAC
GCCCGACGAAGAAAAAGTAG
TCCTCAGGTTTGGGTTCAAG
CGACAAGTCACCTTCTCCAAA
AGGGGGAACAAATGAAAACC
GGCGGATCTCTTGTTGTTTC
CTTCTTCACGACATTGTTCTTCC
CGTGCTCGATGTTGTTGAGT
TCCCGTAAGTGCATTGCATA
CCTTTTGCTGTACATAAACTGGTC
CCAAACTTCTTGATCCTTTTTACC
TTGACAATCCACAACCTCAATC
TCAATTTCCTAGAGGCACCAA
AGCCTTTTAGAACGTGGAACC
TCTTCCATAGAAGGAAGCGACT
AGTTTGGCTTCCTCATACTTATGG
CAATGAACCTTGAGGACAAGG
GGGGCTGCGTTTACATTTTA
GTGATAGCGCTGGCTTTGAT
CTTTTTCATGGGCAGGATCA
TGACATTTGATCCCACAAGC
AGAACAACCGTGCTGCTTTT
TGTGTGCAAGCTCGTTAAGC
CCGGTTGTTGGACATAACTAGG
CCAAACCCAGACTTAACCAGAC
TGGTTGTTATTTGGTGGTGTG
ATCTCCATCTCAGCTTCTGCTC
CGTGTGAGAATTGCATCGAG
AAAAACGCGCAGAGAGAGAG
TTGTAAAGTCCGATGGAGACG
ACTCGGCGAGAAAGTTTGTG
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pTUB2 F ACAAACACAGAGAGGAGTGAGCA

R ACGCATCTTCGGTTGGATGAGTGA
ACT7 F TCGTTTCGCTTTCCTTAGTGT

R CGAAATCGGCATAGAGAATCA
FUS3 F GTGGCAAGTGTTGATCATGG

R AGTTGGCACGTGGGAAATAG

* These primers were also used for the ChIP analysis shown in Figure 11. FLC +157-314,
+2,465-2,560, +6,057-6,175 correspond to P1, P2, and P3, respectively.

T These primers, amplifying the nucleation region of FLC, were used for the statistical test of
Figure 35.
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2.6. Gene expression analysis

Total RNA was isolated from —100 mg of seedlings grown on MS agar plate using
TRI Reagent® (Sigma-Aldrich, St Louis, MO, USA) or TS™ Plant Mini Kit (Taeshin
Bio Science, Gyeonggi-do, Korea). cDNA was generated using 4 ug of total RNA,
5 units of recombinant DNase I (TaKaRa, Kyoto, Japan), 200 units of RevertAid™
reverse transcriptase (Thermo Scientific, Waltham, MA, USA), and buffer
containing 0.25 mM dNTP and 0.1 pug oligo(dT)is. gPCR analysis was performed
using iIQ™ SYBR® Green Supermix (Bio-Rad, Hercules, CA, USA) and a CFX96
Real-Time PCR system (Bio-Rad). Primers used for quantitative reverse
transcription PCR (RT-qPCR) are listed in Table 4.

To examine COOLAIR expression in the COOLAIR promoter deletion lines,
Total RNAs were extracted using the RNeasy® Plus Mini Kit (Qiagen, Hilden,
Germany) according to the manufacturer’s instructions, followed by the digestion of
residual genomic DNA by the gDNA wiper (Vazyme, Nanjing, China). 1.0-ug RNA
from each sample was taken for cDNA synthesis using the HiScript® III 1st Strand
cDNA Synthesis Kit (Vazyme) with the transcript-specific primers (5'-
TGGTTGTTATTTGGTGGTGTGAA-3" for COOLAIR «class 1 and 5'-
GCCCGACGAAGAAAAAGTAG-3' for class II; Zhao et al.,, 2021). Semi-
quantitative PCR amplifications were performed, followed by agarose gel separation

of PCR products.
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Table 4. Primers used for gene expression analysis.

Target Primer Sequence (5'—3)
Total COOLAIR F1 TGTATGTGTTCTTCACTTCTGTCAA
R1 GCCGTAGGCTTCTTCACTGT
F2 TCGTGTGAGAATTGCATCGAG
R2 AGCCACGTCCCTGTTGCAAA
COOLAIR class i F1 GACAAATCTCCGACAATCTTCC
R1 CTCACACGAATAAGGTGGCTAAT
F2 TCATCATGTGGGAGCAGAAG
R2 TCTCACACGAATAAGGTGGCTA
F3* TCACACGAATAAGGTGGCTAATTAAG
R3" TCCTTGGATAGAAGACAAAAAGAGA
COOLAIR class 11 F1 CTCCTCCGGCGATAAGTA
R1 CTCACACGAATAAGAAAAGTAAAA
F2° TGCAATTCTCACACGAATAAGAAAAGT
R2" TAGCCGACAAGTCACCTTCTCCAA
COOLAIR class 1Lii F1 CTCCTCCGGCGATAAGTA
R1 ACGATAATCATAGAAAAGTAAAAGAGC
F2° TAGTGGGAGAGTCACCGGAAG

R2" TTCTCCTCCGGCGATAAGTAC

FLC mRNA F AGCCAAGAAGACCGAACTCA

R TTTGTCCAGCAGGTGACATC
Unspliced FLC F CGCAATTTTCATAGCCCTTG

R CTTTGTAATCAAAGGTGGAGAGC
CAS F ATCTCATGTATCTATCATGGTCGCAGA

R TTCTCCTCCGGCGATAAGTAC
CBF1 F GGAGACAATGTTTGGGATGC

R CGACTATCGAATATTAGTAACTCC
CBF2 F CGACGGATGCTCATGGTCTT

R TCTTCATCCATATAAAACGCATCTTG
CBF3 F TTCCGTCCGTACAGTGGAAT

R AACTCCATAACGATACGTCGTC
CORI54 F CTTACCTAATCAGTTAATTTCAAGCA

R TTAAACATGAAGAGAGAGGATATGG
RD294 F ATGGATCAAACAGAGGAACCACCA

R CTTAGTCGCACCATTCTCATGATG
PP24 F TATCGGATGACGATTCTTCGTGCAG

R GCTTGGTCGACTATCGGAATGAGAG
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UBC F TTGTGCCATTGAATTGAACCC
R CATCCTAATGTTCATTTCAAGACAG

* These primers were used for the COOLAIR amplifications shown in Figure 30.
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2.7. Immunoblotting

Total protein was isolated from —100 mg of seedlings using a buffer containing
50mM Tris-HCI (pH 7.5), 100 mM NaCl, 10mM MgCl,, ] mM EDTA, 10%
glycerol, 1mM PMSF, 1mM DTT and 1x cOmplete™ EDTA-free Protease
Inhibitor Cocktail (Roche). Fifty micrograms of total protein were loaded onto SDS-
PAGE gels and separated by electrophoresis. The proteins were transferred to PVDF
membranes (Amersham Biosciences) and probed with an anti-myc (MBL; #M192-
3; 1:10,000 dilution) antibody overnight at 4°C. The samples were then probed with
horseradish peroxidase (HRP)-conjugated anti-mouse IgG (Cell Signaling, Danvers,
MA, USA; #7076; 1:10,000 dilution) antibody at room temperature. The signals
were detected with ImageQuant™ LAS 4000 (GE Healthcare) using
WesternBright™ Sirius ECL solution (Advansta, San Jose, CA, USA).

2.8. RNA-seq data analysis

Two sets of RNA-seq data deposited in the National Center for Biotechnology
Information (NCBI) under BioProject accession codes PRINA416120 and
PRINA732005 were retrieved. PRINA416120 contains raw reads from NV, 1V, and
14-days vernalized (14V) wild-type and cbfs plants in an SW background (Park et
al., 2018b). PRINA732005 contains reads from 0-, 3-, and 24-h cold-treated wild-
type and cbfs plants in a Col-0 background (Song et al., 2021). The reads were
aligned to the Arabidopsis TAIR 10 reference genome and annotated in ARAPORT
11 using STAR version 2.7.10a. Isoform estimation was performed using Salmon

version 1.6.0.
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2.9. Luciferase assay using Arabidopsis protoplast

Protoplast isolation and transfection were performed as previously described with
some modifications (Yoo et al., 2007). Protoplasts were isolated from leaves of SD-
grown wild-type plant (Col-0) using a buffer containing 150 mg Cellulase
Onozuka™ R-10 (Yakult, Tokyo, Japan), 50 mg Maceroenzyme™ R-10 (Yakult),
20 mM KCl, 20 mM MES-KOH (pH 5.6), 0.4 M D-mannitol, 10 mM CaCl,, 5 mM
B-mercaptoethanol, and 0.1 g bovine serum albumin. For protoplast transfection,
200 ug of plasmid DNA and isolated protoplasts were incubated in a buffer
containing 0.1 M D-mannitol, 50 mM CaCl,, and 20% (w/v) PEG. Luciferase
activity in the protoplasts was measured using the Luciferase Assay System
(Promega, Madison, WI, USA) and MicroLumat Plus LB96V microplate

luminometer (Berthold Technologies, Bad Wildbad, Germany).

2.10. Statistical analysis

Statistical analyses were performed using unpaired Student’s # test, one- or two-way

analysis of variance (ANOVA) followed by a post hoc multiple comparison test.
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Results

Gene expression analysis and flowering time measurement on FLCycoorar-3 and
FLCycoorair-4 were carried out by Yupeng Yang and Xiao Luo. RNA-seq data were analyzed
by Daesong Jeong.
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3.1. A CRT/DRE-binding factor, CBF3, directly binds to
CRT/DRE:s at the 3’-end of the FLC

The proximal promoter region of COOLAIR is highly conserved among FLC
orthologs from A. thaliana relatives (Castaings et al., 2014). Thus, I assumed that
the cis-element conferring a long-term cold response would exist within that block.
A comparison of the region near the TSS of COOLAIR revealed the conservation of
two CRT/DREs among six FLC orthologs from five related species of the
Brassicaceae family (Figure 6). CRT/DRE, the core sequence of which is CCGAC,
is a regulatory element that imparts cold- or drought-responsive gene expression
(Baker et al., 1994). CBF1, 2, and 3 encode APETALA 2 (AP2) domain-containing
proteins that can bind to CRT/DRE and are usually present in the promoters of cold-
and drought-responsive genes (Stockinger et al., 1997; Medina et al., 1999).
Consistent with this, the Arabidopsis cistrome database and the genome-wide ChIP
sequencing (ChIP-seq) results from a previous study suggested that CBFs bind to the
3'-end sequence of FLC containing CRT/DREs (Figure 7; O'Malley et al., 2016;
Song et al., 2021).

