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® Check for updates Polycomb (PcG) silencing is crucial for development, but how targets are
specified remains incompletely understood. The cold-induced Polycomb
Repressive Complex 2 (PRC2) silencing of Arabidopsis thaliana FLOWERING
LOCUS C (FLC) provides an excellent system to elucidate PcG regulation.
Association of the DNA binding protein VALI to FLC PcG nucleation regionis an
important step. VALI co-immunoprecipitates APOPTOSIS AND SPLICING
ASSOCIATED PROTEIN (ASAP) complex and PRC1. Here, we show that ASAP
and PRCI are necessary for co-transcriptional repression and chromatin reg-
ulation at FLC. ASAP mutants affect FLC transcription in warm conditions, but
the rate of FLC silencing in the cold is unaffected. PRC1-mediated H2Aub
accumulation increases at the FLC nucleation region during cold, but unlike
the PRC2-delivered H3K27me3, does not spread across the locus. H2Aub thus
involved in the transition to epigenetic silencing at FLC, facilitating H3K27me3
accumulation and long-term epigenetic memory. Overall, our work highlights
the importance of VALI as an assembly platform co-ordinating activities
necessary for epigenetic silencing at FLC.

From the elegant genetic and molecular analysis of Drosophila, the
Polycomb group (PcG) proteins have been shown to play a central role
in developmental gene regulation’. They function in distinct com-
plexes to maintain epigenetic silencing of genomic targets’. The most
well-studied complexes are Polycomb Repressive Complex 1 (PRC1),
which monoubiquitinates lysine (118/119/121-dependent on the
organism) on histone H2A (H2Aub), and Polycomb Repressive Com-
plex 2 (PRC2), which methylates histone H3 tails at lysine 27
(H3K27me). Initially thought to be sequentially recruited to the same
targets, many studies have now demonstrated a much more complex
scenario with variant and canonical PRCI1**, interdependent

recruitment with PRC2 and/or co-operative interactions mediating
association to Polycomb Response Elements (PREs)* . There is also a
lack of clarity about what specifies target sites as Polycomb targets and
how transcription and chromatin silencing feedback influence each
other'®. Further dissection of the molecular events underpinning
Polycomb silencing is, therefore, necessary to define the core
mechanistic principles.

Arabidopsis FLOWERING LOCUS C (FLC) is a PcG target central to
the process of vernalization, ensuring flowering in favorable
conditions™? FLC encodes a floral repressor whose expression is
increased in winter annual Arabidopsis accessions through the activity
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Fig. 1| VALI proteomic interactors as identified by ColP-MS. a Volcano plot
showing relative protein abundance in log2 ratio of 4 weeks cold (4W) to non-
vernalized (NV). Proteins of interest are labelled and highlighted in red. b Bar plot
showing relative protein abundance in log2 ratio of 4 weeks cold (4W) to non-
vernalized (NV) for selected proteins. Blue bars show proteins with increased
abundance upon transfer to cold, green bars show proteins with decreased
abundance upon transferred to cold.

of FRIGIDA". Short cold exposure in autumn/winter results in a rela-
tively rapid transcriptional repression of FLC, in a process involving
FRIGIDA sequestration and cold-induced FLC antisense transcripts
called COOLAIR®. Over the longer timescale of winter, once tran-
scriptionally repressed, FLC is epigenetically silenced through a PRC2-
dependent epigenetic switch™. This switch occurs at individual FLC
alleles with a low probability”, leading to progressive silencing over
the whole plant. A cold-induced step in this switch is the VIN3/VRN5-
dependent nucleation of H3K27me3 at an intragenic site that covers
three nucleosomes between the transcription start site and the
beginning of intron 1'*2°. When plants return to warm temperatures,
H3K27me3 spreads to cover the entire gene, a feature required for
long-term epigenetic silencing throughout the rest of development".
The FLC system thus provides the opportunity to dissect the compo-
nents required for a PRC2 epigenetic switch.

Previously, we had shown that the transcriptional repressor
VIVIPAROUSI/ABI3-LIKE (VAL1) is a factor acting early in the
switching mechanism necessary for H3K27me3 nucleation at FLC.
VALI recognizes conserved RY motifs in FLC intron 1 with a one bp
mutation in the first RY motif sufficient to completely block the
vernalization process. The vall mutation attenuated FLC cold-
induced transcriptional repression, but not the long-term Polycomb
memory. VAL1 was shown to interact with HDAC and PRC1 compo-
nents and members of APOPTOSIS AND SPLICING ASSOCIATED
PROTEIN (ASAP), which interacted with the PRC2 accessory pro-
teins VIN3 and VRN5?. This then provided a putative connection
between the sequence at the nucleation region and the machinery

for transcriptional repression and long-term PcG silencing. A func-
tional link between VALl, PRCl, and HDAC factors with
PRC2 silencing has been extensively described®?". But how they all
connected to silence FLC during vernalization remained unclear.

Recent work using a trans-factor tethering system elegantly
showed how VALI can recruit PRC1 and PRC2 and couple these to
HDAC activity”®. VAL1 could directly recruit the PRC1 component BMIL,
whereas PRC2 recruitment was proposed to be mediated by interac-
tion with SAP18, TPL/TPR, or PRCI1 through the EAR domain of VAL1*,
It was thus of interest to address how these factors functioned in the
temporal sequence involved in the silencing of the endogenous FLC
locus, in a genotype sensitive to vernalization. Using proteomic ana-
lysis, RNA Polll occupancy, chromatin modifications, and chromatin-
associated RNA enrichment assays, we show that ASAP and PRC1 work
in a network of co-transcriptional regulators that effectively coordi-
nate different steps in FLC silencing.

Results

ASAP-VAL1 and PRC1-VALI complexes may affect different
phases of FLC silencing

Previous proteomics analyses demonstrated the in vivo interaction of
VALL with components of the ASAP and PRC1 complexes”. However,
which components were direct interactors and in what phase of FLC
silencing they acted had remained unclear. We extended the pro-
teomic analysis using VAL1-HA as bait on plant samples and compared
before (non-vernalized), after 4 weeks cold exposure and then after
4 weeks cold and 7 days subsequent warm (Fig. 1a, b and Supple-
mentary Fig. 1a-c and Supplementary Table 1). The general conclusion
from these data was that VALI preferentially associates with compo-
nents of the PRC1 complex (BMI1A, BMIIB and RING1A). The occur-
rence of these interactions increased after cold exposure along with
increase of VALI (Fig. 1a, b, Supplementary Table 1). We also observed
an interaction between VALl and ASAP complex components (SR45
and SAP18) (Fig. 1a, b, Supplementary Table 1) as previously shown?,
albeit with low abundance of these components. In contrast to PRC1,
ASAP abundance decreased upon transfer to cold (Fig. 1a, b). The
differential abundance of ASAP and PRCI1 peptides within and between
treatments suggested non-stoichiometric representation in a VALl
complex, or multiple independent complexes of various functional
importance at different phases of FLC silencing. A surprise finding was
that VAL1 immunoprecipitated NDX, a homeodomain protein we have
previously described as stabilizing an R-loop at the 3’ end of FLC*. Our
analysis to determine which were direct interactors of VALl was
complicated by difficulties in expressing VALl-tagged proteins in
N. benthamiana. By a yeast two-hybrid (Y2H) analysis, we found that
VAL1 weakly interacts with SAP18 (Supplementary Fig. 2a), but this
interaction was not sufficiently strong to be detected in co-
immunoprecipitation experiments in transfected HEK293 cells (Sup-
plementary Fig. 2b). NDX interacts indirectly via PRC1 components
RINGIA and RINGIB (Supplementary Fig. 2¢c, d)*°.

