Vol 462|10 December 2009|doi:10.1038/nature08618

nature

LETTERS

Cold-induced silencing by long antisense transcripts
of an Arabidopsis Polycomb target

Szymon Swiezewski', Fuquan Liu', Andreas Magusin' & Caroline Dean'

Transcription in eukaryotic genomes generates an extensive array
of non-protein-coding RNA, the functional significance of which
is mostly unknown'. We are investigating the link between non-
coding RNA and chromatin regulation through analysis of FLC—
aregulator of flowering time in Arabidopsis and a target of several
chromatin pathways. Here we use an unbiased strategy to char-
acterize non-coding transcripts of FLC and show that sense/anti-
sense transcript levels correlate in a range of mutants and
treatments, but change independently in cold-treated plants.
Prolonged cold epigenetically silences FLC in a Polycomb-
mediated process called vernalization®>. Our data indicate that
upregulation of long non-coding antisense transcripts covering
the entire FLC locus may be part of the cold-sensing mechanism.
Induction of these antisense transcripts occurs earlier than, and is
independent of, other vernalization markers’ and coincides with a
reduction in sense transcription. We show that addition of the FLC
antisense promoter sequences to a reporter gene is sufficient to
confer cold-induced silencing of the reporter. Our data indicate
that cold-induced FLC antisense transcripts have an early role in
the epigenetic silencing of FLC, acting to silence FLC transcrip-
tion transiently. Recruitment of the Polycomb machinery then
confers the epigenetic memory. Antisense transcription events
originating from 3’ ends of genes might be a general mechanism
to regulate the corresponding sense transcription in a condition/
stage-dependent manner.

Advances in sequencing technology have enabled the discovery of
many long non-coding transcripts. Their functions and evolution are
poorly understood’, but many seem to be antisense transcripts that
initiate and terminate near the terminators and promoters, respect-
ively, of sense transcripts®. We have previously found non-coding
transcripts originating from the 3’ region of the gene encoding the
floral repressor FLOWERING LOCUS C (FLC)>®. FLCis upregulated
by FRIGIDA and transcriptionally silenced through the activity of an
RNA recognition motif (RRM) protein (FCA) and the K4 histone
demethylase activity of FLOWERING LOCUS D (FLD)>. FLCis also
repressed by prolonged cold and epigenetically silenced by a
Polycomb mechanism involving a PHD-PRC2 (plant homeodo-
main—Polycomb repressive complex 2) complex?, in a process known
as vernalization®”. To understand the roles of non-coding RNA in
these different types of FLC regulation we undertook an unbiased
analysis of FLC transcripts in a selection of genotypes and environ-
ments. We designed a single nucleotide resolution array
(NimbleGen/Affymetrix platform) of 25-base oligonucleotides cov-
ering both strands of FLC and the surrounding 50kb region. We
hybridized the arrays with total RNA (ribosomal RNA reduced
through the use of Invitrogen RiboMinus—see Supplementary
Methods) isolated from the following genotypes and treatments;
Columbia (wild type), FRIGIDA+ (FRI), fca, 35S::FCAy (an over-
expression of FCA), FRI seedlings that had been cold-treated for

14 days, FRI seedlings that had been cold-treated then followed by
7 days of further growth at 20 °C. Fourteen days of cold was chosen
with the aim of identifying the early steps in vernalization; this is
insufficient to saturate the vernalization requirement but does result
in stable reduction in FLC expression.

