Targeted 3' Processing of Antisense Transcripts Triggers
Arabidopsis FLC Chromatin Silencing

Fuquan Liu, et al.

Science 327, 94 (2010);

AVAAAS DOI: 10.1126/science.1180278

This copy is for your personal, non-commercial use only.

If you wish to distribute this article to others, you can order high-quality copies for your
colleagues, clients, or customers by clicking here.

Permission to republish or repurpose articles or portions of articles can be obtained by
following the guidelines here.

The following resources related to this article are available online at
www.sciencemag.org (this infomation is current as of September 9, 2011 ):

Updated information and services, including high-resolution figures, can be found in the online
version of this article at:
http://www.sciencemag.org/content/327/5961/94.full.html

Supporting Online Material can be found at:
http://www.sciencemag.org/content/suppl/2009/12/08/science.1180278.DC1.html

This article cites 26 articles, 11 of which can be accessed free:
http://www.sciencemag.org/content/327/5961/94.full.html#ref-list-1

This article has been cited by 1 article(s) on the ISI Web of Science

This article has been cited by 12 articles hosted by HighWire Press; see:
http://www.sciencemag.org/content/327/5961/94.full.html#related-urls

This article appears in the following subject collections:
Botany
http://www.sciencemag.org/cgi/collection/botany

Science (print ISSN 0036-8075; online ISSN 1095-9203) is published weekly, except the last week in December, by the
American Association for the Advancement of Science, 1200 New York Avenue NW, Washington, DC 20005. Copyright
2010 by the American Association for the Advancement of Science; all rights reserved. The title Science is a

registered trademark of AAAS.

Downloaded from www.sciencemag.org on September 9, 2011


http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org/content/327/5961/94.full.html
http://www.sciencemag.org/content/327/5961/94.full.html#ref-list-1
http://www.sciencemag.org/content/327/5961/94.full.html#related-urls
http://www.sciencemag.org/cgi/collection/botany
http://www.sciencemag.org/

REPORTS

94

Ml e e 10

Fig. 2. Conditional mutation rates 12
per A:T or G:C site per generation.
Complementary mutations, such as
A-C and T-G, are pooled. Error 4 10
bars indicate standard errors of the EK
mean. The overall mutation rate, = g
which is the average of the total -2
mutation rates at A:T and G:C sites, §
and its standard error in gray are 5, ©
shown in the background. Only 3
estimates from the consensus 2
method are shown. o
2
2
g 2
0

reported to be at least partially methylated had a
higher probability of mutation to A:T than non-
methylated sites (Fisher’s exact test, P=3.2 x 107).
However, 91% of G:C sites in 4. thaliana were
not reported to be methylated, and they too had a
higher rate of transition (but not transversion) than
AT sites (Fisher’s exact test, P= 1.2 x 10°%). G:C
sites in CpG contexts are known to be more
frequently methylated (20, 27). However, tran-
sitions at G:C sites not known to be methylated
do not happen in CpG contexts more often than
expected by chance (Fisher’s exact test, P = 0.6).
This suggests that factors in addition to methylation
contribute to the high rate of transitions at G:C sites.

In both prokaryotes and eukaryotes, most of the
mutations caused by ultraviolet (UV) light are G:
C—A:T transitions at sites where the C is adjacent
to another C or to a T (dipyrimidine sites) (22).
Among the 33 observed transition mutations at
nonmethylated G:C sites, 31 were in dipyrimidine
contexts, which is more than expected by chance at
the P = 0.02 level (Fisher’s exact test). Thus, we
conclude that the increased rate of transitions at G:C
sites, relative to A:T sites, can be largely explained
by the combined effect of UV-induced mutagenesis
and deamination of methylated cytosines. This
implies that the mutation rate in nature could be
higher than that reported here, because UV radiation
during the MA experiment was probably lower
than in natural conditions.

We used the Arabidopsis Information Resource
(TAIR) 8 annotation (www.arabidopsis.org) to
group all analyzed sites into the functional classes:
intergenic, intronic, untranslated region (UTR),
coding, pseudogene, mobile element, and non-
coding. There is no deficit of nonsynonymous
mutations (G test, P = 0.4), supporting the notion
that the mutation rate we observed is not affected by
selection. We did, however, observe an excess of
intergenic mutations, relative to mutations in coding
regions, introns, and UTRs (fig. S3). These differ-
ences were still significant after taking into account
the effects of base composition and methylation (G
test, P = 0.00025). To test whether the lack of
mutations in genic regions was due to undetected
levels of selection, we compared the intergenic