Mutations of the ASAP complex affect FLC expression in warm
but not cold-treated plants

To investigate when the ASAP function was most important for FLC
silencing, we crossed ASAP mutants into a FR/+ genotype in order to
confer a vernalization requirement. The generated FR/ genotypes
were analysed for FLC expression over a vernalization time course
(Fig. 2a). Plants were harvested before any cold exposure (non-
vernalized; NV), immediately after 2, 4, or 6 weeks of cold treatment
(2W, 4 W, 6 W) and after 6 weeks of cold followed by a warm period
for 7 days (6 WT7). In a parallel experiment, we also performed FLC
expression analysis in vernalization-independent fri background
(Fig. 2b). Consistent with the changed interactions found in the
proteomics experiments, the major effect of the ASAP mutants in
both FRI and fri genotypes was in warm (NV) conditions (Fig. 2a, b
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Fig. 2 | ASAP mutants affect FLC transcription in warm conditions. a FLC
downregulation (spliced transcript) during vernalization (fold change to NV).
Values were normalized as relative expression to UBC. N =3 biological replicates,
error bars = propagated SEM. NV non-vernalized, 2/4/6 W 2/4/6 weeks cold, 6 WT7
6 weeks cold followed by 7 days in warm. P value for sapI8 FRI at 6 WT7 0.0344.
b FLC expression (spliced transcript) in ASAP single mutants and different double
mutant combinations combining different ASAP mutants or ASAP mutants with
vall. Values correspond to the mean relative expression to UBC. N =3 biological
replicates; error bars=SEM. ¢ FLC expression in sr45 in a vernalization-dependent

(FRI) and vernalization-independent genotype (Col-0). Values correspond to the
mean relative expression to UBC. Significance tests compare Col-0 vs sr45 and
ColFRI vs sr45FRI. N = 3 biological replicates, error bars = SEM. d Chromatin-bound
FLC RNA enrichment over the locus. Data were shown as fold change to wildtype.
X-axis shows the midpoint of the amplicon relative to FLC transcriptional start site
(TSS). N=3 biological replicates, error bars = propagated SEM. Statistics are cal-
culated with two-tail Student’s ¢-test in comparison to wildtype (*P < 0.05;
*P<0.01; **P< 0.001). e FLC gene model schematic. The scale bar indicates the
position relative to the transcriptional start site (TSS), where TSS = 0.

and Supplementary Fig. 3a-c). The ASAP mutants did not influence
the rate of FLC silencing after a different cold and post-cold treat-
ments—the rate of FLC downregulation was similar in ASAP mutants
and in the wildtype (Fig. 2a). Furthermore, our flowering time ana-
lyses showed that FLC upregulation observed in ASAP mutants in
warm does not result in significantly different flowering time com-
paring to the wildtype (except for acinus) (Supplementary Fig. 3a).
This reinforces the view that ASAP functions at FLC at a specific
temporal phase in the vernalization process and/or that other genes
compensate for its loss during cold exposure.

To understand the relationship of VAL1 and ASAP function, we
generated double mutant combinations in a fri background and
analysed in NV conditions. We observed a strong increase in FLC
expression in warm-grown double mutants combining vall and ASAP
mutants (Fig. 2b), consistent with VALI interacting with many com-
plexes to effect FLC silencing. The strongest release of FLC silencing
in warm conditions was seen in combinations containing vall, sr4S,
and sapl8 mutations (Fig. 2b). As expected with the general corre-
lation of sense and antisense transcription at FLC*', COOLAIR was also
upregulated in single ASAP mutants in warm conditions (Supple-
mentary Fig. 3b).

An interesting genetic interaction was observed between sr45
plants, with and without an active FRIGIDA allele (Fig. 2c). sr45
increased FLC levels in a fri background but decreased FLC levels
relative to wildtype when combined with FR/+. This genetic inter-
action could be accounted for if FRI functions through SR45 to de-
repress ASAP function. Previous studies show FRI and ASAP
working in co-transcriptional regulation linking nascent RNA pro-
cessing to RNA Polll functioning with feedbacks to chromatin
modification'**>*, This, together with the lack of an ASAP mutant
phenotype during cold and post-cold stages suggests that the
major role of ASAP at the FLC locus is in quantitative co-
transcriptional repression that sets the level of FLC expression in
the warm.

SR45-dependent co-transcriptional repression at FLC

The broad roles of the ASAP complex at the other targets* led us to
pursue the link between co-transcriptional and chromatin regulation.
Since sr45 showed the strongest effect on FLC expression, we profiled
the co-transcriptional and chromatin changes at FLC comparing sr45
mutant and wildtype—Col-O (fri) or ColFRI (FR/+). sr4S increased rela-
tive FLC transcript levels, not only in total RNA (Fig. 2c), but also
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Fig. 3 | SR45 influences the profile of RNA Polll and histone modifications at
FLC. a RNA Polymerase Il (Polll) ChIP enrichment. X-axis depicts the midpoint
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to % recovery to input values normalized to H3 enrichment. NV non-vernalized;
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chromatin-associated nascent RNA (Fig. 2d, e) and COOLAIR increased
co-ordinately (Supplementary Fig. 3b). Given the connection of SR45
to splicing we analysed splicing efficiency at FLC introns 1-3 but found
no changes caused by loss of SR45 or other ASAP components in
steady state RNA (Supplementary Fig. 3d). We also checked RNA Polll
occupancy between sr45 and Col-0 by chromatin-IP (ChIP) and found
some variation in total RNA Polll occupancy at FLC in specific regions
of FLC (Fig. 3a). In addition, levels of RNA Polll phosphorylated on
serine-2 and serine-5 both increased over FLC in sr45 (Fig. 3a). RNA Polll
serine-2 phosphorylation is associated with active transcription and
consistent with its increase we found the balance of active and
repressive chromatin modifications changed in warm-grown sr45
plants, with increased H3K36me3 and decreased H3K27me3 at FLC
(Fig. 3b). SR45-dependent co-transcriptional repression is thus
important for establishing the chromatin state at the locus as plants
grow in the warm, with FRI potentially antagonizing that co-
transcriptional step.

VALL1 affects specific nucleosome dynamics

Next, we asked whether VALI played a role in these co-transcriptional
processes in addition to its function in Polycomb nucleation®. We
measured chromatin-associated FLC RNA in warm-grown vall

seedlings as a readout for bona fide FLC transcription. Like the relative
increase in total RNA?, and like sr4S (Fig. 2d), vall increased chromatin-
associated FLC RNA (Fig. 4a). Given the VAL1 binding site is down-
stream of the FLC promoter, we asked if such transcriptional changes
might be accompanied by changes in nucleosome dynamics®. We
adapted the histone salt fractionation protocol, that preferentially
extracts nucleosomes recently disrupted by either transcription or
torsional stress® and used it to analyze nucleosomes over FLC. The
fraction of low-salt extractable nucleosomes decreased at the +1 and
+2 nucleosomes in cold-treated samples (Supplementary Fig. 4),
agreeing with the previous observation of cold-induced nucleosome
stabilization'. Furthermore, we observed that vall increased the low-
salt extractable fraction for nucleosomes +1 and +3, but not for
nucleosome +2 (Fig. 4b, c). Nucleosomes +1 and +3 correspond to the
edges of the H3K27me3-enriched nucleation region found in FLC after
cold exposure®. These VALI-dependent changes were confined to
chromatin extracted from warm-grown vall seedings and were not
found in cold-treated samples (Supplementary Fig. 4). Interestingly,
they were not connected to gross changes in chromatin accessibility as
judged by FAIRE (Formaldehyde-Assisted Isolation of Regulatory
Elements)*” (Fig. 4d). Thus, our data suggest that VALI affects local
nucleosome stability without a concomitant change in general
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chromatin accessibility and that the +1 and +3 nucleosome FLC regions
are potentially occupied by nucleosomes with different salt solubility,
potentially under different torsional stress***°. Overall, these data
connect VALI-induced co-transcriptional regulation to nucleosome
dynamics at the edges of the FLC nucleation region, a region where
RNA Polll occupancy is high.