I performed an EMSA to confirm this binding using probes harboring
CRT/DREs (named DREI1 or 2) from the COOLAIR promoter (Figure 8). The
mobility of these two Cy5-labeled probes was retarded by MBP-fused CBF3 (Figure
9). The band shift was competed out by adding an excess amount of unlabeled DRE1
or 2 oligonucleotides. In contrast, competitors containing mutant forms of DRE1 or
2 (DRE1™or 2™, respectively) failed to compete (Figure 9). I also tested the binding
of other CRT/DRE-like sequences in the FLC locus. Two (DREa and b) were present
in the F'LC promoter, while the other two (DREc and d), were present in the first and
last exons, respectively (Figure 8). Only DREc competed with the band shift caused

by the CBF3-DREI interaction (Figures 9 and 10). The presence or absence of bases
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that determine the binding affinity between CBFs and CRT/DRE could explain the
differences in CBF3-binding patterns among CRT/DRE-like sequences at the FLC
locus (Maruyama et al., 2004).

Subsequently, a ChIP assay using a CBF3-overexpressing transgenic plant,
pSuper:CBF3-myc (Liu et al., 2017), was conducted to determine whether CBF3 is
associated with the FLC region containing CRT/DREs in vivo. Consistent with the
in vitro results, CBF3-myc protein was enriched at the 3’-end of FLC and the first
exon where DREc was located (Figure 11). Without vernalization (NV), CBF3-myc
was highly enriched at both the 5'- and 3"-ends of FLC (P1 and P3), indicating that
CBF3 protein can activate FLC under warm conditions, as previously reported (Seo
et al., 2009). However, enrichment in the P1 region rapidly disappeared during the
vernalization period. In contrast, enrichment on P3 was maintained until 10V and
was subsequently reduced. This is coincident with the expression pattern of

COOLAIR, which declines during the late phase of vernalization (Csorba et al., 2014).
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Figure 6. Comparison of sequences around the 3'-end of the FLC orthologs from
Arabidopsis relatives.

The upper graphic presents the gene structure of A¢FLC. The black bars, black lines,
and white bars indicate exons, introns, and UTRs, respectively. The blue line presents
the region used for sequence comparison among six orthologous genes from five
plant species. In the sequence alignment below, the grey line indicates the 3-UTR
of FLC orthologs, the blue arrow indicates the transcriptional start site of
AtCOOLAIR, and the red lines indicate CRT/DREs. At, Arabidopsis thaliana; Cr,
Capsella rubella; Al, Arabidopsis lyrata, Aa, Arabis alpina; Th, Thellungiella

halophila.
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Figure 7. DAP-seq results showing the binding of CBF proteins to the 3'-end
region of FLC.

DNA affinity purification sequencing (DAP-seq) results showed enrichment of CBF
proteins at the AtFLC locus obtained from the Plant Cistrome Database
(http://neomorph.salk.edu/dev/pages/shhuang/dap web/pages/index.php; O'Malley
et al., 2016). The top bars represent the transcribed regions of each AtCOOLAIR
variant. The bars below represent the structures of the alternatively spliced forms of
the AtFLC transcript. The green, grey, and red bars indicate the exons, introns, and
UTRs of AtFLC, respectively. The peaks below represent the positions of CBF
enrichment. CBF-amp, the results of ampDAP-seq using PCR-amplified DNA
library.
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QCCGAC CCGAC \A
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AAGTCGG ATGTCGGT
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CCGAC 1kb AcCGACCT
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Figure 8. Schematic showing the positions of six CRT/DRE-like sequences
distributed on the FLC locus.

CRT/DRE sequences have been labeled as DRE1 and 2, and CRT/DRE-like
sequences have been labeled as DREa, b, c, and d. The black bars, black lines, and
white bars represent exons, introns, and UTRs of AtFLC, respectively. The red bases
indicate the core sequence (CCGAC) of CRT/DRE. The blue-colored bases represent
bases known to determine the binding affinity of CBF3 to CRT/DRE (Maruyama et
al., 2004).
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Figure 9. In vitro binding of CBF3 protein to the CRT/DREs at the FLC’s 3'-
end.

EMSA using one of the CRT/DREs located at the A#fCOOLAIR promoter, DRE], as
a probe. In the upper graphic showing AtFLC gene structure, CRT/DRE and
CRT/DRE-like sequences are marked as blue arrows. CRT/DRE-like sequences have
been labeled as a, b, ¢, and d, and CRT/DRE sequences have been labeled as 1 and
2. For the competition assay, DREa, b, ¢, and d, and mutant forms of DREI and
DRE2 (1™ and 2™) were used as competitors. A 100-fold molar excess of unlabeled
competitors was added. No protein (—) or maltose binding protein (MBP) were used

as controls. FP, free probe.
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Figure 10. Comparison of CBF3-binding affinity between the CRT/DREs at the
3’-end and first exon of FLC.

(A-B) EMSA using DREI1 (A) or DRE2 (B) as probes. For competition assay, DREI,
DRE2, and DREc were used as competitors. Molar excess (1-, 10-, and 100-fold) of

unlabeled competitors was added. FP, free probe.
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Figure 11. In vivo enrichment of CBF3 protein at the FLC locus during
vernalization.

ChIP assay result showing the enrichment of CBF3-myc protein on the A¢FLC locus.
Samples of NV, 10V, 20V, and 40V pSuper: CBF3-myc plants were collected at ZT4
in an SD cycle. The CBF3-chromatin complex was immunoprecipitated (IP) with
anti-myc antibodies (blue bars), and mouse IgG (black bars) was used as a control.
Positions of qPCR amplicons used for ChIP-qPCR analysis are illustrated as P1, P2,
and P3 in the upper graphic. The blue arrow in the graphic denotes the position of
CRT/DREs located on the AtCOOLAIR promoter. ChIP-qPCR results have been
represented as mean + standard error of the mean (SEM) of the three biological
replicates in the lower panel. Open circles and squares represent each data point.
Relative enrichments of the IP/5% input were normalized to that of pTUB2. The blue
shadings indicate cold periods. Asterisks indicate a significant difference between
IgG and anti-myc ChIP-qPCR results at each vernalization time point (*P <0.05;

**P <0.01; unpaired Student’s z-test).
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3.2. COOLAIR is one of the CBF regulons in Arabidopsis

CBF genes are rapidly and transiently induced upon exposure to cold (Medina et al.,
1999). CBF regulons, which are CBF-targeted genes, are correspondingly up- or
down-regulated after cold intervals of a few hours (Gilmour et al., 1998; Liu et al.,
1998; Fowler and Thomashow, 2002). As COOLAIR contains CBF3-binding sites in
its promoter (Figures 6—11), [ analyzed whether COOLAIR shows CBF regulon-like
expression. The expression of genes assigned to the CBF regulon is up- or down-
regulated by CBF overexpression under warm conditions (Park et al., 2015).
Similarly, I found that the total transcript level of COOLAIR increased in CBF3-
overexpressing transgenic plants (pSuper:CBF3-myc) grown at room temperature
(22°C) compared to that in the wild type, Col-0 (Figure 12). Such upregulation was
mainly due to the type Li or type Il.i COOLAIR isoforms. As the levels of both
proximal (type I) and distal (type II) variants of COOLAIR were higher in the CBF3
overexpressor than in the wild type, it is likely that COOLAIR transcription, instead
of the 3'-processing events, is affected by CBF3 (Figure 12; Liu et al., 2010;
Marquardt et al., 2014). It has been reported that the targets of CBF1 or 2 are not
entirely identical to those of CBF3, although CBF genes show high sequence
similarity (Novillo et al., 2007). Thus, I compared the expression levels of all
COOLAIR isoforms in transgenic plants overexpressing CBFI, 2, or 3 (Seo et al.,
2009). Overall, all CBF-overexpressing plants showed increased levels of COOLAIR
(Figure 13). However, each CBF-overexpressing plant showed a subtly different
effect on COOLAIR expression. The CBF2 overexpressor showed the highest level
of the proximal COOLAIR isoform, whereas the CBF3 overexpressor showed the
highest level of distal COOLAIR. In contrast, the CBFI-overexpressing plants
showed a slightly smaller increase in proximal COOLAIR levels and a negligible

increase in distal COOLAIR, compared to those in the wild type, Ws-2. Such results
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imply that the three CBFs regulate COOLAIR transcription subtly differently.
Another characteristic of CBF regulons is that their expression is activated
by a day of cold exposure (Park et al., 2015). Thus, I analyzed if COOLAIR is also
induced by short-term cold exposure. I treated wild-type (#RI Col) plants with 0, 0.5,
1, 1.5, 2, 3, 6, and 24 h of cold (4°C), then measured the levels of total COOLAIR.
The results showed that cold treatment for less than 3 h failed to induce COOLAIR
expression, although CBF transcripts reached a peak at 3 h of cold exposure (Figures
14 and 16; Gilmour et al., 1998). However, after 6 h of cold treatment, when CBF3
protein levels peaked, COOLAIR was strongly induced (Figures 14 and 20). Thus,
short-term cold-triggered COOLAIR expression dynamics were similar to those of
other CBF-targeted genes; that is, the expression was highly increased after CBF
transcript levels reached a peak upon cold exposure (Gilmour et al., 1998; Fowler
and Thomashow, 2002). To confirm whether CBFs are responsible for the rapid cold
response of COOLAIR, I examined COOLAIR induction after a day of cold treatment
in the wild type and cbfs- I mutant, in which all three CBF's were knocked out (Figure
15; Jia et al., 2016). All isoforms, as well as total COOLAIR, failed to be induced by
short-term cold exposure in the cbfs mutant, although a drastic increase was observed
in the wild type. Thus, these results strongly suggest that CBFs are required for

COOLAIR induction, even under a short period of cold exposure.
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Figure 12. Increased COOLAIR expression levels in CBF3-overexpressing plant.

Expression levels of total COOLAIR and COOLAIR isoforms in the wild-type (Col-
0) and CBF3-overexpressing plants (pSuper:CBF3-myc [CBF3o0x]). The gene
structures of FLC and COOLAIR variants are illustrated in the upper panel. The thin
black arrows indicate the TSSs of FLC and COOLAIR. The thick black arrows
indicate the exons of each COOLAIR isoform. The structures of proximal (I.i) and
distal (IL.i and I1.i1)) COOLAIR isoforms are shown. The positions of qPCR amplicons
used for detecting proximal (L.i), and distal (ILi, ILii) COOLAIRs are marked using
blue arrow heads. Relative transcript levels of total COOLAIR and COOLAIR
variants were normalized to that of UBC and have been rep resented as mean = SEM
of three biological replicates. Dots and squares represent each data point. Asterisks
indicate a significant difference as compared to the wild type (*P < 0.05; **P <0.01;

*%% P <0.001; unpaired Student’s z-test).
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Figure 13. Different effects of CBF1I-, 2-, and 3-overexpressions on COOLAIR
variants.

(A—C) Transcript levels of COOLAIR variants in the wild type (Ws-2) and CBFI-,
2-, and 3-overexpressing transgenic plants (35S:CBF1 [CBFlox], 35S:CBF2
[CBF20x], and 35S:CBF3 [CBF3ox], respectively; Seo et al., 2009). Relative levels
of type Li (A), type ILi (B), and type IL.ii (C) COOLAIR were normalized to that of
UBC. Values have been represented as mean+ SEM of three biological replicates.
Dots, squares, triangles, and polygons represent each data point. Asterisks indicate a
significant difference, as compared to the wild type (**P<0.01; ***P<0.001;

unpaired Student’s #-test). ns, not significant (P> 0.05).
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Figure 14. Expression dynamics of total COOLAIR after short-term cold
treatment.