Despite considerable differences in hybridization efficiencies
between the different oligonucleotides there was excellent repro-
ducibility between biological replicates (Fig. la, b). Comparison of
the hybridization profile between the different genotypes and envir-
onments confirmed all previous findings of FRIGIDA and FCA func-
tion on FLC expression®’, so validating the approach. Means of
normalized hybridization data for each oligonucleotide in each treat-
ment are shown in Figure la, b (FLC) and Supplementary Fig. 1
(whole 50kb). Extensive FLC antisense transcripts were detected in
all genotypes and treatments with levels correlating positively with
sense transcript levels across all but one of the comparisons (Fig. 1).
Additional quantitative PCR with reverse transcription (QRT-PCR)
analysis of sense/antisense levels corroborated the array data and
analysis of additional autonomous pathway mutants confirmed the
close connection between sense and antisense levels (Supplementary
Fig. 2e). This is consistent with the observation from many genome-
wide studies showing a positive correlation in expression of most
sense/antisense pairs'®''. The exception was cold-treated seedlings in
which the ratio of sense to antisense FLC transcript changed signifi-
cantly; antisense transcript accumulated over the majority of FLC,
extending beyond the FLC 5’ start and 3’ polyadenylation sites,
whereas levels of sense mRNA did not change significantly
(Fig. 2a). Cold-induced accumulation of antisense transcripts for
the other ten genes on the array was not observed (Supplementary
Fig. 1). The accumulation of antisense FLC RNA was transient; levels
returned to almost non-vernalized levels in plants returned to the
warm for 7 days following 14 days cold (Fig. 1c). To determine the
structure of the antisense transcripts we performed RACE (rapid
amplification of ¢cDNA ends) experiments. These defined several,
cold-induced antisense FLC transcripts, with heterogeneous 5’ ends
initiating in a 100-nucleotide region immediately 3’ to the sense FLC
polyadenylation site (Fig. 2b, Supplementary Fig. 2). This coincides
with the localized small RNA-induced heterochromatic region at the
3" end of FLC we have previously described’. As a parallel to
HOTAIR (Hox antisense intergenic RNA)'* we have called FLC anti-
sense transcripts initiating from this region COOLAIR (cold induced
long antisense intragenic RNA). RACE experiments showed that a
proportion of the transcripts are either capped or carry a 5" tripho-
sphate group, have long (60-100 adenosines) poly-A tails and are
spliced (Supplementary Fig. 2b, c¢). We find alternatively processed
forms, with respect to both polyadenylation site and splicing. Our
data indicate that these antisense transcripts are produced from a
DNA template as the splice sites are canonical and do not overlap
with sense transcript splice sites. The antisense FLC transcripts also
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Figure 1| FLC is associated with extensive antisense transcription.

a, Signal intensity (log2) for the median of a 10-base-pairs staggered window
along the genomic region of Arabidopsis chromosome V containing FLC.
Genomic structure of FLC; black boxes represent exons; lines represent IGR
and introns. b, Magnified region of FLC 3’ end showing FLC antisense
transcript start. ¢, Boxplots illustrating the difference in average signal
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Figure 2 | FLC antisense transcripts are strongly induced by cold.

a, Difference of signal intensities (log2) for cold-treated and untreated plants
along sense and antisense strands of FLC. b, FLC region as in Fig. 1a with
antisense transcript structure shown below. ¢, qQPCR quantification of
relative FLC antisense transcript levels in wild type and vin3—4. Data are
means and s.e.m. (n = 2). d, Northern blot of of FLC antisense transcripts in
control seedlings (—) and those cold-treated for 14 days (+).

800

Introns

\";,',m

intensity for sense and antisense strands compared to Col-0 (Columbia wild
type). The central box represents the data between the quartiles, the median
is shown by the line through the centre of box; and the whiskers extend out to
the extremes of the data. Total, whole FLC gene; exons, sense FLC exons,
introns, sense FLC introns.

extend beyond each end of the sense transcript (Fig. 2b, Supplemen-
tary Fig. 2a,d).

Given that Polycomb silencing of FLC is cold-dependent we
explored the timing of COOLAIR induction relative to other known
markers in the vernalization process. The earliest reported step to
date is the cold-induction of VIN3 (VERNALIZATION
INSENSITIVE 3), a PHD protein required for vernalization®. VIN3
expression is first detectable 20 days after transfer to cold, is maximal
40 days after transfer and is then undetectable 3 days after return to
warm conditions®. VIN3 heterodimerizes with a related PHD protein
VRN5 (VERNALIZATION 5, ref. 13) and induces formation of a
PHD-PRC2 complex that associates with a specific domain in the
first intron of FLC after prolonged cold®. This association triggers
spreading of VRN5 along FLC and significant enhancement of his-
tone H3 Lys 27 trimethylation (H3K27me3) levels throughout the
locus, to levels required for maintenance of the silencing during
subsequent growth of the plant®. COOLAIR induction was independ-
ent of VIN3 (Fig. 2c) and VIN3 induction was found to be much later
than maximal COOLAIR induction (Fig. 4c). Because COOLAIR
induction might precede the nucleation of the Polycomb silencing
at FLC, we analysed the timing of repression of FLC transcription by
cold. This was achieved in three ways; analysis of the exon/intron
hybridization to the array, through quantitative PCR analysis of nas-
cent and spliced sense FLC transcripts, and using chromatin immu-
noprecipitation experiments with antibodies that react with all forms
of RNA polymerase II (RNA polll) (Fig. 1c, 3a, 3b). Using all three
assays FLC sense transcription was found to decrease much faster
than spliced sense transcript after the plants were transferred to cold
(Fig. 3b), and this was again independent of VIN3 (Fig. 3c). Thus, an
early step in vernalization seems to be cold-induced upregulation of
antisense transcription linked to sense transcriptional repression that
is independent of, and precedes, the maximum induction of VIN3.
This is reminiscent of bxd silencing where non-coding RNA tran-
scription has been shown to be involved in its ‘early’ repression
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Figure 3 | Vernalization-induced transcriptional repression of FLC. a, ChIP
using RNA pollI-specific antibody. Regions of FLC monitored in the ChIP are
shown as bars below a schematic of the genomic structure of FLC. Controls for
the ChIP are in Supplementary Information. Data are means and s.e.m.
(n=3). b, qPCR quantification of FLC mRNA and FLC unspliced sense
transcript after different cold treatments. Data are means and s.e.m. (n = 2).
¢, qPCR quantification of FLC unspliced sense transcript showing cold-induced
downregulation is unaffected in vin3—4. Data are means and s.e.m. (n = 2).