H2Aub accumulates during cold at the FLC nucleation region
but does not spread like H3K27me3 upon return to warm
Having characterized the major role of VALI-ASAP in the warm, we
then investigated the functional significance of the VALI-PRC1 in FLC
silencing. Our proteomics analysis showed VAL1-PRCI in vivo inter-
action both before and during cold (Fig. 1b). As H2Aub is the pro-
minent histone mark deposited by PRC1, we undertook the analysis
of H2Aub accumulation at FLC through a vernalization time course.
The vernalization-sensitive genotype ColFRI showed relatively low
levels of H2Aub accumulation at the nucleation region after growth
in the warm (Fig. 5a). As FLC expression quantitatively decreased in
plants exposed to cold, H2Aub levels increased (Fig. 5a). However,
H2Aub levels at FLC increased only up to 4 weeks (Fig. 5a), and then
reduced by 6 weeks (Supplementary Fig. 5). This temporary accu-
mulation during the cold exposure is consistent with a need for
H2Aub during epigenetic switching, but then a requirement for its
removal to stabilize the accumulated H3K27me3*’. H2Aub has
recently been shown to associate with chromatin accessibility at
transcriptional regulation hotspots* rather than with transcriptional

repression per se, potentially explaining the different dynamics
between H2Aub accumulation and PRC2-induced H3K27me3
enrichment at the FLC. Analysis of non-vernalized lines with or
without FRI showed H2Aub levels at the low expressing, high
H3K27me3 fri FLC locus were much higher than in FR/+, where the
locus is actively transcribed and associated with H3K36me3 (Fig. 5b).
H2Aub enrichment was also detected at the 3’ end of FLC in fri plants
(+5600 FLC amplicon; Fig. 5Sb)—an important regulatory region of FLC
as it forms a gene loop with the FLC 5’ nucleation region*>*, Overall,
these results suggest that PRC1-delivered H2Aub is low in FR/+ plants
before vernalization as FLC is actively transcribed, accumulates
progressively with cold at the nucleation region, until H3K27me3
levels are relatively high, and then decreases.

We then tested how H2Aub changed relative to H3K27me3 in
warm conditions post-cold, when FLC chromatin transitions froma
metastable silenced state through to a long-term silencing asso-
ciated with the spreading of H3K27me3 across the locus”. As
expected, H3K27me3 accumulated in the nucleation region during
cold exposure (6 W) and spread across the whole gene body after
transfer back to warm for 10, 14, and 20 days (6WT10/14/20)
(Fig. 5c). H2Aub accumulated in the nucleation region up to
4 weeks cold, like the H3K27me3 and increased for 10 (6WT10) and
14 (6WT14) days after transfer back to the warm but did not spread
across the locus (Fig. 5c). Interestingly, 20 (6WT20) days after
transfer back to the warm, the H2Aub peak at the nucleation
decreased back to levels seen at the end of 6 W cold (6 W). A slow,
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Fig. 5 | H2Aub dynamics at FLC. a H2Aub ChIP showing increased enrichment of
H2Aub at the 5" end of FLC in ColFRI during vernalization correlating with
decreasing transcription. The graph on the right shows unspliced FLC expression
during a vernalization time course measured by qRT-PCR. Values correspond to the
mean relative expression to UBC. b H2Aub ChIP enrichment showing antic-
orrelation of FLC expression with H2Aub levels. FLC expression in wildtype

backgrounds in NV is depicted in the graph on the right. ¢ Histone mark behavior
during post-cold. H3K27me3 and H2Aub enrichment over FLC. a-c¢ X-axis shows the
midpoint of the amplicon relative to FLC TSS (amplicon 0 =TSS). N =3 biological
replicates; error bars = SEM; NoAb no antibody negative control. NV non-verna-
lized; 2/4/6 W 2/4/6 weeks of cold treatment; 6WT10/14/20 6 weeks cold followed
by 10/14/20 days post-cold.

gradual decrease post-cold and lack of spreading match VRN5
occupancy at FLC". H2Aub enrichment at FLC was unaffected in
vrnS (and in a core PRC2 component mutant vrn2) in non-
vernalized conditions and only slightly reduced after 6 weeks
cold exposure (Supplementary Fig. 6). The lack of difference in NV
conditions agrees with H2Aub being generally independent of
LHP1 and PRC2 in Arabidopsis** and suggests that VRNS is not
necessary for H2Aub accumulation, but rather its enrichment
could be dependent on preceding H2Aub enrichment at the FLC
nucleation region.

Despite the low levels of H2Aub accumulation at FLC chromatin
in the warm, and the clear increase of H2Aub in FLC region during
cold (which correlates with PRC2 assembly and early spreading),
FLC expression levels in prcl single mutants are like wildtype in Col-
0 (fri), likely due to genetic redundancy of PRC1 components?*-%,
However, how FRIGIDA would affect this phenotype had not been
investigated before. We, therefore, combined ringlA and bmilB
mutants with vall in a FRI+background and analysed FLC and
COOLAIR expression during a vernalization time course. The rates of
FLC downregulation and COOLAIR upregulation during cold, as well
as FLC and COOLAIR reactivation post-cold, were not substantially
different between double mutants: vall ringlA or vall bmilB and
vall single mutant in FR/ + background (Supplementary Figs. 7a-d,
8a, b). In addition, we did not observe differences in flowering time
after vernalization in PRC1 mutants in FR/+ genotypes (Supple-
mentary Fig. 8c), aside from a slight delay in ringlA FRI as reported
previously for ringlA in Col-O background®. Higher levels of
COOLAIR proximal transcript were found in vall bmilB FRI double
mutant compared to either single mutant after 4 W cold (Supple-
mentary Fig. 7d), potentially suggesting a decoupling of the PRC1
effect on FLC and COOLAIR at later stages of vernalization. Overall,
our data show that the PRC1 mark H2Aub dynamically accumulates
at the FLC nucleation region preceding the accumulation of
H3K27me3 during cold exposure.

VALI1 and NDX physically interact and are required for H2Aub
accumulation at the FLC nucleation region

To pursue the functional importance of the VALI-NDX-PRCI interac-
tions, we undertook a genetic analysis between vall, PRC1 mutants,
and ndx (ndxI-4). This revealed that NDX is required for the FLC
upregulation caused by vall, and that loss of PRCI does not affect the
consequences of NDX deficiency (Fig. 6a). The highest COOLAIR
upregulation was in ndx, with the degree of upregulation being
dependent on PRC1 and VALI (Supplementary Fig. 9a). Supporting
interactions within the VALI-NDX-PRC1 pathway, we also showed that
NDX, VALL, or VALI-recognized RY motifs are necessary for full H2Aub
enrichment at FLC (Fig. 6b, c), as well as H3K27me3 (Supplementary
Fig. 9b and as published in ref. 21). Thus, the VALI-NDX interplay would
seem to be important in the co-transcriptional regulation required for
H2Aub accumulation and the switch to epigenetic silencing. Given the
role of NDX in the stabilization of the COOLAIR-induced R-loop?**, it
will be important to establish if these genetic interactions point to an
additional R-loop role in the FLC nucleation region or are the result of a
gene loop physically linking the 3’ and 5 end of the gene*.

Discussion

How transcriptional repression links to epigenetic silencing is far from
understood. Cell type-specific or developmentally induced transcrip-
tional repressors bind different Polycomb complexes but direct
recruitment models are too simplistic’'’; linear genetic hierarchies
have not been established and functional output of PREs has been
shown to be heavily dependent on the chromatin context*. Our find-
ings that VALI acts as an assembly platform co-ordinating ASAP and
PRC1 activities that occur independently in FLC regulation help explain
some of this complexity. It also raises interesting parallels to the non-
linear recruitment activities of the PcG proteins at Drosophila
PREs’*%*°, with ASAP co-transcriptional repressors and PRC1 compo-
nents likely redundantly establishing the chromatin environment
required for robust PRC2 silencing (Fig. 7).
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Fig. 6 | VALL, PRC1, and NDX are required for H2Aub accumulation at the FLC
nucleation region. FLC expression and H2Aub enrichment depend on VALL, NDX,
and PRCL. a FLC expression in mutants of VALL, PRC1, and NDX. Values correspond
to the mean relative expression to the geometric mean of UBC and PP2A. Statistics
are calculated with a two-tail Student’s ¢-test in comparison to Col-0. N=3

biological replicates; error bars = SEM. b, ¢ H2Aub ChIP results. X-axis shows the
midpoint of the amplicons relative to the FLC Transcriptional Start Site (amplicon
0=TSS). NoAb no antibody negative control; N =3 biological replicates for H2Aub
IPs and three qPCR technical replicates for NoAb controls; error bars = SEM. NV
non-vernalized, 6 W 6 weeks (cold).