Wild types (FRI Col) were subjected to 4°C cold and harvested at each time point
0, 0.5, 1, 1.5, 2, 3, 6, and 24 h after cold). Relative transcript levels of total
COOLAIR to UBC were normalized to that of non-cold treated wild type. The values
have been represented as mean+ SEM of three biological replicates. The blue
shading indicates periods under cold treatment. Significant differences have been
marked using different letters (a, b; P <0.05; one-way ANOV A followed by Tukey’s

post hoc test).
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Figure 15. Transcript levels of total COOLAIR and COOLAIR isoforms in the
wild type and chbfs mutant before and after a day of cold treatment.

(A-D) The wild-type and cbfs-I mutant seedlings were treated with (+Cold) or
without (—Cold) a day of 4°C cold. Relative levels of total COOLAIR (A) and
COOLAIR variants (B, class Li; C, class ILi; D, class I1.ii) were normalized to that
of PP2A. Values have been represented as mean + SEM of three biological replicates.
Dots and squares indicate each data point. Significant differences have been marked
using different letters (a, b; P <0.05; two-way ANOVA followed by Tukey’s post

hoc test).
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3.3. CBFs accumulate during vernalization

I subsequently investigated whether CBFs are also responsible for vernalization-
induced COOLAIR activation. It has been reported that COOLAIR is gradually
upregulated as the cold period persists and peaks after 2-3 weeks of vernalization
(Csorba et al., 2014). However, most studies on CBF expression have been
performed within a few days since the function of CBFs has been analyzed only in
the context of short-term cold (Gilmour et al., 1998; Liu et al., 1998; Medina et al.,
1999; McKhann et al., 2008). Therefore, I investigated the expression patterns of
CBF's before and after long-term cold exposure to determine the correlation between
the expression of CBFs and COOLAIR during vernalization. As previously shown,
the levels of all three CBF's peaked within 3 h of cold exposure and then decreased
rapidly (Figure 16). However, CBF levels increased again as the cold period was
prolonged (> 20V), suggesting that both short-term and vernalizing cold treatments
upregulated CBF expression (Figure 17).

Because CBFs exhibit rhythmic oscillations (Dong et al., 2011), I also
investigated whether the rhythmic expression of CBFs is affected by vernalization.
Wild-type (Col-0) plants were collected every 4 h under an SD photoperiod (8-h
light/16-h dark) under both NV and 40V conditions. As shown in Figure 18,
although the rhythmic pattern of each CBF was variable, the overall transcript levels
of all three CBFs were much higher at 40V than under NV. Consistent with the
transcript level, the level of CBF3 protein in vernalized plants was higher than that
in NV plants during all circadian cycles (Figure 19).

To verify whether the increased transcription of CBF3 led to protein
accumulation, I measured the level of CBF3 at each time point of cold treatment
using the pCBF3:CBF3-myc plant (Jia et al., 2016). Following the rapid and transient

induction of CBF'3 under short-term cold conditions (Figure 16; Medina et al., 1999),
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CBF3-myc protein levels peaked within 6 h of cold exposure and then decreased
(Figure 20). Thus, the peak of the CBF3 transcript and that of the CBF3 protein
showed a gap of few hours. Notably, the peak of the CBF3 protein correlated with
the time when COOLAIR was rapidly induced (Figures 14 and 20). During
vernalization, the level of CBF3-myc protein was increased by 1 d of cold (1V), then
declined until 10V (Figure 21). It increased again as the cold period was prolonged;
thus, the level at 40V is similar to that at 1V. The protein level rapidly decreased
when the plants were transferred to room temperature for 4 d after 40V (40VT4).
These results suggest that CBFs are responsible for the progressive upregulation of

COOLAIR, at least during the early phase of vernalization (Csorba et al., 2014).
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Figure 16. Transcript levels of CBF1, 2, and 3 under short-term cold exposure.
(A-C) Wild-type plants were subjected to 0, 1, 3, 6, 12, and 24 h of 4°C cold
treatment. Relative levels of CBFI (A), 2 (B), and 3 (C) were normalized to that of
UBC. Values have been represented as mean+ SEM of three biological replicates.
The blue shadings indicate cold periods. Significant differences have been marked
using different letters (a—c; P <0.05; one-way ANOVA followed by Tukey’s post

hoc test).
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Figure 17. Transcript levels of CBF1, 2, and 3 during vernalization.

(A-C) Wild-type plants were treated with 4°C vernalization (20 and 40 days) under
an SD cycle and collected at ZT4. Relative levels of CBFI (A), 2 (B), and 3 (C) were
normalized to that of UBC. Values have been represented as mean+ SEM of three
biological replicates. The blue shadings denote periods under cold. Significant
differences have been marked using different letters (a—c; P <0.05; one-way

ANOVA followed by Tukey’s post hoc test).
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Figure 18. Daily rhythms of CBF1, 2, and 3 transcript levels in non-vernalized
or vernalized plants.

(A-C) NV or 40V Col-0 plants grown under an SD cycle were collected every 4 h
between ZTO0 and ZT24. Relative transcript levels of CBFI (A), 2 (B), and 3 (C)
were normalized to that of PP2A4. Values have been represented as mean = SEM of
three biological replicates. The white and black bars represent light and dark periods,
respectively. Asterisks indicate a significant difference between NV and 40V

(***P<0.001; two-way ANOVA).
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Figure 19. Daily rhythms of CBF3 protein levels in non-vernalized or vernalized
plants.

The NV or 20V pCBF3:CBF3-myc transgenic plants, subjected to 4°C vernalization,
were collected every 4 h between ZT0 and ZT24. CBF3 protein was detected using
anti-myc antibodies. Rubisco was used as loading control. The numbers below each
band indicate the relative signal intensity compared to 20V ZT4. The mean values

of three biological replicates are presented.
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Figure 20. Dynamics of CBF3 protein abundance under short-term cold
exposure.

The pCBF3:CBF3-myc transgenic plants were subjected to 0, 1, 3, 6, 12, and 24 h of
4°C cold treatment. CBF3 proteins were detected using anti-myc antibodies. Rubisco
was considered the loading control. Numbers below each band indicate relative
signal intensity compared to 6 h. The mean values of two biological replicates are

presented.
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Figure 21. Increase in CBF3 protein level during the vernalization process.

The pCBF3:CBF3-myc transgenic plants, subjected to 4°C vernalization, were
collected at ZT4 of the indicated time point. CBF3 proteins were detected using anti-
myc antibodies. Rubisco was considered the loading control. Numbers below each
band indicate relative signal intensity compared to 1V. The mean values of three

biological replicates are presented.
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3.4. CBFs are involved in vernalization-induced COOLAIR

expression

To clarify whether CBFs are responsible for long-term cold-mediated COOLAIR
induction, I quantified COOLAIR levels in wild type and chfs mutant during
vernalization. As shown in Figures 14 and 15, the COOLAIR level was considerably
increased by a day of low-temperature treatment in the wild type but quickly declined
afterward (Figure 22). The COOLAIR level increased again after 4V and reached a
secondary peak at approximately 10V to 20V. It then decreased during the remaining
vernalization period, as similar to previous results (Csorba et al., 2014). The
expression dynamics of COOLAIR were similar to those of two well-known CBF
targets, CORI154 and RESPONSIVE TO DESICCATION 294 (RD294), although
their levels remained high until the end of the vernalization period (Figure 23). In
contrast to the wild-type plants, the cbfs mutant showed severely reduced COOLAIR
expression, as well as CORI5A and RD29A levels, during all the period of
vernalization (Figures 22 and 23). Analysis of RNA sequencing (RNA-seq) data
from previous studies also revealed that the levels of total COOLAIR, and proximal
and distal COOLAIR variants were reduced in the cbfs mutant in Col-0 or SW
ecotype background when exposed to either short-term (3 and 24 h) or long-term
(14V) cold, which supports my results (Figures 24 and 25; Park et al., 2018b; Song
et al., 2021). All of these data support that CBFs are necessary to fully induce
COOLAIR in the early phase of vernalization.

Consistent with the reduced COOLAIR levels in cbfs mutants, the CBF3
overexpressor, pSuper: CBF3-myc, showed a much higher COOLAIR level than the
wild type (Col-0), throughout the vernalization period (Figure 26). It is noteworthy
that COOLAIR expression in pSuper:CBF3-myc was further upregulated by cold,

especially during the early vernalization phase (10V), and then suppressed during
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the late phase. This result implies that both the transcriptional and post-
transcriptional regulations of CBFs are involved in the long-term cold response of
COOLAIR.

A recent study showed that the first seasonal frost (<0°C) during the winter
season strongly induces COOLAIR expression (Zhao et al., 2021). Therefore, I tested
whether CBFs are also required for the strong induction of COOLAIR triggered by
freezing temperatures. Wild-type and cbfs plants were subjected to NV, 10V, and 20V,
with or without an additional 8 h of —1°C freezing treatment. Irrespective of the pre-
treatment with non-freezing cold, the freezing temperature increased the levels of
both COOLAIR and CBF in the wild type (Figures 27 and 28). However, the cbfs
mutants showed a much smaller increase in the COOLAIR level than the wild type
when exposed to 8 h of sub-zero cold after 10V and 20V (Figure 27). In particular,
COOLAIR levels were not elevated by freezing treatment in NV cbfs. Thus, CBFs
seem responsible for both the gradual increase of COOLAIR during vernalization

and the strong COOLAIR induction triggered by freezing temperatures.
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Figure 22. Expression dynamics of total COOLAIR in wild-type, cbfs, and
FLCcoorar-1 plants during vernalization.

Transcript level of total COOLAIR in wild-type, cbfs-1, and FLCacoorar-1 plants
during vernalization was determined by RT-qPCR. Relative transcript levels of total
COOLAIR were normalized to that of PP24. Values have been represented as
mean + SEM of three biological replicates. Blue shading denotes cold periods.
Asterisks indicate a significant difference compared to the wild type (***P <0.001;

two-way ANOVA followed by Tukey’s post hoc test).
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Figure 23. Expression dynamics of CBF regulons in wild-type, cbfs, and
FLCjcoorar-1 plants during vernalization.

(A-B) Relative transcript levels of COR154 (A) and RD29A4 (B) in wild-type, cbfs-
1, and FLCscoor4r-1 plants during vernalization were normalized to that of PP2A.
Values have been represented as mean+ SEM of three biological replicates. Blue
shadings denote cold periods. Asterisks indicate a significant difference compared
to the wild type (***P<0.001; two-way ANOVA followed by Tukey’s post hoc

test). ns, not significant (P> 0.05).
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Figure 24. Expression dynamics of total, proximal, and distal COOLAIR in the
wild type and chfs mutant upon short-term cold exposure, as determined by
RNA-seq.