before Polycomb action'®. The slower reduction of FLC spliced sense
transcript may indicate a stable pool of reserve transcript maintained
after transfer to cold that decreases after several weeks of cold, coin-
cident with the decrease in antisense transcription (Fig. 4c).

FLC sense transcriptional silencing coincided with maximal
COOLAIR expression so we tested whether COOLAIR was sufficient
to cause transcriptional silencing. The COOLAIR promoter (aka FLC
sense 3’ region) was fused downstream of the coding region of a 35S
(strong constitutive) promoter—green fluorescent protein (GFP)
fusion (Fig. 4a). The 3’ region of a gene showing no antisense tran-
scription (rbcS3A) was used as control. There was no consistent
change in expression of the sensor carrying the rbcS3A 3" region;
whereas the COOLAIR promoter was found to reproducibly confer
cold-dependent silencing of the sensor construct (a representative set
from a larger number of transformants is shown in Fig. 4a). This was
associated with cold-induction of an antisense transcript to the GFP
sensor construct, showed by strand-specific RT-PCR analysis
(Fig. 4b). Sequencing of the PCR products showed the transcript to
be spliced at the same position as COOLAIR (Supplementary Fig. 2d)
and extend from the COOLAIR promoter to at least half way through
the transgene (Fig. 4a). The cold-induced silencing of the GFP sensor
construct was transient and expression increased once plants
were returned to warm conditions (Supplementary Fig. 3). This re-
inforces the view that it is the process of transcription rather than
specific sequences within the FLC antisense transcripts that cause
the cold-induced silencing. Supporting this view, we have found the
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Figure 4 | FLC antisense promoter region is sufficient to confer cold-
dependent silencing of sense transcription. a, Schematic representation
and expression of GFP sensor lines. Warm-grown (black) or 14 days cold-
treated (white). Structure of GFP antisense transcript shown below. b, GFP
antisense transcript levels in GFP sensor lines. GFP sense expression data for
line #278 shown in Supplementary Fig. 4. UBC, Arabidopsis ubiquitin-
conjugating enzyme gene. ¢, Relative temporal expression of spliced and
unspliced FLC sense transcript, COOLAIR and VIN3 before cold, after

14 days and 28 days of cold and then 7 days after transfer back to warm. Data
are means and s.e.m. (n = 2). d, Model indicating sequence of events. Green/
blue, warm/cold, respectively.

COOLAIR promoter alone can drive cold-induced expression of LUC
sequences (Supplementary Fig. 4). In the context of the endogenous
FLC gene, the cold-induced increase in the antisense transcripts is
linked to reduction in levels of nascent sense transcript and reduction
in occupancy of RNA polll at FLC. This, together with the fact that
COOLAIR transcripts extend beyond the transcription start site of
FLC, indicates that antisense transcription might contribute to FLC
transcriptional repression through promoter interference (Fig. 4d).