ASAP and PRC1 have been documented to have very different
roles in gene regulation in different organisms. ASAP has pre-
viously been shown to play a role as part of the spliceosome and
exon junction complexes in many organisms®**°, whereas PRC1
functionality is associated with H2Aub and transcriptional
silencing®. In plants, ASAP has been associated with the regulation
of innate immunity** and abiotic responses® and considered to
function through altering RNA metabolism or alternative
splicing®**. However, we did not detect any effect of an sr45S
mutation on alternative splicing or splicing efficiency of the FLC
sense strand introns. Instead, we found changes linked to co-
transcriptional repression, namely RNA Polll post-translational
modifications and histone modifications associated with Polycomb
target ON or OFF states. We thus propose that SR45, as an ASAP
component, influences a co-transcriptional step modulating RNA
Polll complex composition and thus the chromatin modifications
deposited during transcription. The ASAP complex clearly reg-
ulates FLC during growth in the warm, as judged by mutant phe-
notypes, but if it functions in cold, it does so redundantly with
other factors.

The PRCl-mediated H2Aub modification has been associated
with transcriptional regulation and epigenetic stability in Drosophila
and mammalian cells*. At FLC, the PRCI-H2Aub is associated with
transcriptional repression in warm conditions in Col-O, or in
response to cold in FRI+ genotypes. In this respect, PRC1 appears to
function at FLC more as a variant PRC1 rather than a canonical PRC1.
The timescale of the VAL1-PRC1-mediated H2Aub accumulation at the
FLC nucleation region during cold exposure suggests an inter-
mediary role between the transcriptional silencing determined by
ASAP-VAL1 and the long-term PRC2 epigenetically stable spread
state. However, the genetic redundancy makes PRC1 functionality
hard to tease apart so we were unable to precisely dissect the inter-
dependency of PRCl-delivered H2Aub, ASAP function and PRC2-
delivered H3K27me3 in the epigenetic switch at FLC. The co-
transcriptional changes linked to VALI-dependent H2Aub deposi-
tion thus appear to be important steps, which work together with

multivalent trans-factor interactions to robustly recruit PcG com-
plexes to their target sites.

VALLI has been reported to interact with many proteins. In addi-
tion to components of ASAP and PRC], it has been shown to interact
with LHP1%, histone deacetylases (HDA9 and HDA6)>*>, and Mediator
complex component (MED13)*. The new interaction found here
between VAL and the R-loop stabilizer NDX* points to a potential
relationship with R-loops. It will be important in the future to under-
stand what mediates these interactions and how their association is
epigenetically inherited at the nucleation region, like at Drosophila
PREs. It will also be interesting to continue to dissect whether the ASAP
complex only has a function in warm conditions, or its function is
covered in the early cold by other factors. These are likely to involve
the antisense transcripts at FLC (COOLAIR) that contribute to tran-
scriptional silencing during cold exposure, which associate with the
chromatin at the 5’ end of FLC, and in which natural variation has a
functional consequence***°.

Overall, we interpret our data as showing that VALI functions as an
assembly platform to coordinate co-transcriptional repression and
chromatin regulation at Arabidopsis FLC. We envisage that transcrip-
tion is downregulated by multiple repressor complexes (ASAP and
PRC1) either linked to RNA Polll and interacting with VALI at the
nucleation region or assembled at the nucleation region. These appear
to function independently in the warm, with H2Aub playing a major
role in the cold associated with FLC silencing, alongside PRC2
deposition of H3K27me3. Given the parallels with the Drosophila PcG
mechanism, the activities of these many protein complexes are likely
to function cooperatively to influence the different steps in the
mechanism. Further elucidation will require a detailed analysis of the
co-transcriptional silencing, chromatin modification, and nucleosome
remodeling.

Methods

Plant material

All mutants and transgenic lines were either in Col-0 or FRI*? (ColFRI)
background®~". Unless otherwise stated, experiments in non-vernalized
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mediated H2Aub accumulates at FLC PRE along with H3K27me3 through the
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FLC PRE in an increasing proportion of cells during cold. 4 W 4 weeks cold.

c Subsequently, in late post-cold (return to warm) timepoints, H2Aub is lost from
the FLC PRE, whereas H3K27me3 enrichment increases and spreads over the FLC
gene body, where it is stably maintained long-term. H2K27me3 thus marks long-

term epigenetic silencing with H2Aub serving as a transient repression signal.

conditions used Col-0 as a wildtype. The analyses in the vernalization
time course used ColFRI as a wildtype to capture dynamics of cold-
induced FLC expression and chromatin changes. Mutant alleles were
used as described previously: bmilB (dripI-1), bmilA (drip2-1), ringlA
(GK-293A04), ringlB (SALK_117958), ndxI-4, flc (flc-2), RY motif (vrn8),
vall-2,vin3-4, vrn2-1, vrn5-8, sap18 (SALK_02363C), sr45 (SALK_018273),
and acinus (SALK_078554)"%-*3%%_Double mutants were generated by
crosses between homozygous single mutant lines and selected by PCR-
based genotyping using primers listed in Supplementary Table 2.

Growth conditions

Seeds were surface sterilized and sown on MS-GLU (MS without glu-
cose) media plates and stratified at 4 °C in the dark for 2 days. For non-
vernalized (NV) conditions, seedlings were grown for 14 days in long-
day conditions (16 h light, 8 h darkness with a constant 20 °C). For
vernalization treatment, seedlings were grown at 5°C in short-day
conditions (8 h light, 16 h darkness with constant 5 °C) for the number
of weeks indicated in the respective experiment description.

Protein co-immunoprecipitation in Arabidopsis

Four grams of Arabidopsis seedlings were crosslinked and ground to a
fine powder in liquid N,, following ChIP protocol®. Immunoprecipita-
tion of protein complexes was done as described in" using Protein A
beads (Thermo Fisher Scientific, #10008D) coupled with HA antibody
(CST, #3724). IP product was resuspended in 2X NuPAGE sample buffer
(Thermo Fisher Scientific, #NPO007) and denatured at 70 °C for 15 min
with 100 mM DTT. The final samples were run on NuPAGE Bis-Tris gels
(Thermo Fisher Scientific, # NP0321) and subjected to in-gel digestion.

Protein bands corresponding to heavy and light chains of anti-
body were excised from NuPAGE gels. The rest of gels were combined
and prepared according to standard procedures adapted from®’.
Briefly, gel slices were washed with 50 mM Triethylammonium bicar-
bonate (TEAB) buffer pH 8 (Sigma, #T7408), incubated with 10 mM
DTT for 30 min at 65°C, followed by incubation with 30 mM iodoa-
cetamide (IAA) at room temperature (both in 50 mM TEAB) for alky-
lation of cysteine residues. After washing and dehydration with
acetonitrile, the gels were soaked with 50 mM TEAB containing 10 ng/
ul Sequencing Grade Trypsin (Promega, #V5111) and incubated at 50°C
for 8 h. The peptides were eluted with an equal volume of 5% formic
acid followed by different steps of acetonitrile concentration (up to
50%). The combined supernatants were dried in a SpeedVac con-
centrator (Thermo Fisher Scientific, #SPD120) for mass spectrometry,
and the peptides were dissolved in 0.1%TFA/3% acetonitrile.