(A-D) Transcript levels of total (A), proximal (B), distal (C) COOLAIR and
COR154 (D) in the wild type (Col-0) and cbfs mutant upon 0, 3, 24h of cold
exposure. The data were obtained from the analysis using RNA-seq data reported
(Song et al., 2021). The mean values of transcript per million (TPM) of each gene

obtained from three experimental replicates are shown. Error bars denote SEM.
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Figure 25. Expression dynamics of total, proximal, and distal COOLAIR in the
wild type and cbfs mutant during vernalization, as determined by RNA-seq.

(A-D) Transcript levels of total (A), proximal (B), distal (C) COOLAIR and FLC (D)
in NV, 1V, and 14V wild type (SW) and cbfs mutant. The data were obtained from
the analysis using RNA-seq data reported (Park et al., 2018b). SW, an Arabidopsis
ecotype collected from Sweden. The mean values of the TPM of each gene obtained
from two experimental replicates are shown. Open circles and squares represent each

data point.
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Figure 26. Expression dynamics of total COOLAIR in wild-type and CBF3-
overexpressing plants during vernalization.

Transcript level of total COOLAIR in wild-type (Col-0) and CBF3-overexpressing
transgenic plants (pSuper:CBF3-myc [CBF3ox]) during vernalization was
determined by RT-qPCR. Relative levels of total COOLAIR were normalized to that

of PP2A. Values have been represented as mean + SEM of three biological replicates.

Blue shading denotes cold periods. Asterisks indicate a significant difference

between the wild type and CBF3 overexpressor (***P <0.001; two-way ANOVA).
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Figure 27. Effect of the first frost-mimicking treatment on the level of total
COOLAIR in non-vernalized or vernalized wild type and cbfs.

The upper panel shows a schematic of the experimental procedure. The non-frost
treated (—F) wild type and chfs-I were collected at ZT22 after an 8 h of dark
treatment at 22°C (NV) or 4°C (10V and 20V). For the first frost treatment, wild
type and cbfs-1 mutant were treated with an additional 8 h of —1°C (+F) under dark,
and then the whole seedlings were collected at ZT22 for analysis. All the plants were
grown under an SD cycle. The grey shadings denote dark periods. Total COOLAIR
levels have been represented as mean+ SEM of three biological replicates in the
lower panel. Dots and squares indicate each data point. Relative levels of total
COOLAIR were normalized to that of PP2A4. Asterisks indicate a significant
difference (*P <0.05; ***P <0.001; two-way ANOVA followed by Tukey’s post
hoc test). ns, not significant (P> 0.05).
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Figure 28. Effect of the first frost-mimicking treatment on the levels of CBFs.

(A—C) Transcript levels of CBFI (A), 2 (B), and 3 (C) in the wild type after the first
frost-mimicking treatment. NV, 10V, 20V, NV+F, 10V+F, and 20V+F plants were
subjected to the treatments described in Figure 27. Relative CBF levels were
normalized to that of PP2A4. Values have been represented as mean = SEM of three
biological replicates. Dots represent each data point. Asterisks indicate a significant

difference (*P <0.05; **P<0.01; ***P <(0.001; unpaired Student’s z-test).
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3.5. CRT/DREs at the 3’-end of FLC are necessary for CBFs-

mediated induction of COOLAIR during vernalization

Since CBF3 could bind to the CRT/DREs in the first exon (DREc) and the 3'-end of
FLC (DREI and 2) (Figures 9—-11), [ investigated whether CRT/DRE is responsible
for the CBF-mediated long-term cold response of COOLAIR. To address this, I
performed an A. thaliana protoplast transfection assay using the 35S:CBF3-HA
effector construct and the pCOOLAIRpre: LUC reporter construct, in which the 1-kb
wild-type COOLAIR promoter was fused to the luciferase reporter gene. The
luciferase activity assay showed that CBF3-HA protein activated the transcription of
the COOLAIR promoter (Figure 29). In contrast, CBF3-HA failed to increase
luciferase activity when the mutant version of the COOLAIR promoter with
mutations in the DRE1 and 2 sequences (pCOOLAIRpre":LUC) was used as a
reporter. Additionally, co-transfection of the 35S: CBF3-HA effector and pFLC:LUC
reporter construct, which harbors the 1-kb sequence with the promoter and first exon
of FLC, did not show increased luciferase activity. These results strongly indicate
that CBF3 can activate COOLAIR transcription through DREI and 2 located in the
COOLAIR promoter, but not via the first exon of FLC.

To further determine whether the 3’-end sequence of FLC is required for cold-
induction of COOLAIR expression, COOLAIR levels in the FLCicoorar mutant
(FLCscoor4ir-1) that lacks a 324-bp portion of the COOLAIR promoter region (Luo
et al., 2019), were measured before and after vernalization. Reverse transcription
PCR (RT-PCR) analysis showed that neither proximal nor distal COOLAIR variants
were detected in this mutant, and the levels did not increase after 14-d cold exposure
(Figure 30). Using the CRISPR-Cas9 system, additional FLCscoor4r mutant lines,
FLCacoorar-3, and FLCcoorar-+ were generated (Figure 31). FLCacoorar-3 has a

685-bp deletion in the COOLAIR promoter region where both CRT/DREs are located.
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As expected, this mutant failed to express COOLAIR even after 14V, which is similar
to the FLCcoorar-1 mutant. In contrast, the FLCjcoorr-« mutant, which bears a 301-
bp deletion in the distal COOLAIR promoter region (upstream of CRT/DREs) and a
13-bp sequence replacement downstream of CRT/DREs, showed a normal
vernalization-induced increase in all COOLAIR variants, similar to the wild type.
This strongly suggests that CRT/DREs located at the COOLAIR promoter are critical
for CBF-mediated COOLAIR induction during vernalization. Notably, the low-
abundance convergent antisense transcripts (CAS; Zhao et al., 2021) were similarly
reduced by 14V in all genotypes, i.e., the wild type and FLCscoor4ir mutants
(Figures 30 and 32), suggesting their regulation is independent of COOLAIR.
Although the common COOLAIR TSS was eliminated in FLCacoorair-1
(Figure 30), the proximal COOLAIR isoform (type 1.i) was still slightly detected by
quantitative PCR (qPCR), probably due to alternative TSSs (Figure 33). However,
the expression of the proximal COOLAIR variant in the FLCacoorar-r mutant was
not induced throughout the vernalization period, while the wild type showed type L.i
COOLAIR peaks at 1V and 20V (Figure 33). Furthermore, CBF3 overexpression did
not significantly increase type I.i COOLAIR levels in the FLCcooram-1 mutant, while
it caused a strong increase in proximal COOLAIR in the wild-type background (Col-
0) (Figure 34). Taken together, the results strongly suggest that the COOLAIR
promoter region containing the two CRT/DREs is necessary for the long-term cold

response of COOLAIR.
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Figure 29. Arabidopsis protoplast transfection assay showing that CBF3
activates COOLAIR promoter through CRT/DREs.

A schematic of the reporter constructs used for the luciferase assay is presented in
the upper panel. pFLC:LUC contains 1 kb of the promoter, the 5'-UTR, and the first
exon of FLC. The blue line in the pFLC:LUC graphic indicates the location of DREc.
Wild-type and mutant forms of pCOOLAIR:LUC include 1kb of the COOLAIR
promoter with the 3'-UTR and the last exon of FLC. The blue and red lines mark the
positions of the wild-type (DRE) and mutant (DRE™) forms of DRE1 and DRE2,
respectively. Each reporter construct was co-transfected into Arabidopsis protoplast
together with the 355:CBF3-HA effector construct. In parallel, 35S-NOS plasmid
was transfected as a control. The result is shown below. Relative luciferase activities
were normalized to that of the 355-NOS control. Values have been represented as
mean = SEM of three biological replicates. Dots and squares represent each data

point.
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Figure 30. Transcript levels of total COOLAIR and COOLAIR variants in

FL CACOOLAIR lines.

Transcript levels of proximal (I.i) and distal (IL.i and I1.ii)) COOLAIR isoforms, CAS,

unspliced FLC, and UBC in wild-type, FLCacooramr-1, FLCacoorar-3, and

FLCacoorair-4 plants before and after 14 days of vernalization, as determined by RT-

PCR. FLCicoorar-i and FLCaicoorar-3 have a 324- and 685-bp deletion of the
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COOLAIR promoter region, respectively, where DRE1 and 2 are located.
FLCacoorair-4 has a 301-bp deletion in the COOLAIR promoter region outside of
DRET1 and 2 location. The positions of the deleted region are marked in red, green,
and orange lines with reversed triangle in the upper graphic. Blue arrows denote
CRT/DRE-like sequences. Black and grey bars denote exons, thin lines denote
introns, and white bars denote UTRs of FLC and its neighboring gene (AT5G10130).

RT-PCR analysis results are shown below. UBC was used as a quantitative control.
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GGETCTCTETCTECTCTCTGECCETTT TTTCTCTCG
TCGTAATTAATTTGTTTTTATCCTAAACGCGTATG
GTTGGCATGGGTTTTTTGGGCCTATGTCGGTCACA
TTCGGCCCAATAAGCTTAGTTCTTAAAGTCATTGC
TGTTAACGTGACCGACCTCTTCCATATTTTCTTTG
GACTAAATTCACTTCCGTAGTTCCGTCATCCATGA
AGGATCCCTTAAACTAATCCACATTTATATAATGA
TAACACTTCTTTTTTTCCCACTAAAATGATAATAC
TTTTAGACATTATATGTATAAATATAATTCACATA
TAGAATAGAAAAAGTTACGCTCGTATTTATATTAA
TTTAGATCAACAGTTCCAGACGCCATTGTCATTAA
TCACCTTTTAACATTTCTGATTTAAATTAAATCAT
AGTCTATATACTCTGATTCAGCCTACAAGATGATA
AATAGAGAATCGTCAGTGTTAAAATGCACTCTTAC
GTAACGAGGAAACATAAGCACGTTCTGGTCGGACC
GAAGCTAACCAGCAATTTCATCACTCTATTTCACA
TTCTAGTTAATCCACAAAATTTTGATATACAAAAT
TATAATATTATTCATTGTATAATTTAAAAGTGAAA
GGTTTGTTAAATATAGTAGT +6595

FL CA COOLAIR-4

ATATAGAATAGAAAAAGTTACGCTCGTATTTATAT
TAATTTAGATCAACAGTTCCAGACGCCATTGTCAT
TAATCACCTTTTAACATTTCTGATTTAAATTAAAT
CATAGTCTATATACTCTGATTCAGCCTACAAGATG
ATAAATAGAGAATCGTCAGTGTTAAAATGCACTCT
TACGTAACGAGGAAACATAAGCACGTTCTGGTCGG
ACCGAAGCTAACCAGCAATTTCATCACTCTATTTC
ACATTCTAGTTAATCCACAAA +6523
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+6014 TGGTTGG +6020

+13'

Figure 31. Genomic sequences near the deleted regions in two COOLAIR

promoter deletion lines, FLCACOOLAIR.j' and FLCACOOLAIR.4.

(A-B) Genomic sequences around the deleted regions in newly generated COOLAIR

promoter deletion lines, FLCacoorars (A) and FLCacoorar+ (B). Deleted or
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replaced sequences are marked in red and cyan, respectively.
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Figure 32. Transcript levels of CAS and unspliced FLC in FLCcoorar lines.