A similar cold-induced transcriptional silencing has been
described for PHO84 in S. cerevisiae'. Cold-induced exosome-
dependent stabilization of antisense transcripts led to histone deace-
tylase recruitment and stable PHOS84 silencing. Although we cannot
exclude a cold-dependent post-transcriptional stabilization of
COOLAIR, specific sequences or RNA structures seem to be dispens-
able as the promoter region alone is sufficient for cold-induced tran-
script production. However, we also see a consistent cold-dependent
decrease in RNA polll occupancy at the COOLAIR promoter and
elsewhere in FLC. This could indicate involvement of post-transcrip-
tional mechanisms in COOLAIR induction or involvement of an
alternative DNA-dependent RNA polymerase (although induction
still occurs in a pollV/polV double mutant'; Supplementary Fig. 5).
It may also simply reflect that the reduction in sense transcription is
masking any increase in RNA polll occupancy associated with
increased antisense transcription.
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In summary, our study has demonstrated the environmental
induction of long, non-coding, antisense transcripts covering an
entire gene. These were found to be sufficient to induce silencing
of a linked reporter. In the context of endogenous FLC silencing
we propose that COOLAIR is involved in early, cold-dependent
and transient, transcriptional silencing of FLC. This silencing would
then be reinforced and epigenetically maintained by the Polycomb
machinery. A possible sequence of events during the cold might be
COOLAIR induction, suppression of sense transcription, VIN3 upre-
gulation and PHD-PRC2 complex nucleation®. In agreement with
this we find COOLAIR expression continues longer in the cold in the
absence of VIN3, supporting a model where the Polycomb machinery
acts after COOLAIR and silences the whole FLC locus preventing
further sense and antisense transcription (Supplementary Fig. 6).
Recent data on PRC2 complex interaction with non-coding RNA
transcripts'>'” might indicate that COOLAIR has additional,
Polycomb-dependent functions in vernalization. Cold-responsive-
ness of an FLC-GUS transgene lacking the COOLAIR sequences
and a possible Polycomb-independent silencing pathway that might
operate in trans'® may also indicate mechanistic redundancy between
different vernalization pathways. Our data are consistent with
COOLAIR transcription being sufficient to silence linked sequences
in a Polycomb-independent manner; however, these non-coding
RNAs may function in both cis and trans".

In a wider context, our discoveries on FLC may have broad relevance
to other organisms where a genome-wide association of non-coding
RNA transcript start sites with 3" regions has been observed*. Many
studies have found a strong correlation between sense and antisense
transcript abundance'™". On the basis of our data we speculate that
many antisense transcription events originating from the 3’ end of
genes might regulate the sense partner in a condition/stage depen-
dent manner. Continuous production of low levels of non-coding
antisense transcripts maybe the cost of this regulatory mechanism.

METHODS SUMMARY

Plant growth conditions and vernalization treatment. All genotypes used have
been described previously®'®*. All seeds were surface-sterilized and grown on
MS medium minus glucose. The 14-day cold-treatment was carried out on
plants pre-grown for 7days at 20°C. Cold treatment was at ~5°C under
short-day conditions, 8 h white light (10 mmol photonsm ?s ™), 16h dark.
Seedlings were then either harvested directly or transferred to long-day condi-
tions of 16 h white light (57 mmol photonsm™?s™ '), 8 h dark and grown for
7 days at 20 °C. Non-vernalized seedlings were cold-treated for 2 days, then
transferred to long-day conditions for 14 days.

Array. Total RNA that was rRNA-depleted was labelled and hybridized by
Cogenics on custom-design Affymetrix/Nimble Express GeneChips. For
description of array design and analysis see Methods. COOLAIR sequences have
been deposited in GenBank under accession numbers GQ352646 and
GQ342259. Array data have been deposited to the Gene Expression Omnibus
repository under the GEO ID GSE16977.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

RNA quantification. For the FLC antisense northern blot a probe was generated
using PCR on genomic DNA with the primers FLCexon7 5'-GGAGAATAATCA
TCATGTGGGAGCA-3" and FLC3UTR 5'-CTCACACGAATAAGGTACAAA
GTTC-3'. Labelling was performed with FLCexon7 primer in a primer extension
reaction.

FLC antisense quantification was undertaken using qPCR with primers F
5 -TTTTTTTTTTTTTTTACTGCTTCCA-3" and R 5'-CACACCACCAAATA
ACAACCA-3" known as set 1 and normalized against the Arabidopsis UBC
gene”'. The first strand cDNA was synthesized with an oligo(dT) primer.

FLC sense spliced (spliced exon 4/5, 5'-AGCCAAGAAGACCGAACTCA-3';
exon 7, 5'-TTTGTCCAGCAGGTGACATC-3") and FLC unspliced (unspliced
exon 1, 5'-TTCTCCTCCGGCGATAAGTA-3'; unspliced intronl, 5'-TCACT
CAACAACATCGAGCAC-3'; unspliced intron2, 5'-CGCAATTTTCATA
GCCCTTG-3'; unspliced intron3, 5'-CTTTGTAATCAAAGGTGGAGAGC-3")
quantification was achieved using a mixture of gene-specific-primer-primed
c¢DNA (exon 7, unspliced intronl, unspliced intron3, UBC_R).