Protein co-immunoprecipitation in mammalian cells

HEK293T cells were seeded on poly-L-lysine coated plates at ~70%
confluency and transfected with a DNA:PEI (1:3.5) mixture after cells
had attached, one 89 mm tissue culture dishes per ColP was used. After
attachment, cells were transfected with 8 ug total DNA (2 ug of GFP-
VALI and 6 ug of Flag-dsRed-SAP19, BMI1B, or TPL). Cells were lysed
~18 h post-transfection in lysis buffer (20 mM Tris pH 7.4, 200 mM
NaCl, 10% glycerol, 5 mM NaF, 2 mM Na;VO,, 1 mM EDTA, 0.2% Triton
X-100, EDTA-free protease inhibitor cocktail (Roche)). Lysates were
clarified by centrifugation (16100 rcf, 10 min), and supernatants were
incubated with GFP-trap (Chromotek) for 90 min at 4 °C on an over-
head tumbler. Immunoprecipitates were washed three times in lysis
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buffer and eluted by boiling in LDS sample buffer for 10 min. Input and
ColP fractions were separated by SDS-PAGE, blotted onto PVDF
membrane, checked for equal loading by Ponceau staining, and pro-
cessed for Western blotting with appropriate antibodies. Primary
antibodies (anti-GFP (Sigma, #G1544) or anti-FLAG (Sigma, #7425)))
and secondary antibodies were diluted 1:5000 in PBS, 0.1% Triton
X-100 and 5% milk powder. Blots were washed with PBS, 0.1% Triton
X-100 and developed with ECL Western Blotting Detection
Reagent on film.

Mass spectrometry

Samples were analyzed by nanoLC-MS/MS on an Orbitrap Fusion Tri-
brid mass spectrometer coupled to an UltiMate 3000 RSLCnano LC
system (Thermo Fisher Scientific, # IQLAAEGAAPFADBMBCX). The
samples were loaded and trapped using a pre-column with 0.05% TFA
at 20 pl/min for 3 min. The trap column was then switched in-line with
the analytical column (nanoEase M/Z column, HSS C18 T3, 100 A, 1.8
um; Waters, #186008818) for separation using the following gradient
of solvents: A (water, 0.05% formic acid) and B (80% acetonitrile, 0.05%
formic acid) at a flow rate of 0.3 ul min-1: 0-3 min 3% B (trap only); 3-
4 min linear increase B to 6%; 4-71 min increase B to 50%; 71-76 min
increase B to 65%; followed by a ramp to 99% B and re-equilibration to
3% B in 23 min. Data were acquired with the following mass spectro-
meter settings in positive ion mode: MS1/OT: resolution 120K, profile
mode, mass range m/z 300-1800, AGC 4e5, fill time 50 ms; MS2/IT:
data dependent analysis was performed using parallel CID and HCD
fragmentation with the following parameters: top20 or top25 in IT
rapid mode, centroid mode, quadrupole isolation window 1.6 Da,
charge states 2-7, threshold 1.5e4, CE = 30, AGC target 1e4, max. inject
time 35 ms, dynamic exclusion 1 count, 15 s exclusion, exclusion mass
window 5 ppm or 2 counts, 30 s, 7 ppm.

The raw data was processed in Proteome Discoverer 3.0 (Thermo
Scientific, Waltham, USA). Spectra were recalibrated and filtered for
top20 peaks per 100 Da. Identification was performed using the
Chimerys search node with the inferys_2.1 fragmentation prediction
model. Parameters were enzyme trypsin, 2 missed cleavages, oxidation
(M) as variable and carbamidomethylation (C) as fixed modification, 0.6
Da fragment tolerance. Evaluation was performed using Percolator. For
peak detection and quantification, the Minora Feature Detector was
used with a min. trace length of 7 and S/N 3. After normalisation to total
peptide amount the quantification was based on the top3 unique pep-
tides per protein. Missing values were imputed by low abundance
resampling. For hypothesis testing a background-based T-test was
applied. Maximum fold change was set to 100. The counts from VALI-
HA? bait samples were calculated in comparison to Col-HA negative
controls (ColFRI containing empty construct with HA tag). Results were
exported to Microsoft Excel and filtered to remove contaminants and
proteins with less than 5 unique peptides.

Yeast two-hybrid analysis

Yeast two-hybrid protocol was adapted from ref. 60. The AH109 strain
was used for transformation, following the protocol described in the
Yeast Protocols Handbook (version no. PR973283 21; Clontech), with
both Gal4-BD and Gal4-AD constructs added. In detail, yeast cultures of
wildtype strain AH109 were grown up to OD600 = 0.8 at 28 °C on Yeast
Peptone Dextrose (YPD). The cells were spun at 2000 rcf and washed
twice with Buffer 1 (0.1 M LiAc, 1M Sorbitol, 0.5x TE buffer pH 7.5).
Final cell pellet was resuspended in Buffer 2 (0.1 M LiAc, 40% PEG 3350,
1x TE buffer pH 7.5) and incubated for 10 min at room temperature.
About 0.5-1pg plasmid DNA containing Gal4-BD and Gal4-AD con-
structs and 10 pg salmon sperm was mixed with 600 pL of Buffer 2 and
added to the cells, followed by incubation at 30 °C for 30 min. 30 uL
DMSO was added, the mixture was vortexed and incubated for 20 min
at 42 °C. The mixture was spun for 3 min at 4000 rcf, resuspended in
200 pL Synthetic Dextrose (SD) medium and plated onto Petri dishes

with solid SD medium lacking Trp and Leu (SD-LW) for transformant
selection. Transformed cells were grown for 3 days. Transformed yeast
were grown to OD600 = 0.8 and spotted onto selective SD medium
additionally lacking His (SD-LWH) which permitted the identification
of weak protein interactions. Yeast dilutions during spotting were: 1/1,
1/5,1/25, 1/25.

Expression analysis

Total RNA extraction was performed using the hot phenol method, as
described elsewhere®. Genomic DNA contamination was removed
using a TURBO DNA-free kit (Invitrogen, #AM1907) following the
manufacturer’s guidelines. cDNA was synthesized using SuperScript IV
First-strand Synthesis System (Invitrogen, #18091050), using gene-
specific primers. cDNA was diluted ten times before qPCR. All primers
are listed in Supplementary Table 2. cDNA was amplified using SYBR
Green | Master (Roche, 04887352001) and run on LightCycler 480
machine (Roche, 05015243001). Ct values were normalized to the
geometric mean of reference genes: UBIQUITIN CARRIER PROTEIN 1
(UBC) and/or SERINE/THREONINE PROTEIN PHOSPHATASE 2 A (PP2A).
Chromatin-associated RNA has been isolated using urea as published
before®,

Nucleosome stability analysis

The protocol has been adapted from ref. 63. About 2 g Arabidopsis
seedlings were ground in liquid nitrogen, resuspended in 35 ml NIB
buffer (10 mM MES-KOH pH 5.4, 10 mM NaCl, 10 mM KCI, 2.5mM
EDTA, 250 mM Sucrose, 0.1 mM Spermine, 0.5 mM Spermidine, 1 mM
DTT, 1x Protease inhibitor cocktail EDTA-free (Thermo Fisher Scien-
tific, # A32965)) and filtered through one layer of miracloth. 20% Triton
X-100 was added to final concentration of 0.35%, the extract was
rotated at 4 °C for 10 min, and spun at 1000xg for 10 min. The pellet
was transferred to Low Protein Binding tubes (Thermo Fisher Scien-
tific, #90410) and washed twice with MNase buffer (10 mM Tris-HCI pH
8,5 mM NaCl, 2.5 mM CacCl,, 2 mM MgCl,, 1x Protease inhibitor cocktail
EDTA-free (Thermo Fisher Scientific, # A32965)) at 1000xg for 3 min.
The pellet was weighted and MNase buffer was added in a ratio of 5 pL
buffer:1 pg pellet. The mixture was prewarmed at 37 °C for 5min.
About 150 pL of the mixture was put aside as an uncut sample and the
other 150 uL was subjected to 5U/ml (final concentration) MNase
(Takara Bio, #2910 A) enzymatic digestion at 37 °C for 10 min. The
concentration of MNase was experimentally tested to obtain a
nucleosome ladder as in ref. 63. The reaction was stopped by adding
EGTA to final concentration of 2 mM. The mixture was spun at 1000xg
for 3 min, supernatant was removed, the pellet resuspended in 80 mM
salt buffer (80 mM NaCl) and rotated at 4 °C for 15 min. The samples
were spun at 1000xg for 3 min and the supernatant was collected as a
mobile nucleosome fraction. Samples were adjusted to 500 pL and
subjected to DNA recovery by adding 1/50 volume 0.5M EDTA, 1/50
vol. 5M NaCl and 2 pL RNAse A (Thermo Fisher Scientific, #EN0531).
The samples were incubated at 37°C for 30 min. Proteins were
removed by adding 1/16 vol. 10% SDS to a final concentration of 0.63%
and 2.5 pL Proteinase K (Ambion, #AM2546), followed by incubation at
50°C for 1h. The samples were then subjected to standard phenol-
chloroform-isoamyl alcohol and DNA precipitation with ethanol. The
enrichment was calculated by qPCR with primers indicated in Sup-
plementary Table 2. Ct values in mobile nucleosome fraction were
normalized to uncut DNA and Gypsy-like transposon (At4g07700) as
an internal control, following normalizations as published in ref. 37.