(A-B) Expression levels of CAS (A) and unspliced FLC (B) in NV or 14V wild-type,
FLCycoorair-1, FLCcoorair-3, and FLCacoorair-+ plants, as determined by RT-qPCR.
Relative levels were normalized to that of PP24. The mean values obtained from
two biological replicates are shown. Open circles, squares, triangles, and polygons
represent each data point. Significant differences have been marked using different

letters (a—c; P <0.05; two-way ANOVA followed by Tukey’s post hoc test).
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Figure 33. Transcript levels of proximal COOLAIR isoform in wild-type, cbfs,
and FLCacoorair-1 plants during vernalization.

The position of the deleted region in FLCcoorar-1 1s marked in red lines with a
reversed triangle in the upper graphic. Black bars denote exons, thin lines denote
introns, and white bars denote UTRs of FLC. The thin black arrow below the gene
structure indicates the TSS of COOLAIR. The thick black arrow below denotes exons
of the type 1.i COOLAIR variant. The position of the amplicon used for the qPCR
analysis is marked with blue arrows. The result of RT-qPCR analysis is presented in
the lower panel. Relative transcript levels of type I.i COOLAIR in the wild type, cbfs-
1, and FLCcoorar-1 were normalized to that of PP2A4. Values have been represented
as mean = SEM of three biological replicates. The blue shading indicates periods
under cold treatment. Asterisks indicate a significant difference, as compared to NV
(*P<0.05; **P<0.01; ***P<0.001; two-way ANOVA followed by Tukey’s post
hoc test). Transcript levels of type 1.i COOLAIR in non-cold treated plants have been
re-plotted into the smaller graph with the smaller scale y-axis. Values have been
represented as mean+ SEM of three biological replicates. Dots, squares, and

triangles represent each data point.
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Figure 34. Effect of CBF3-overexpression on proximal COOLAIR expression in
wild-type or FLCscoorair background.

(A-B) Expression levels of proximal COOLAIR variant Li (A) and CBF3 (B) in NV
wild type (Col-0), pSuper:CBF3-myc (CBF30x), FLC scoorair-1, and pSuper: CBF3-
myc FLCacoorair-1 (CBF30x FLCacoorar-1). The whole seedlings were collected at
16 days after germination under an SD cycle. Relative levels were normalized to that
of PP2A. Values have been represented as mean + SD of four technical replicates
from two biological replicates. Open circles and squares represent each data point.
Significant differences have been marked using different letters (a—c; P <0.05; one-

way ANOVA followed by Tukey’s post hoc test).
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3.6. CBFs-mediated COOLAIR induction during vernalization

is not required for FLC silencing

Finally, I investigated the role of COOLAIR induced by CBFs in the vernalization-
triggered FLC silencing process. COOLAIR was reported to facilitate the removal of
H3K36me3 from FLC chromatin during vernalization, whereas the other IncRNAs,
COLDAIR and COLDWRAP, are required for H3K27me3 deposition (Csorba et al.,
2014; Berry and Dean, 2015; Kim and Sung, 2017b; Zhu et al., 2021). Therefore, 1
compared the enrichment of H3K4me3, H3K36me3, and H3K27me3 on FLC
chromatin in non-vernalized or vernalized wild-type and cbfs plants. As reported
(Bastow et al., 2004; Sung and Amasino, 2004b; Yang et al., 2014), the enrichments
of H3K4me3 and H3K36me3 were reduced, but that of H3K27me3 was increased in
FLC chromatin at 40V in the wild type (Figure 35). However, although COOLAIR
levels were significantly reduced in the chfs mutant (Figure 22), vernalization-
mediated reductions in H3K4me3 and H3K36me3 levels and an increase in
H3K27me3 levels in the chfs mutant were comparable to those in the wild type
(Figure 35). This result suggests that CBF-mediated COOLAIR induction is not
required for vernalization-induced epigenetic changes on FLC chromatin.

Consistent with the epigenetic changes, the FLC level in the cbfs mutant was
gradually suppressed during the vernalization process, and the suppression was
maintained after 40VT4 similar to that observed in the wild type (Figure 36). Such
result is consistent with the RNA-seq data previously reported using cbfs mutants in
a SW ecotype (Park et al., 2018b). RNA-seq data analysis showed that the cbfs
mutant in the SW background exhibited reduced FLC levels after 14V, similar to the
wild type (Figure 25).

Because the results indicate that COOLAIR induction is not required for FLC

silencing and the function of COOLAIR in vernalization-induced FLC silencing is
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still debated (Helliwell et al., 2011; Csorba et al., 2014; Zhao et al., 2021; Zhu et al.,
2021), I analyzed whether the loss-of-function mutations FLCicooraz-1 and
FLCycoorar-3 result in any defect in the vernalization response. In contrast to the
transgenic lines used in previous reports, FLCacoorar-1 and FLCacoorair-3, which
have small deletions in the COOLAIR promoter region, are unlikely to cause any
unexpected effects on FLC chromatin. FLCacoorar-4, Which has a deletion outside
of the CRT/DRE region, exhibited a gradual decrease and eventual silencing of FLC
by long-term cold, similar to the wild type (Figure 36). Interestingly, both
FLCacooramr-1and FLCcoorair-3 mutants exhibited similar decreases and silencing of
FLC by vernalization (Figure 36). These results show that FLC is normally silenced
by vernalization regardless of COOLAIR induction by cold.

Consistent with this, the chfs mutant, compared to the wild type, did not show
any difference in the reduction of FLC levels upon exposure to a freezing cold for
8 h after NV, 10V, and 20V (Figure 37). However, the same freezing cold treatment
caused the failure of strong induction of COOLAIR in the cbfs (Figure 27). These
results also support that CBF-mediated COOLAIR induction is not required for FLC
silencing by vernalization.

As expected from the FLC levels, vernalization-mediated promotion of
flowering was comparable in the wild type and cbfs (Figure 38), indicating that cbfs
exhibits a normal vernalization response. Consistently, the flowering time of
FLCacooramr-1and FLCacoorar-3 Was accelerated by vernalization, similar to that of
the wild type (Figures 38 and 39). These results show that FLC silencing occurs
regardless of whether COOLAIR is induced during a cold exposure that results in
vernalization. In summary, the data strongly support that CBFs, upregulated by long-
term cold exposure, induce COOLAIR expression (Figure 40), however, cold-

mediated COOLAIR induction is not required for FLC silencing during vernalization.

74 ;



Results

A
b= 1.6
o) H3K36me3 4ov FRI Col
E 4ov FRI cbﬂ
< ~ J
S0
c <
w =
23
T =
(0]
4
B
€ 1.4+
) H3K4me3 40V FRI Col
E~ 4ov FRI cbfﬂ
< ~ J
S0
5 071
23
©=
h 0 FLC
0 3 6
C
5 _ 127 Haka7mes |40V FRI Col
E ™ 4ov FRI cmj
53 08 |-
c L
s
23 04
NS
£ 0 » —HiH—— FLC
0 3 6

Distance from TSS (kb)

Figure 35. Histone modifications at the FLC chromatin in non-vernalized or
vernalized wild type and cbfs mutant.

(A-C) Enrichments of H3K36me3 (A), H3K4me3 (B), and H3K27me3 (C) on the
FLC locus in NV or 40V wild-type and cbfs-1 plants. The whole seedlings were
collected at ZT4 under an SD cycle. Modified histones were immunoprecipitated
with anti-H3K36me3, anti-H3K4me3, or anti-H3K27me3 antibodies. H3K36me3,
H3K4me3, and H3K27me3 enrichments of the IP/5% input were normalized to those
of ACT7 or FUS3. Relative enrichments have been represented as mean+ SEM of

three biological replicates. One-way ANOVA and Tukey’s post hoc test were
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performed on the ChIP results obtained using two primer pairs corresponding to the
FLC nucleation region (Yang et al., 2017). Asterisks indicate a significant difference

(*P <0.05). ns, not significant (P> 0.05).
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Figure 36. Expression dynamics of FLC mRNA in the wild type, cbfs, and
FLCjcoorair lines during vernalization.

(A) FLC mRNA levels in wild-type, cbfs-1 and FLC scoorar-1 plants during and after
vernalization. Blue shading denotes cold periods. Relative levels were normalized to
that of PP2A4. Values have been represented as mean+ SEM of three biological
replicates. ns, not significant between wild type and mutants, as assessed using two-
way ANOVA followed by Tukey’s post hoc test (P>0.05).

(B) FLC mRNA levels in wild-type, FLCacoorair-1, FLCscoorair-3, and FLCacoorair-

¢+ plants during and after vernalization. Blue shading denotes cold periods. Relative

levels were normalized to that of PP24, and then normalized to NV of each genotype.

Values have been represented as mean = SEM of three biological replicates. ns, not
significant between wild type and mutants, as assessed using two-way ANOVA

followed by Tukey’s post hoc test (P >0.05).
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Figure 37. Effect of the first frost-mimicking treatment on the FLC mRNA level
in the wild type and cbfs after vernalization.

NV, 10V, 20V, NV+F, 10V+F, and 20V+F plants were subjected to the treatments
described in Figure 27. Relative FLC mRNA levels in the wild type and cbfs-1
mutant were normalized to that of PP24. Values have been represented as
mean + SEM of three biological replicates. Dots and squares represent each data
point. Asterisks indicate a significant difference (*P <0.05; **P <0.01; two-way

ANOVA followed by Tukey’s post hoc test). ns, not significant (P > 0.05).
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Figure 38. Flowering times of non-vernalized or vernalized wild-type, cbfs, and
FLCycoorair-1 plants.

(A) Photographs of NV and 40V wild type, cbfs-1, and FLCacooraz-1. NV plants
were grown at 22°C under LD and 40V plants were grown at 22°C under LD after
being treated for 40V under SD. The photos were taken when the NV plants started
to bolt and the 40V plants showed the first open flower.

(B-C) Flowering times of NV and vernalized (10V-40V) wild type and cbfs-1 (B),
and FLCacooramr-1 plants (C). Flowering time was measured in terms of the number
of rosette leaves produced when bolting. Plants were grown under LD after
vernalization treatment. Bars and error bars represent the mean + SD. Each dot and
square indicates individual flowering time. Significant differences have been marked
using different letters (a—e; two-way ANOVA followed by Tukey’s post hoc test;
P <0.05).
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Figure 39. Flowering times of non-vernalized or vernalized wild type and

FL CACOOLAIR lines.

Flowering times of NV and vernalized (14V—-42V) wild-type, FLCacoorair-1,

FLCacoorair-3, and FLC acooraz-+ plants. Flowering time was measured in terms of

the number of rosette leaves produced when bolting. Plants were grown under LD

after vernalization. Bars and error bars indicate the mean + SD. Each dot, square,

triangle, and polygon represents the individual flowering time. Significant

differences have been indicated using different letters (a—g; two-way ANOVA

followed by Tukey’s post hoc test; P <0.05).