GFP mRNA quantification was achieved using the primers GFP_qPCR_LP,
5'-TGCAGTGCTTCTCCCGTTAC-3'; GFP_qPCR_RP, 5'-GGTCCTCTCCTG
CACGTATC-3". The GFP antisense transcript was detected by RT-PCR with
primers GFPas2_F, 5'-TCAAGGACGACGGGAACTAC-3" (or GFPasl_F, 5'-
GTCCACACAATCTGCCCTTT-3") and R, 5'-TTGACAGAAGTGAAGAACA
CATACA-3" on a cDNA synthesized with GFPas2_F or GFPasl_F using
Phusion (Finnzymes).

VIN3 levels were quantified using the primers VIN3_F, 5'-GTATGG
GATTGGGAGTGATGAT-3" and VIN3_R, 5-CAAAACAACCTGAAACCTG
TGA-3'.

The FLC antisense RNA shown in Supplementary Fig. 2 was quantified by
qPCR using primers F (5'-ACCTTATTCGTGTGAGAATTGC-3') and R (5'-
TTGACAGAAGTGAAGAACACATACA-3"), (known as set 6) on cDNA synthe-
sized using oligo(dT) and set6_F and normalized against UBC.

c¢DNA was synthesized using SuperScript III (Invitrogen) and analysed by

quantitative PCR on an OPTICON?2 instrument and using SYBR Green Jump-
Start Taq ReadyMix from Sigma.
Constructs. pMDC43** and the Gateway system (Invitrogen) was used to clone
an FLCantisense promoter region (5'-CACCCTTCCGGTGACTCTCCCACTA-
3" and 5'-TTTAACAAACCTTTCACTTT-3') or the equivalent region from the
Arabidopsis rbcS3A gene (5'-CACCAACACCCGTCAAGTCCAA-3" and 5'-
GGTGGGATCCAAAAATCAAG-3"). The resulting plasmids were transformed
into Agrobacterium tumefaciens strain GV3101 and introduced into Col-0
FRI(S2) plants® by Agrobacterium-mediated floral dip transformation®.

The COOLAIR promoter fusion construct was constructed by MultiSite
Gateway (Invitrogen)-mediated recombination into a pRK290-based
Agrobacterium binary vector. The fragments were amplified using the primers
COOLAIRprom_F, 5'-GGGGACTGCTTTTTTGTACAAACTTGTCAATCTTC
CGGTGACTCTCC-3" and COOLAIRprom_R, 5'-GGGGACAACTTTGTATA
GAAAAGTTGTTTTTAACAAACCTTTCACTTT-3" on genomic DNA from
Col-0 plants; BOX2_F, 5'-GGGGACAAGTTTGTACAAAAAAGCAGGCTA
CGACGACTCGTCCGTCCTGTA-3" and BOX2_R, 5-GGGGACCACTTTGT
ACAAGAAAGCTGGGTTTGATCAATTCCACAGTTTTC-3" on pCambial381Z%;
LUC_F, 5'-GGGGACAGCTTTCTTGTACAAAGTGGTGTAGATAGATAGCGATT
CGGT-3" and LUC_R, 5'-GGGGACAACTTTGTATAATAAAGTTGGACCCGATC
TAGTAACATAGA-3' on yy376 (ref. 26). The FLC-LUC translational fusion was
described previously”. The control plasmid was created by fusing a 1-kilobase
sequence upstream from the ATG codon of At3g63530, a gene which expression
is not affected by cold, into a pBar vector™®.

RACE. FLC antisense transcript mapping was performed as described in ref. 29
and the 5'RACE was performed using an Invitrogen RACE kit.

Chromatin immunoprecipitation. Chromatin immunoprecipitation and pri-
mers previously described in ref. 30 were used in combination with an RNA polll
antibody 8WG16 from Abcam (ab817). Actin was used as an internal control
using primers described in ref. 30. The average precipitation for actin of the
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non-vernalized samples was 2.69% of input, compared to 2.33% of input in
vernalized samples.

Microarray. RNA was extracted using the method described in ref. 31. rRNA was
removed with a RiboMinus Plant Kit (Invitrogen). The resulting RNA was
labelled using the Affymetrix GeneChip Whole Transcript Sense Target
Labelling Assay. Probes were labelled and hybridized by Cogenics on custom
design Affymetrix/Nimble Express GeneChips. The arrays contained 25-nucleo-
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ical analysis language R**; using the LIMMA® and CNA* libraries under the
BioConductor frame work®. We used an algorithm that computes a global rank-
invariant set of transcripts; which was then in turn employed to normalize all
microarrays across experimental conditions®. Following normalization, linear
models were fitted to the data according to ref. 33; and t-scores for all contrasts of
interest were obtained. The -scores were used as more reliable estimates of
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the quality of the scores. Segments of scores were obtained using the method of
ref. 34; where P-values were obtained though permutations of t-scores contained
in segments.
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