Micrococcal nuclease assay (MNase-qPCR)

About 2 g Arabidopsis seedlings were ground in liquid nitrogen and
the pellet was resuspended in Honda buffer?, filtered through mira-
cloth, and spun at 1000xg, 4 °C for 10 min, similarly to ChIP protocol.
Subsequently, the pellet was washed twice in MNase buffer (10 mM
Tris-HCI pH 8, 5mM NaCl, 2.5mM CaCl,, 2mM MgCl,, 1x Protease
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inhibitor cocktail EDTA-free (Thermo Fisher Scientific, # A32965)) and
finally resuspended in 1 mL MNase buffer. The samples were divided
into 300 pL uncut control and 300 pL MNase-digested sample. The
mixtures were prewarmed at 37°C for 5min and digested samples
were treated with 66.6 U/mL (final conc.) MNase enzyme (Takara Bio,
#2910 A) at 37 °C for 30 min. The reactions were stopped by adding 1/
100 volume 0.5 M EDTA and subjected to protein extraction by adding
0.05% (final conc.) SDS, followed by standard phenol-chloroform-
isoamyl alcohol and DNA precipitation with isopropanol. The enrich-
ment was calculated by qPCR with primers indicated in Supplementary
Table 2. Ct values in mobile nucleosome fraction were normalized to
uncut DNA.

Formaldehyde-assisted isolation of regulatory elements (FAIRE)
FAIRE protocol was adapted from ref. 37. The samples were separated
into FAIRE (fixed) and UN-FAIRE (unfixed) samples. Preparation of UN-
FAIRE samples follows the same protocol as FAIRE samples, but with-
out the Formaldehyde crosslinking step. In detail, 1 ug seedlings were
washed three times in Phosphate-buffered saline (PBS) and fixed in 1%
Formaldehyde under vacuum for 10 min. Fixation was quenched by
adding 0.125M Glycine under vacuum for 5min. The seedlings were
rinsed three times in PBS and dried on a paper towel. The tissue was
ground to a fine powder using a mortar and pestle for 10-15 min. The
powder was resuspended in ice-cold Buffer 1 (400 mM sucrose, 10 mM
Tris-HCI pH 8.0, 5 mM Beta-mercaptoethanol, 0.1 mM PMSF, one tablet
of Complete Protease Inhibitor Cocktail per 50 mL of buffer) and
incubated at 4 °C (cold room) on a rotor for 10 min. Homogenized
suspension was filtered through two layers of Miracloth and spun at
2880 rcf for 20 min. The pellet was resuspended in 1mL Buffer 2
(50 m M sucrose, 10 mM Tris-HCI, pH 8.0, 10 mM MgCl,, 1% Triton X-
100, 5mM Beta-mercaptoethanol, 0.1mM PMSF, 2 Complete Pro-
tease Inhibitor Tablet per 10 mL of the buffer) and transferred to 1.5 mL
Eppendorftube. The samples were spun at 12000 rcf for 10 min at 4 °C.
Wash with Buffer 2 was repeated two more times. The pellet was
resuspended in 300 uL Buffer 3 (1.7 M Sucrose, 10 mM Tris-HCI pH 8,
0.15% Triton X-100, 2 mM MgCl,, 5 mM Beta-mercaptoethanol, 1 mM
PMSF, 1/2 Complete Protease Inhibitor Tablet per 10 mL buffer). The
resuspended pellet was overlaid onto 300 uL Buffer 3 and spun at
16000 rcf for 60 min at 4 °C. The pellet was resuspended in Buffer 4
(50 mM Tris-HCI pH 8.0, 10 mM EDTA, 1% SDS, 0.1mM PMSF, Y4
Complete Protease Inhibitor Tablet per 5mL of the buffer) by vor-
texing. The mixture was sonicated in three rounds of sonication for
5 min each (30 s ON/30 s OFF cycles) and mixed in between the rounds.
The optimal resulting fragment size should be 0.2-0.8 kb. The mixture
was spun at 16000 rcf for 10 min at 4 °C and supernatant was trans-
ferred to a new tube. Equal (300 L) volume of Phenol-Chloroform-
Isoamyl alcohol (PCI) solution was added and vortexed for 5 min. The
solution was spun at 12000 rcf for 10 min at room temperature. The
upper aqueous phase was transferred to a new tube. 0.1 volume of 3M
sodium acetate, 2.5 volume of absolute pure ethanol, and 1 uL glycogen
was added. The solution was incubated at —80 °C for 1 h, then spun at
16000 rcf for 45 min at 4 °C. The pellet was washed with 70% ethanol
twice and spun at 11000 rcf for 10 min at room temperature. The pellet
was dried up for 5-10 min at room temperature and resuspended in
DNAse-free water. The enrichment was assessed by qPCR using pri-
mers indicated in Supplementary Table 2. Calculations were per-
formed using the AACt method as described in ref. 37 with
normalization of a crosslinked sample (FAIRE) to non-crosslinked
sample (UN-FAIRE) and then to UBC9 (AT4G27960) as an internal
control.

Chromatin immunoprecipitation

Histone modification and Polll ChIP was performed as previously
described”?, respectively. Immunoprecipitation was done with anti-
bodies: anti-H3 (Abcam, #ab1791), anti-H3K27me3 (Millipore, #07-

449), H2AK119ub (Cell Signaling Technology, #8240), anti-H3K36me3
(Abcam, #ab9050). Polll antibodies were as in®. All ChIP experiments
were followed by qPCR with indicated primer pairs (Supplementary
Table 2).

Statistical analysis

Statistical analyses were performed in Microsoft Excel and R Studio (R
v4.0.2). P value, P value levels, and sample number are included in
figures and figure legends. Significance calculations with Student’s ¢
test were precluded by F-test to determine the usage of hetero-
scedastic or homoscedastic test. Unless otherwise stated, Student’s ¢-
tests were two-tail. P value levels were marked by asterisks on the
figures as follows: * (P< 0.05), * (P< 0.01), ** (P< 0.001).

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

The data that support this study are available from the correspond-
ing authors upon reasonable request. Raw and processed proteomic
data from VALl mass spectrometry was deposited to the Proteo-
meXchange Consortium (http://proteomecentral.proteomexchange.
org) via PRIDE partner repository® and are available under dataset
identifier: PXD036548.

References

1. Schuettengruber, B., Bourbon, H. M., Di Croce, L. & Cavalli, G.
Genome regulation by polycomb and trithorax: 70 years and
counting. Cell 171, 34-57 (2017).

2. DiCroce, L. & Helin, K. Transcriptional regulation by polycomb
group proteins. Nat. Struct. Mol. Biol. 20, 1147-1155
(2013).

3. Fursova, N. A. et al. Synergy between variant PRC1 complexes
defines polycomb-mediated gene repression. Mol. Cell 74,
1020-1036.€8 (2019).