80



Results

Short-term Long-term
CBFs
K]
3
Cold Duration g
O O O
N N N
5 5 5
Before Vernalization Early Vernalization Period Late Vernalization Period

Figure 40. Schematic model describing the regulatory mechanism COOLAIR
mediated by CBFs during vernalization.

During the early phase of vernalization, increased CBFs upregulate COOLAIR
expression by binding to CRT/DREs at the 3’-end of FLC. In the late phase of
vernalization, owing to the silencing of FLC chromatin, CBF proteins are released
from the CRT/DREs in the COOLAIR promoter, which leads to a reduction in
COOLAIR levels.
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Chapter 4

4.1. Molecular mechanisms behind the CBFs-mediated

regulation of COOLAIR expression

Based on the data presented here, I propose a working model (Figure 40) in which
a prolonged low-temperature environment gradually increases the levels of CBF
proteins, which activate COOLAIR transcription in the early phase of vernalization
by binding to CRT/DREs at the 3'-end of FLC.

However, as cold period is extended, CBF proteins are excluded from the
COOLAIR promoter, probably because silencing of FLC chromatin occurs
regardless of CBFs level. This may account for a decrease in COOLAIR levels during
the later phase of vernalization. Consistent with this, a previous report showed a
continuous increase in the COOLAIR level throughout the vernalization period in the
vin3 mutant, which has a defect in the maintenance of FLC silencing (Swiezewski et
al., 2009). Thus, VIN3-dependent Polycomb silencing is at least partially involved
in the release of CBF proteins from the COOLAIR promoter.

Although CBFs are upregulated by cold to trigger COOLAIR expression,
CBF-mediated COOLAIR induction during vernalization is not solely due to
increased CBF levels because the CBF '3 overexpression lines still showed COOLAIR
induction by vernalization (Figure 26). This may indicate that additional factors
participate in the regulation of CBFs function. As aforementioned, it has previously
been reported that low temperatures cause functional activation of CBFs through the
degradation of HD2C which maintains an epigenetically inactive state of
downstream targets at warm temperatures (Park et al., 2018a). Moreover, cold
triggers the monomerization or stabilization of CBF proteins, thereby promoting
their functions (Ding et al., 2018; Lee et al., 2021). Similarly, such an additional
regulatory mechanism of CBF function may be enhanced by long-term winter cold

to fine-tune COOLAIR expression.
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4.2. Relationship among COOLAIR-activating thermosensors

In addition, other thermosensors are likely to facilitate COOLAIR induction by
vernalization. Recently, it was suggested that NTL8, an NAC domain-containing
transcription factor, acts as an upstream regulator of COOLAIR (Zhao et al., 2021).
NTLS8 also binds to the COOLAIR promoter region and COOLAIR is highly
expressed in both dominant mutant alleles, n#/8-Ds, and NTLS8-overexpressing
transgenic plants at warm temperatures (O'Malley et al., 2016; Zhao et al., 2021).
Thus, it has been proposed that slow accumulation of the NTLS8 protein, due to
reduced dilution during slower growth at low temperatures, causes COOLAIR
induction during vernalization.

A WRKY transcription factor, WRKY 63, has also been suggested as another
inducer of COOLAIR transcription during vernalization (Hung et al., 2022).
WRKY63 is enriched in the COOLAIR promoter region, and COOLAIR expression
is reduced in the wrky63 mutant, suggesting that WRKY 63 functions as a COOLAIR
activator. Unlike NTLS8, both transcript and protein levels of WRKY63 are
upregulated by vernalization, which may lead to an increase in COOLAIR expression.

The binding sites of CBFs, NTL8, and WRKY 63 are not much far from each
other (O'Malley et al., 2016; Zhao et al., 2021; Hung et al., 2022), perhaps they are
mutually interdependent. Hence, it would be worthwhile to elucidate whether NTLS,
WRKY63, and CBFs synergistically activate COOLAIR transcription during
vernalization. The reason why vernalization-triggered COOLAIR induction requires
more than one thermosensor is unclear. Presumably, multiple thermosensory
modules ensure precise and robust COOLAIR expression during winter, when the

temperature fluctuates.
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4.3. Function of COOLAIR in vernalization

Transcription of COOLAIR has been proposed to govern the FLC chromatin
environment in both warm and cold temperatures (Csorba et al., 2014; Fang et al.,
2020; Xu et al., 2021b). Previous studies have inferred that COOLAIR is required to
remove H3K36me3 from FLC chromatin, especially under low-temperature
conditions. This argument is supported by the delayed H3K36me3 removal in
vernalized FLC-TEX transgenic plants, where the COOLAIR promoter is substituted
by the rbes3B terminator sequence (Csorba et al., 2014; Marquardt et al., 2014; Wang
etal., 2014). In addition, COOLAIR is reported to promote condensation of FRI upon
cold exposure (Zhu et al., 2021). Thus, FRI is sequestered from the FLC promoter
as a nuclear condensate, which causes the transcriptional repression of FLC.
Therefore, it has been suggested that vernalization-induced COOLAIR prevents the
activation of FLC by the FRI complex and causes epigenetic silencing of FLC
chromatin through a decrease of H3K36me3 during the vernalization process.
However, there is some controversy as to whether COOLAIR is required for
vernalization and the associated FLC silencing. In contrast to the FLC-TEX lines,
some T-DNA insertion lines which lack COOLAIR induction by long-term cold
exposure show a normal vernalization response (Helliwell et al., 2011). Likewise,
the results from this study show that COOLAIR transcription is not required for the
epigenetic silencing of FLC. The chfs mutant, which exhibits severely reduced
COOLAIR induction, shows relatively normal vernalization responses such that
flowering time is fairly well accelerated and active histone marks, H3K36me3 and
H3K4me3, are reduced in FLC chromatin while the repressive histone mark,
H3K27me3, is increased in FLC chromatin, similar to the wild type (Figures 22, 35—
38). Consistently, FLCicoorar-1, and FLCacoorar-3 mutants, which have almost

undetectable levels of COOLAIR, exhibit both FLC suppression and flowering
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acceleration by vernalization similar to that seen in the wild type (Figures 36, 38,
and 39). Moreover, the freezing treatment mimicking the first frost did not affect
FLC suppression in the cbfs, although the mutant showed defects in CBF-mediated
COOLAIR induction (Figures 27 and 37). It is noteworthy that my finding that
vernalization and the associated FLC silencing do not require COOLAIR expression
was obtained using mutant lines, cbfs and FLCacoorar, rather than the transgenic
lines used in previous studies. Thus, I can exclude the possibility that transgenes
somehow provide cryptic promoters or cause unexpected epigenetic effects.
COOLAIR is highly conserved among Arabidopsis relatives (Castaings et al.,
2014), thus, my finding that COOLAIR is not required for vernalization-induced FLC
silencing is surprising. There are several caveats in the studies of COOLAIR function.
First, different experimental schemes may affect the vernalization response
differently. A recent study of plants grown in conditions with fluctuating
temperatures designed to mimic natural environments may indicate a role for
COOLAIR in vernalization-mediated FLC repression (Zhao et al., 2021), and perhaps
fluctuating temperatures that mimic field conditions may have different effects on
the vernalization response of cbfs or FLCicoorsr mutants as well. However, the
experiments in most studies that claimed a role for COOLAIR in vernalization were
performed in laboratory conditions with controlled temperatures as in this study. If
indeed COOLAIR does have a role in vernalization in specific environmental
conditions, the lack of a role for COOLAIR in vernalization in other conditions such
as those in this study may be due to functional redundancy between COOLAIR and
other FLC repressors such that other repressors, such as COLDAIR, obscure the
effect of COOLAIR on FLC silencing, as has been proposed before (Castaings et al.,

2014). This issue should be addressed in future studies.
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Chapter 5

Winter is challenging for sessile plants: cold weather makes reproduction difficult,
and frost threatens survival. Cold acclimation and vernalization, the two types of
low-temperature memories, allow plants to overcome this harsh season by making
them more viable during winter or flowering in the subsequent warm spring
(Thomashow, 1999; Michaels and Amasino, 2000). Although it is well understood
how plants recognize and remember short-term cold exposure to increase frost
hardiness, there is still much to know about the long-term cold sensing mechanism
that establishes the ability to flower.

FLC orthologs from a range of A. thaliana relatives express the vernalization-
induced antisense IncRNA, COOLAIR (Castaings et al., 2014). As the proximal
sequence blocks within the COOLAIR promoters are conserved, they are likely
targets of cold sensor modules. This study shows that CBF proteins act as cold
sensors binding to the CRT/DREs in the conserved promoter region, thereby
activating the transcription of COOLAIR.

Although short-term and long-term cold memories elicit different
developmental responses, both are triggered by the same physical environment.
Therefore, it is not surprising that a common signaling network governs both
processes. CBF genes have been highlighted for their roles in cold acclimation
(Gilmour et al., 1998; Liu et al., 1998; Jia et al., 2016; Zhao et al., 2016). CBFs
rapidly accumulate upon short-term cold exposure, thereby activating the
transcription of cold-responsive genes, such as CORI54 and RD294 (Stockinger et
al., 1997; Liu et al., 1998). Interestingly, CBFs are also highly accumulated during
vernalization and mediate long-term cold-induced COOLAIR expression. Hence, my
results indicate that the cold signaling pathways that establish the short-term and
long-term cold responses are not sharply distinguishable, as suggested previously

(Sung and Amasino, 2004a; Seo et al., 2009).
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Abstract

Proper timing of flowering, a phase transition from vegetative to reproductive
development, is crucial for plant fitness. The floral repressor FLC is the major
determinant of flowering in A. thaliana. In rapid-cycling A. thaliana accessions,
which bloom rapidly, FLC is constitutively repressed by autonomous pathway (AP)
genes, regardless of photoperiod. Diverse AP genes have been identified over the
past two decades, and most of them repress FLC through histone modifications.
However, the detailed mechanism underlying such modifications remains unclear.
Several recent studies have revealed novel mechanisms to control FLC repression in
concert with histone modifications. This review summarizes the latest advances in
understanding the novel mechanisms by which AP proteins regulate FLC repression,
including changes in chromatin architecture, RNA polymerase pausing, and liquid—
liquid phase separation- and ncRNA-mediated gene silencing. Furthermore, we
discuss how each mechanism is coupled with histone modifications in FLC
chromatin.

This section has been published at Kyung J, Jeon M, Lee I (2022) Recent advances in the
chromatin-based mechanism of FLOWERING LOCUS C repression through autonomous
pathway genes. Front Plant Sci 13: 964931.
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Introduction

Proper timing of flowering, a phase transition from vegetative to reproductive
development, is crucial for plant survival. Consequently, plants have evolved and
developed various mechanisms to control flowering time in response to variable
environments. Many plants in temperate regions have adopted winter-annual
flowering traits that require prolonged cold winter temperatures for flowering in
spring when the environment is favorable (Chouard, 1960; Bernier et al., 1993).
However, some plants complete their life cycle rapidly, either in spring or fall
(Weinig and Schmitt, 2004). For example, 4. thaliana accessions are classified into
winter-annual and rapid-cycling types based on the requirement of long-term winter
cold for rapid flowering (Michaels and Amasino, 2000). The underlying genetic
difference in flowering traits between the two types is the presence or absence of the
FLC and FRI genes (Gazzani et al., 2003). FLC, which encodes a MADS-box
transcription factor, acts as a potent floral repressor which inhibits the transcription
of floral promoters, including F7 (encoding florigen) and SOC! (Lee et al., 2000;
Michaels et al., 2005; Helliwell et al., 2006). FRI, a coiled-coil protein which forms
part of a super protein complex, acts as a transcriptional activator of FLC (Michaels
and Amasino, 1999; Choi et al., 2011; Li et al., 2018).