4. Scelfo, A. et al. Functional landscape of PCGF proteins reveals both
RING1A/B-dependent-and RING1A/B-independent-specific activ-
ities. Mol. Cell 74, 1037-1052.e7 (2019).

5. Kahn, T.G. etal. Interdependence of PRC1and PRC2 for recruitment
to polycomb response elements. Nucleic Acids Res. 44,
10132-10149 (2016).

6. Kahn,T.G., Stenberg, P., Pirrotta, V. & Schwartz, Y. B. Combinatorial
interactions are required for the efficient recruitment of pho
repressive complex (PhoRC) to polycomb response elements. PLoS
Genet. 10, €1004495 (2014).

7. Alfieri, C. et al. Structural basis for targeting the chromatin
repressor Sfmbt to polycomb response elements. Genes Dev. 27,
2367-2379 (2013).

8. Frey, F. et al. Molecular basis of PRC1 targeting to polycomb
response elements by PhoRC. Genes Dev. 30, 1116-1127
(2016).

9. Klose, R. J., Cooper, S., Farcas, A. M., Blackledge, N. P. &
Brockdorff, N. Chromatin sampling - an emerging perspective
on targeting polycomb repressor proteins. PLoS Genet. 9,
1003717 (2013).

10. Berry, S., Dean, C. & Howard, M. Slow chromatin dynamics allow
polycomb target genes to filter fluctuations in transcription factor
activity. Cell Syst. 4, 445-457.e8 (2017).

1. Michaels, S. D. & Amasino, R. M. FLOWERING LOCUS C encodes a
novel MADS domain protein that acts as a repressor of flowering.
Plant Cell 1, 949-956 (1999).

12. Sheldon, C. C. The molecular basis of vernalization: the central role
of FLOWERING LOCUS C (FLC). Proc. Natl Acad. Sci. USA 97,
3753-3758 (2000).

Nature Communications | (2022)13:5542

10


http://proteomecentral.proteomexchange.org/
http://proteomecentral.proteomexchange.org/

Article

https://doi.org/10.1038/s41467-022-32897-7

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Johanson, U. et al. Molecular analysis of FRIGIDA, a major deter-
minant of natural variation in Arabidopsis flowering time. Science
290, 344-347 (2000).

Zhu, P., Lister, C. & Dean, C. Cold-induced Arabidopsis FRIGIDA
nuclear condensates for FLC repression. Nature 599,
657-661(2021).

Swiezewski, S., Liu, F., Magusin, A. & Dean, C. Cold-induced silen-
cing by long antisense transcripts of an Arabidopsis polycomb
target. Nature 462, 799-802 (2009).

Berry, S., Hartley, M., Olssen, T. S., Dean, C. & Howard, M. Local
chromatin environment of a polycomb target instructs its own
epigenetic inheritance. eLife 4, e07205 (2015).

Yang, H. et al. Distinct phases of polycomb silencing to hold epi-
genetic memory of cold in Arabidopsis. Science 357,

1142-1145 (2017).

De Lucia, F., Crevillen, P., Jones, A. M. E., Greb, T. & Dean, C. A PHD-
polycomb repressive complex 2 triggers the epigenetic silencing of
FLC during vernalization. Proc. Natl Acad. Sci. USA 105,
16831-16836 (2008).

Finnegan, J. E. Time-dependent stabilization of the +1 nucleosome is
an early step in the transition to stable cold-induced repression of
FLC. Plant J. 84, 875-885 (2015).

Wood, C. C. et al. The Arabidopsis thaliana vernalization response
requires a polycomb-like protein complex that also includes VER-
NALIZATION INSENSITIVE 3. Proc. Natl Acad. Sci. USA 103,
14631-14636 (2006).

Qlesta, J. I. et al. Arabidopsis transcriptional repressor VALT trig-
gers polycomb silencing at FLC during vernalization. Science 353,
485-8 (2016).

Yang, C. et al. VAL-and AtBMI1-mediated H2Aub initiate the switch
from embryonic to postgerminative growth in Arabidopsis. Curr.
Biol. 23, 1324-1329 (2013).

Chen, D., Molitor, A., Liu, C. & Shen, W. H. The Arabidopsis PRC1-
like RING-finger proteins are necessary for repression of
embryonic traits during vegetative growth. Cell Res. 20,
1332-1344 (2010).

Merini, W. et al. The Arabidopsis polycomb repressive complex 1
(PRC1) components AtBMI1A, B, and C impact gene networks
throughout all stages of plant development. Plant Physiol. 173,
627-641 (2017).

Yuan, L. et al. The transcriptional repressors VAL1 and VAL2 recruit
PRC2 for genome-wide polycomb silencing in Arabidopsis. Nucleic
Acids Res. 49, 98-113 (2021).

Xu, L. & Shen, W. H. Polycomb silencing of KNOX genes confines
shoot stem cell niches in Arabidopsis. Curr. Biol. 18,

1966-1971 (2008).

Bratzel, F., Lopez-Torrejon, G., Koch, M., Del Pozo, J. C. & Calonje, M.
Keeping cell identity in Arabidopsis requires PRC1 RING-finger
homologs that catalyze H2A monoubiquitination. Curr. Biol. 20,
1853-1859 (2010).

Baile, F., Merini, W., Hidalgo, I. & Calonje, M. EAR domain-containing
transcription factors trigger PRC2-mediated chromatin marking in
Arabidopsis. Plant Cell 33, 2701-2715 (2021).

Sun, Q., Csorba, T., Skourti-Stathaki, K., Proudfoot, N. J. & Dean, C.
R-loop stabilization represses antisense transcription at the Arabi-
dopsis FLC locus. Science 340, 619-621 (2013).

Zhu, Y. et al. The Arabidopsis nodulin homeobox factor AtNDX
interacts with AtRING1A/B and negatively regulates abscisic acid
signaling. Plant Cell 32, 703-721 (2020).

Marquardt, S. et al. Functional consequences of splicing of the
antisense transcript COOLAIR on FLC transcription. Mol. Cell 54,
156-165 (2014).

Bi, Y. et al. Arabidopsis ACINUS is O-glycosylated and regulates
transcription and alternative splicing of regulators of reproductive
transitions. Nat. Commun. 12, 945 (2021).

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Geraldo, N., Baurle, |., Kidou, S. I., Hu, X. & Dean, C. FRIGIDA delays
flowering in Arabidopsis via a cotranscriptional mechanism invol-
ving direct interaction with the nuclear cap-binding complex. Plant
Physiol. 150, 1611-1618 (2009).

Deka, B. & Singh, K. K. Multifaceted regulation of gene expression
by the apoptosis- and splicing-associated protein complex and its
components. Int. J. Biol. Sci. 13, 545-560 (2017).

Henikoff, S., Henikoff, J. G., Sakai, A., Loeb, G. B. & Ahmad, K.
Genome-wide profiling of salt fractions maps physical properties of
chromatin. Genome Res. 19, 460-469 (2009).

Yang, H., Howard, M. & Dean, C. Antagonistic roles for H3K36me3
and H3K27me3 in the cold-induced epigenetic switch at Arabi-
dopsis. Flc. Curr. Biol. 24, 1793-1797 (2014).

Omidbakhshfard, M. A., Winck, F. V., Arvidsson, S., Riaflo-Pachdn,
D. M. & Mueller-Roeber, B. A step-by-step protocol for
formaldehyde-assisted isolation of regulatory elements from
Arabidopsis thaliana. J. Integr. Plant Biol. 56, 527-538 (2014).
Teves, S. S. & Henikoff, S. DNA torsion as a feedback mediator

of transcription and chromatin dynamics. Nucleus 5, 211-218
(2014).

Itoh, Y., Woods, E. J., Minami, K., Maeshima, K. & Collepardo-Gue-
vara, R. Liquid-like chromatin in the cell: What can we learn from
imaging and computational modeling? Curr. Opin. Struct. Biol. 71,
123-135 (2021).

Kralemann, L. E. M. et al. Removal of H2Aub by ubiquitin-specific
proteases 12 and 13 is required for stable Polycomb-mediated
gene repression in Arabidopsis. Genome Biol. 21, 144

(2020).

Yin, X. et al. H2AK121ub in Arabidopsis associates with a less
accessible chromatin state at transcriptional regulation hotspots.
Nat. Commun. 12, 315 (2021).

Crevillén, P., Sonmez, C., Wu, Z. & Dean, C. A gene loop containing
the floral repressor FLC is disrupted in the early phase of vernali-
zation. EMBO J. 32, 140-148 (2013).

Csorba, T., Questa, J. I., Sun, Q. & Dean, C. Antisense COOLAIR
mediates the coordinated switching of chromatin states at FLC
during vernalization. Proc. Natl Acad. Sci. USA 1M,

16160-16165 (2014).

Zhou, Y., Romero-Campero, F. J., Gdmez-Zambrano, A., Turck, F. &
Calonje, M. H2A monoubiquitination in Arabidopsis thaliana is
generally independent of LHP1 and PRC2 activity. Genome Biol. 18,
69 (2017).

Shen, L. et al. The putative PRC1 RING-finger protein AtRING1A
regulates flowering through repressing MADS AFFECTING FLOW-
ERING genes in Arabidopsis. Dev 141, 1303-1312 (2014).

Xu, C. et al. R-loop resolution promotes co-transcriptional chro-
matin silencing. Nat. Commun. 12, 1790 (2021).

De, S., Cheng, Y., Sun, M. A, Gehred, N. D. & Kassis, J. A. Structure
and function of an ectopic polycomb chromatin domain. Sci Adv. 5,
eaau9739 (2019)

Sengupta, A. K., Kuhrs, A. & Mdiller, J. General transcriptional
silencing by a polycomb response element in Drosophila. Devel-
opment 131, 1959-1965 (2004).

Christen, B. & Bienz, M. Imaginal disc silencers from Ultrabithorax:
evidence for polycomb response elements. Mech. Dev. 48,
255-266 (1994).

Schwerk, C. et al. ASAP, a novel protein complex involved in

RNA processing and apoptosis. Mol. Cell. Biol. 23,

2981-2990 (2003).

Li, P., Tao, Z. & Dean, C. Phenotypic evolution through variation in
splicing of the noncoding RNA COOLAIR. Genes Dev. 29,

696-701 (2015).

Zhang, X. N. et al. Transcriptome analyses reveal SR45 to be a
neutral splicing regulator and a suppressor of innate immunity in
Arabidopsis thaliana. BMC Genomics 18, 772 (2017).

Nature Communications | (2022)13:5542



Article

https://doi.org/10.1038/s41467-022-32897-7

53. Albagami, M., Laluk, K. & Reddy, A. S. N. The Arabidopsis splicing
regulator SR45 confers salt tolerance in a splice isoform-dependent
manner. Plant Mol. Biol. 100, 379-390 (2019).

54. Chen, S. L. et al. Quantitative proteomics reveals a role for SERINE/
ARGININE-rich 45 in regulating RNA metabolism and modulating
transcriptional suppression via the ASAP complex in Arabidopsis
thaliana. Front. Plant Sci. 10, 1116 (2019).

55. Barbour, H., Daou, S., Hendzel, M. & Affar, E. B. Polycomb
group-mediated histone H2A monoubiquitination in epigen-
ome regulation and nuclear processes. Nat. Commun. 11,
5947 (2020).

56. Chhun, T. et al. HSI2 repressor recruits MED13 and HDAG6 to down-
regulate seed maturation gene expression directly during Arabi-
dopsis early seedling growth. Plant Cell Physiol. 57,

1689-1706 (2016).

57. Zeng, X. et al. HISTONE DEACETYLASE 9 functions with polycomb
silencing to repress FLOWERING LOCUS C expression. Plant Phy-
siol. 182, 555-565 (2020).

58. Qin, F. et al. Arabidopsis DREB2A-interacting proteins function
as RING E3 ligases and negatively regulate plant drought
stress-responsive gene expression. Plant Cell 20,

1693-1707 (2008).

59. Shevchenko, A. et al. In-gel digestion for mass spectrometric
characterization of proteins and proteomes. Nat. Protoc. 1,
2856-2860 (2007).

60. Mikulski, P. et al. The chromatin-associated protein PWOT1 interacts
with plant nuclear lamin-like components to regulate nuclear size.
Plant Cell 31, 1141-1154 (2019).

61. Box, M. S., Coustham, V., Dean, C. & Mylne, J. S. Protocol: a simple
phenol-based method for 96-well extraction of high quality RNA
from Arabidopsis. Plant Methods 7, 7 (2011).

62. Wu, Z. et al. Quantitative regulation of FLC via coordinated tran-
scriptional initiation and elongation. Proc. Natl Acad. Sci. USA 113,
218-223 (2016).

63. Teves, S. S. & Henikoff, S. Salt fractionation of nucleosomes
for genome-wide profiling. Methods Mol. Biol. 833, 421-432
(2012).

64. Nojima, T. et al. Mammalian NET-seq reveals genome-wide
nascent transcription coupled to RNA processing. Cell 161,
526-540 (2015).

65. Perez-Riverol, Y. et al. The PRIDE database and related tools and
resources in 2019: improving support for quantification data.
Nucleic Acids Res. 47, D442-D450 (2019).

Acknowledgements

This work was funded by the BBSRC grant BB/PO06590/1, Wellcome
Trust grant 210654/Z/18/Z and supported by the BBSRC Institute Stra-
tegic Programmes GRO (BB/J004588/1) and GEN (BB/P013511/1) and a
Royal Society Professorship to CD. The authors would like to thank all
members of the Dean lab for discussions.

Author contributions

P.M., P.W., and C.D. conceived the study. P.M. performed: yeast two-
hybrid, FAIRE, nucleosome mobility, ChlPs and expression analyses in
vall and PRC1 mutants. P.W. performed: expression analyses, histone
marks and Polll ChIPs for ASAP mutants. D.Z. performed nucleosome
position experiment. T.L. performed protein co-immunoprecipitation
with mass spectrometry. T.L., G.S., and C.M. did proteomic data analysis.
M.N. performed H2Aub ChIP in Supplementary Fig. 5. J.1.Q. initiated the
genetic analysis. E.F.E. performed ColP in Supplementary Fig. 2. P.M.
and C.D. designed the experiments. C.D. lead the general concept of
research. P.M. and C.D. wrote the paper with other authors contributing
to their relevant sections of the manuscript. C.D. is the lead contact for
this paper.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-022-32897-7.

Correspondence and requests for materials should be addressed to
Pawel Mikulski or Caroline Dean.

Peer review information Nature Communications thanks Letian Chen
and Wen-Hui Shen for their contribution to the peer review of this
work. Peer reviewer reports are available.

Reprints and permission information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

Nature Communications | (2022)13:5542

12


https://doi.org/10.1038/s41467-022-32897-7
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	VAL1 acts as an assembly platform co-�ordinating co-transcriptional repression and chromatin regulation at Arabidopsis FLC
	Results
	ASAP-VAL1 and PRC1-VAL1 complexes may affect different phases of FLC silencing
	Mutations of the ASAP complex affect FLC expression in warm but not cold-treated plants
	SR45-dependent co-transcriptional repression at FLC
	VAL1 affects specific nucleosome dynamics
	H2Aub accumulates during cold at the FLC nucleation region but does not spread like H3K27me3 upon return to warm
	VAL1 and NDX physically interact and are required for H2Aub accumulation at the FLC nucleation region

	Discussion
	Methods
	Plant material
	Growth conditions
	Protein co-immunoprecipitation in Arabidopsis
	Protein co-immunoprecipitation in mammalian cells
	Mass spectrometry
	Yeast two-hybrid analysis
	Expression analysis
	Nucleosome stability analysis
	Micrococcal nuclease assay (MNase-qPCR)
	Formaldehyde‐assisted isolation of regulatory elements (FAIRE)
	Chromatin immunoprecipitation
	Statistical analysis
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