In rapid cyclers, the autonomous floral-promotion pathway (AP) induces
early flowering by repressing FLC expression (Koornneef et al., 1998; Levy and
Dean, 1998). Since LUMINIDEPENDENS (LD) was first isolated (Rédei, 1962; Lee
etal., 1994), several genes, including F'CA, FLD, FLK, FPA, FVE, and FY, have been
cloned as AP genes (Macknight et al., 1997; Koornneef et al., 1998; Schomburg et
al.,2001; He et al., 2003; Quesada et al., 2003; Simpson et al., 2003; Lim et al., 2004;
Mockler et al., 2004). For the past two decades, researchers have investigated the
biochemical functions of AP proteins. Reports suggest that a subset of AP proteins
catalyze the epigenetic changes in FLC chromatin. Specifically, FVE and FLD
constitute histone deacetylation or demethylation complexes, whereby the FLC
chromatin turns into a repressive state (Liu et al., 2007; Yu et al., 2016). Additionally,
several RNA-binding family proteins, such as FPA, FCA, and FY, indirectly repress
FLC by mediating the 3'-end processing of FLC antisense transcript (Simpson et al.,
2003; Liu et al., 2007; Hornyik et al., 2010; Liu et al., 2010). However, the function
of AP proteins has yet to be completely understood.

Emerging evidence suggests that multiple layers of transcriptional processes
determine transcript level (Gressel et al., 2019). In addition to well-known processes

(e.g., enhancer- and histone modification-mediated gene regulation), regulatory
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mechanisms, such as RNA polymerase Il (Pol II) pause-release control during
transcriptional elongation and alternative polyadenylation during transcriptional
termination, are critical gene regulatory processes (Tian and Manley, 2017; Chen et
al., 2018). Notably, recent studies have consistently revealed that AP in floral
promotion is also involved in such mechanisms. This review summarizes the latest
findings on the molecular mechanisms of AP, including the control of chromatin
architecture, Pol II pausing, and phase separation with ncRNA-mediated gene
silencing.

Architecture of FLC chromatin and AP

The 3D property of chromatin plays a vital role in transcriptional regulation (Dileep
and Tsai, 2021; Deng et al., 2022). Although histone modifications such as
methylation and acetylation have been the main focus of the studies for
transcriptional regulation over the past two decades, studies on how chromatin
architecture, such as chromatin loops, R-loops, and DNA topology, controls gene
expression have been actively conducted in recent years (Kadauke and Blobel, 2009;
Kouzine et al., 2014; Al-Hadid and Yang, 2016). Accordingly, the AP-mediated
repression of FLC has been re-examined based on its chromatin architecture.
Chromatin loops, defined as the intergenic or intragenic bending of
chromatin, are observed genome-wide in Arabidopsis (Grob et al., 2013; Feng et al.,
2014). The 5'-end region of the FLC locus is connected to either the first intron or
3'-end region to form chromatin loops (Crevillén et al., 2013; Kim and Sung, 2017,
Li et al., 2018). Importantly, the loop linking the 5'- and 3'-ends of FLC may
contribute to FLC activation, possibly through enhancing Pol II recycling (Crevillén
et al., 2013; Li et al., 2018). A recent study has identified novel AP members, the
GH1-HMGA family proteins, which are involved in regulating this loop (Zhao et al.,
2021a). GH1-HMGA family proteins, also known as HIGH MOBILITY GROUP A4,
5 (HON4, 5), are homologs of human HMGA proteins which bend or unwind local
chromatin structure (Ozturk et al., 2014). Similar to other AP mutant lines, the hong
(ghl-hmga quadruple) mutant line exhibits increased FLC expression and delayed
flowering (Zhao et al., 2021a). Given that the FLC gene loop in the hong mutant line
is increased, it has been suggested that the disruption of gene looping by GHI1-
HMGA family proteins may repress F'LC expression by altering chromatin structures
required for effective transcription (Figure 1A; Zhao et al., 2021a). However, the
causal relationship between the chromatin looping and the repression of FLC by
GHI1-HMGA family proteins should be validated in the future study. In contrast to
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the GHI-HMGA family proteins, the histone variant H3.3 appears to stabilize FLC
looping by binding at both ends of FLC gene (Zhao et al., 2021b). Importantly, 43.3
knock-down mutants (43.3kd) consistently show reduced FLC looping and
decreased FLC level (Zhao et al., 2021b). Therefore, it is likely that the opposite
effects of GH1-HMGA family proteins and H3.3 for the FLC looping may be
associated with their antagonistic function on FLC expression. BAF60, a component
of the Arabidopsis SWI/SNF (SWITCH/SUCROSE NON-FERMNETABLE)-type
ATP-dependent chromatin remodeling complex, also participates in FLC repression
by affecting FLC gene looping (Jégu et al., 2014). It has been shown that the RNA
interference lines of BAF60 (BAF60 RNAi) display an increased number of FLC gene
loops and upregulated expression of FLC, thereby producing the late-flowering
phenotype in long days. This finding suggests that BAF60 plays a negative role in
loop formation. Histone modifications including H3K27me3, H3K9Ac, and H2A.Z
replacement, are also altered in the BAF60 RNAi lines; thus, the effect of BAF60 on
FLC gene looping may be mediated through histone modifications. One caveat is
that BAF60 is not a typical AP gene because the BAF60 RNAi lines do not show
delayed flowering in short days. The increased FLC level caused by BAF60 RNAi is
probably masked by the additional targets of BAF60. Therefore, BAF60 may also be
an FLC repressor which acts on gene looping. The functional interdependency
between GH1-HMGA family proteins and BAF60 needs further analysis.

R-loops are another type of chromatin architecture which are composed of a
DNA:RNA hybrid and an associated non-template single-stranded DNA (Al-Hadid
and Yang, 2016). R-loops play important roles in gene expression, genome stability,
and epigenomic signatures (Gao et al., 2021). FLC chromatin has an R-loop around
its 3’-end, where the antisense transcript COOLAIR is transcribed (Sun et al., 2013;
Baxter et al., 2021; Xu et al., 2021b). NODULIN HOMEOBOX (NDX) is a potential
AP member that reportedly stabilizes this R-loop by binding onto the non-template
ssDNA region (Sun et al., 2013). The increased COOLAIR level and the reduction of
FCA-COOLAIR interaction in the ndx mutant suggest that R-loop stabilizing
processes likely inhibit further transcription of COOLAIR and enhance binding of
FCA onto COOLAIR (Xu et al., 2021b). The fca and fy mutants show an increased
level of R-loops, suggesting that FCA and its binding partner, FY, act to resolve the
R-loops (Figure 1B). Thus, R-loop dynamics, involving the stabilization by NDX
and resolution by FCA and FY, result in FLC repression. However, the detailed
mechanism by which R-loops participate in FLC transcription warrants further
investigation. Furthermore, the loss of m®A methyltransferase (mRNA ADENOSINE
METHYLASE, MTA) increases the level of R-loops, indicating that the N°-
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methyladenosine (m®A) modification of RNA is involved in R-loop resolution (Xu
et al., 2021b). MTA interacts with FCA and is a potential AP member, as evidenced
by the increased FLC expression in the mfa mutant line. Moreover, a follow-up study
showed that the resolution of the R-loop by FCA or FY is required for the proper
progression of DNA replication fork, suggesting an interplay between DNA
replication and transcription (Baxter et al., 2021).

AP is also possibly involved in regulating DNA topology. During
transcription, torsional stress generated by DNA supercoiling inhibits proper
transcription (Liu and Wang, 1987). Thus, the proper release of supercoiling by
topoisomerases is required for transcriptional activation (French et al., 2011).
Consistently, DNA topoisomerase I, TOPla, in Arabidopsis, which binds to FLC
chromatin, promotes FLC expression (Gong et al., 2017). Thus, the modulation of
DNA topology by TOPla promotes FLC transcription, possibly through Pol II
accommodation. In contrast, the AP protein, FLD, counteracts TOP1a (Inagaki et al.,
2021). FLD acts antagonistically to TOP1a for FLC transcription, as evidenced by
the partial suppression of the late-flowering phenotype of fId in the fopla fld double
mutant line (Gong et al., 2017). In addition, enhanced Pol Il enrichment on the FLD-
target genes in the fld mutant line is suppressed by topla (Inagaki et al., 2021). This
result suggests that FLD antagonizes the function of TOP1a and FLD is involved in
the control of torsional stress on FLC chromatin (Figure 1C). However, the detailed
function of FLD needs further elucidation.

FLC repression by 3’-pausing of Pol 11

During transcription in Drosophila melanogaster, or in mammalian cells, Pol 1I is
transiently paused before it enters the elongation phase (Adelman and Lis, 2012;
Chen et al., 2018). Controlling Pol II pause—release is possibly a core determinant of
gene expression, considering that successful Pol II release into the productive
elongation phase is required for the complete transcription (Core and Adelman,
2019). In most animal genes, Pol Il pauses after transcribing short stretches
(approximately 30-50 nts) of RNA from the TSS. Several pause-inducing factors,
including DRB sensitivity-inducing factor (DSIF) and negative elongation factor
(NELF), are known to stabilize the paused Pol II (Wu et al., 2003; Wu et al., 2005).

In contrast to animals, plants were thought to have different types of Pol II
pausing, because they lack NELF proteins (Hetzel et al., 2016). However, Pol 11
pausing at the 5'-end is also observed in plants, although Pol II is usually stalled near
the transcription termination site (TTS) of plant genes according to the studies using
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Global Run-On sequencing (GRO-seq) and plant native elongating transcript
sequencing (plaNET-seq) methods (Hetzel et al., 2016; Zhu et al., 2018; Kindgren et
al., 2020). FLC appears to be one of the 3'-paused genes, as it shows the typical
characteristics: it has a relatively long gene length, it expresses antisense RNAs, and
it is relatively close to its neighbor gene with the same orientation (Yu et al., 2019;
Inagaki et al., 2021).

Emerging evidence suggests that some AP genes act as pause-inducing
factors which may govern FLC transcription (Figure 2A). For example, a recent
study has identified novel AP members, called BORDER (BDR) family genes (Yu et
al., 2021). Similar to other AP mutants, the bdri23 triple mutant shows delayed
flowering with elevated expression of FLC. In general, BDR proteins localize at the
borders of genes close to their neighbor genes (Yu et al., 2019). They are likely to
inhibit the progression of Pol II over the gene border, thereby preventing Pol 11
invasion into the promoters of downstream genes. However, the impediment of Pol
IT elongation by BDRs may result in decreased transcript accumulation. FLC may
also be a target of such an inhibitory mechanism; however, further research is
warranted for verification. Notably, the popular AP protein, FPA, is located at the
borders of genes, especially at TTS (Yu et al., 2021). In addition, FPA physically
interacts with BDR proteins and shares common targets. Therefore, it would be
valuable to address whether FPA also promotes 3’ Pol II pausing in a similar manner
to BDR, especially around the FLC locus. In addition, there is still uncertainty
around whether 3’ Pol II pausing causes FLC gene silencing.

FLD, another major AP component, reportedly modulates Pol II pause—
release (Inagaki et al., 2021). FLD is enriched at the TSS and TTS of genes rather
than their gene body. Pol II is stalled around the TTS of FLD-targeted genes, and
such 3’ Pol Il pausing is conspicuously reduced in the fId mutant, indicating that FLLD
accelerates Pol II pausing. Since FLD occupies the 3'-end regions of FLC (Inagaki
et al., 2021), FLC transcription is potentially repressed by FLD-promoted 3’ Pol II
pausing. The physical interaction between FLD and LD proteins and similar
transcriptome profiles between the fld and /d mutants suggest that FLD and LD
cooperatively regulate the transcription (Fang et al., 2020; Inagaki et al., 2021).
While the genome-wide function of FLD on 3’ Pol II pausing has been addressed
(Inagaki et al., 2021), whether FLD also triggers 3’ Pol II pausing on the FLC locus
is yet to be confirmed.

Accumulating evidence from studies using metazoans suggests an interplay
between Pol II pausing and chromatin landscape. For instance, a rapid release of Pol
II facilitates a broad distribution of active histone marks over the gene body, which
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is tightly linked with the high expression of the gene (Chen et al., 2015; Tettey et al.,
2019). In contrast, Polycomb-group (PcG) proteins that catalyze the deposition of
repressive histone marks preferentially target paused promoters (Enderle et al., 2011).
Similarly, AP-mediated 3'-pausing at FLC may switch the FLC chromatin state
inactive, thus suppressing FLC transcription. Consistent with this idea, 3’ Pol II
pausing events triggered by the BDRs and FPA are correlated with the removal of
H3K4me3 and the deposition of H3K27me3 (Yu et al., 2021). Furthermore, FLD and
LD are likely to remove H3K4mel from the gene bodies of their targets, suggesting
that the AP proteins coordinate transcriptional events with chromatin silencing (Fang
et al., 2020; Inagaki et al., 2021). Future research should explore the mechanism by
which Pol II pause-release is linked to histone modifications for FLC suppression.

Phase-separated AP proteins- and noncoding RNA-mediated
gene silencing

ncRNAs are RNAs that are not translated into proteins. They function in
transcriptional or post-transcriptional gene regulation, structural organization of
nuclear bodies, and genome integrity control (Ponting et al., 2009; Statello et al.,
2021). The FLC locus also produces multiple long noncoding RNAs, such as
COOLAIR, COLDAIR, and COLDWRAP (Swiezewski et al., 2009; Heo and Sung,
2011; Kim and Sung, 2017), all of which reportedly control dynamic alterations of
chromatin state in the FLC locus after long-term cold exposure (Csorba et al., 2014;
Kim and Sung, 2017; Kim et al., 2017; Zhao et al., 2021c). Among these RNAs,
COOLAIR, an antisense transcript produced from the 3’-end of FLC, has been
proposed to play a role in the epigenetic control of FLC with the help of AP proteins
(Whittaker and Dean, 2017; Wu et al., 2020).

Multiple studies suggest that several AP genes, especially those encoding
RNA -processing factors, control the 3'-end processing of COOLAIR (Hornyik et al.,
2010; Liu et al., 2010; Marquardt et al., 2014; Wang et al., 2014). Some RNA-
processing factors, such as a core spliceosome subunit (PRE-MRNA PROCESSING
8 [PRP8]) and a transcriptional elongation factor (CYCLIN-DEPENDENT KINASE
C;2 [CDKC;2]), have been identified as AP members (Marquardt et al., 2014; Wang
et al., 2014). The functions of PRP8 and CDKC,?2 in FLC repression are dependent
on COOLAIR; prp8 or cdke,2 does not upregulate FLC expression any further if the
COOLAIR promoter is replaced with rbes3B terminator sequence (FLC-TEX in
Marquardt et al., 2014 and Wang et al., 2014). Consistent with this, previous studies
reported that PRP8 and CDKC;2 indirectly affect the expression of FLC by
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promoting the proximal polyadenylation of COOLAIR (Marquardt et al., 2014; Wang
et al., 2014). The major AP genes, FCA, FPA, and FY, have also been proposed to
control the processing of COOLAIR. FCA, FPA, and FY reportedly favor the usage
of proximal poly(A) site in COOLAIR (Liu et al., 2010). Considering the epistatic
interactions between fca, and prp8 or cdkc;2, FCA, and PRP8 or CDKC;2 are
thought to share the same genetic pathway to antagonize FLC expression (Marquardt
et al., 2014; Wang et al., 2014).

Such COOLAIR-processing machinery is likely to be condensed into phase-
separated nuclear bodies, and this process may be a mechanism behind FLC
repression. FCA is clustered into nuclear condensates together with FPA, FY, and the
subunits of polyadenylation machinery, including cleavage and polyadenylation
factor 30 (CPSF30), CPSF100, and FH INTERACTING PROTEIN 1 (FIP1) (Fang
etal., 2019). FCA is required for the condensation of the polyadenylation machinery
and directly associates with COOLAIR transcripts; thus, it likely concentrates the
polyadenylation machinery near the COOLAIR to promote the usage of the proximal
poly(A) site (Fang et al., 2019; Tian et al., 2019; Xu et al., 2021b). This condensation
is enhanced by the prion-like domain (PrLD)-containing protein FLX-LIKE 2
(FLL2), RNA slicer ARGONAUTE 1 (AGO1), and m°A writer complex depositing
mCA onto COOLAIR (Fang et al., 2019; Xu et al., 2021a; Xu et al., 2021b).

The phase-separated COOLAIR-processing complex likely controls the FLC
chromatin state through FLD. FLD assembles into a complex with LD and SET
DOMAIN GROUP 26 (SDG26), which causes the removal of H3K4mel deposited
at FLC chromatin (Fang et al., 2020). This disables SDGS, which binds to H3K4me1
and facilitates the enrichment of H3K36me3, thereby suppressing FLC transcription
(Fang et al., 2020). Recent results obtained using cross-linked nuclear
immunoprecipitation and mass spectrometry (CLNIP-MS) suggest that a transient
and dynamic interaction occurs between SDG26 and the components of the phase-
separated poly(A) machinery, such as FCA, FPA, and FY (Figure 2B; Fang et al.,
2019; Fang et al., 2020). In addition, AGO1, which is bound to COOLAIR at a
proximal exon-intron junction region, also interacts with SDG26 (Xu et al., 2021a).
Therefore, the COOLAIR 3'-processing event likely controls the FLC chromatin state
through the physical interaction between components of the COOLAIR
polyadenylation condensate and the FLD/LD/SDG26 protein complex. Moreover,
this phase-separated polyadenylation complex, including FCA and FY, may resolve
the COOLAIR-mediated R-loop at the 3'-end of FLC (Xu et al., 2021a; Xu et al.,
2021b), as mentioned earlier. Given that this R-loop is also closely connected to the
histone modifications in other organisms (Chédin, 2016), this connection may be a
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missing link between co-transcriptional COOLAIR processing and FLC chromatin
silencing. However, the causal relationship between COOLAIR-mediated R-loop
processing and FLC chromatin silencing needs further verification (Xu et al., 2021b).

Recent studies have inferred that another clade of ncRNAs, small RNAs
(sRNAs), could be associated with FLC repression. For example, AGO1 interacts
with sRNA fragments that are complementary to COOLAIR (Xu et al., 2021a).
Moreover, DICER-LIKE 1 (DCL1) and DCL3, required for sSRNA production, are
likely to suppress FLC independently of the FCA-mediated FLC silencing
mechanism (Schmitz et al., 2007; Xu et al., 2021a).

Conclusion

This review summarizes the latest research progress in the autonomous pathway in
Arabidopsis. Decades of studies have proposed unique mechanisms for FLC
regulation, such as control of Pol Il pause-release mechanism, modulation of
chromatin architecture, and processing of ncRNA triggered by phase-separated
machinery. The studies on such mechanisms are still in their infancy and heavily
dependent on genome-wide transcriptome analyses. Thus, a large portion of the
current models presented in this review has yet to be validated. Further verification
of the proposed mechanisms through biochemical, genetic, and molecular work
would be valuable to develop a better understanding of AP. In addition, this pathway
has been closely linked with the epigenetic modification of FLC chromatin,
particularly in relation to the changes in histone methylation patterns in the AP
mutants. However, the detailed mechanism connecting the regulatory function of AP
proteins described in this review and the epigenetic silencing of FLC remain largely
unknown; thus, further studies are required.

The FRI complex strongly activates FLC expression even in the presence of
AP proteins in winter-annual Arabidopsis (Johanson et al., 2000; Choi et al., 2011).
This finding suggests that the FLC regulatory mechanisms of AP genes are
counteracted by FRI complex. Therefore, there is a need for further studies
elucidating the role of the FRI complex in the mechanisms of AP.
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Figure 1. Control of FLC chromatin architecture by the autonomous pathway.

(A) Chromatin loop linking the 5'- and 3'-ends of FLC will likely intensify the FLC
transcription by promoting Pol II recycling. GHI-HMGA family proteins, HON4
and HONS, disrupt this chromatin looping, and thus reduce FLC expression.

(B) NDX stabilizes the R-loop at the FLC 3'-end, where the antisense ncRNA,
COOLAIR, is transcribed (tangled). This process probably enhances the binding of
FCA/FY onto COOLAIR and inhibits Pol II progression. FCA/FY, in turn, represses
FLC expression by promoting the proximal polyadenylation of COOLAIR and
resolving the R-loop (detangled).
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(C) Antagonized function of TOPla and FLD controlling DNA topology. TOPla
enhances FLC transcription potentially by reducing the torsional stress generated by
DNA supercoiling. FLD partially counteracts TOPla activity.
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Figure 2. FLC repression by 3'-pausing, phase-separated AP proteins, and
ncRNA.

(A) AP proteins, BDR, FPA, and FLD, localizing at the gene borders, trigger 3’ Pol
II pausing. Impediment of Pol II release into the elongation phase may reduce FLC
transcript accumulation.

(B) AP proteins, including FCA, FPA, FY, and RNA-processing factors, are
condensed into phase-separated nuclear condensates to promote the proximal
polyadenylation of COOLAIR. This phase-separated ncRNA-processing machinery
transiently interacts with FLD/LD/SDG26, H3K4mel demethylase complex,
thereby removing the active histone marks (H3K4mel and H3K36me3) from FLC
chromatin.
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