AT-GC GC-AT AT-CG AT-TA GC-TA GC-+CG

transitions transversions

mutation rate with the rate at synonymous sites and
introns, which are less likely to be under strong
selection, and we still detected a significant deficit of
mutations in the latter (Fisher’s exact test, P=0.001,
for nonmethylated sites). We attribute the deficit of
genic mutations to our observation of a higher
mutation rate in pericentromeric regions (see above),
where gene density is lower (5), although
transcription-coupled DNA repair could also con-
tribute to the pattermn. Lastly, the finding of a higher
mutation rate in pericentromeric regions provides an
explanation of the Arabidopsis-specific pattemn of
higher polymorphism levels near the centromeres
(16, 23), although the underlying mechanism of
such a mutational bias remains to be explained.
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Targeted 3" Processing of Antisense
Transcripts Triggers Arabidopsis FLC
Chromatin Silencing

Fuquan Liu,* Sebastian Marquardt,* Clare Lister, Szymon Swiezewski,t Caroline Deant

Noncoding RNA is emerging as an important regulator of gene expression in many organisms.
We are characterizing RNA-mediated chromatin silencing of the Arabidopsis major floral
repressor gene, FLC. Through suppressor mutagenesis, we identify a requirement for CstF64 and
CstF77, two conserved RNA 3'-end—processing factors, in FLC silencing. However, FLC sense
transcript 3" processing is not affected in the mutants. Instead, CstF64 and CstF77 are required
for 3’ processing of FLC antisense transcripts. A specific RNA-binding protein directs their
activity to a proximal antisense polyadenylation site. This targeted processing triggers localized
histone demethylase activity and results in reduced FLC sense transcription. Targeted 3’ processing
of antisense transcripts may be a common mechanism triggering transcriptional silencing of

the corresponding sense gene.

in many organisms (/, 2). The degree and
mechanism of processing of these tran-
scripts is unclear, as studies of RNA processing

Extensive noncoding RNA has been found

have so far focused on coding (messenger) RNA
transcripts in mammalian and yeast cells. The
large protein complex mediating 3-end process-
ing and polyadenylation has recently been de-
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scribed (3, 4); however, its role in processing
noncoding transcripts is unknown. Analysis of
3’ processing of unstable noncoding RNAs has
identified independent termination pathways with
different components (35).

We have been studying the function of RNA
processing in chromatin regulation through anal-
ysis of the gene encoding the major Arabidopsis
floral repressor FLOWERING LOCUS C (FLC)
(6). The autonomous floral promotion pathway
results in FLC transcriptional silencing through
the activities of two RNA-binding proteins, FCA
and FPA; a member of a cleavage and poly-
adenylation specificity factor (CPSF) RNA 3'-
processing complex, FY, which interacts directly
with FCA (7, 8); and FLD, a dimethylated his-
tone H3 at lysine 4 (H3K4me2) demethylase and
homolog of human LSD1 (9).

To better understand how RNA 3’-processing
links to histone modification to result in FLC si-
lencing, we sought to identify all the components
necessary for FCA-mediated FLC repression
through suppressor mutagenesis. We generated
an Arabidopsis line sensitized to FCA action ex-
pressing 35S::FCAy—a transgene overexpress-
ing FCA, FRIGIDA—a strong activator of FLC
expression and FLC::LUC, so FLC expression
could be monitored with a bioluminescence de-
tection assay (/0, 11). Mutations that suppressed
the ability of FCA to repress FLC, together with
an epistasis analysis of their interaction with fca
mutants, enabled us to identify components re-
quired for FCA action (fig. S1). These mutations,
named suppressors of overexpressed FCA (sof’)
(9), identified additional alleles of known FCA
pathway components FY and FLD (fig. S2) and
new complementation groups sof2 and sof19 (Fig.
1A and fig. S2). Genetic mapping and sequenc-
ing revealed sof2 and sof19 carried mutations in
CstF77 (Atlgl7760) and CstF64 (Atlg71800), re-
spectively (fig. S3, A to C).

CstF77 and CstF64 are the Arabidopsis homo-
logs of two of the three components of the CstF
RNA 3'-processing complex, conserved from
yeast to plants and humans (/2). CstF77 is a
single-copy gene in the Arabidopsis genome. In
sof2 (carrying the cstf77-1 allele), the splice ac-
ceptor site in intron 12 is mutated, which leads
to an in-frame deletion of Tyr**® to Lys®® in exon
13 (fig. S3A). CstF77 is an essential gene in other
organisms (13, 14), yet cstf77-1 plants are viable,
but their flowering is delayed. cstf77-1 is likely
to be a hypomorphic allele, because homozy-
gous mutant progeny could not be identified from
a mutation caused by a transferred DNA insertion
into the 5’ end of the gene (cstf77-2) (fig. S3A).
Further analysis suggested that csyf77-2 causes
female gametophytic lethality (fig. S4, A and B),
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consistent with an essential function for CstF77.
The sof19 mutation introduces a premature stop
codon in the only full-length homolog of CstF64
in the Arabidopsis genome (fig. S3A). This allele
(cstf64-1) also reduces fertility of the plants. A
second, strong allele in Columbia (Col) back-
ground (cstf64-2) (fig. S3A) leads to reduced
organ size, pale leaves, and sterility (fig. S4, C to
E). Therefore, CstF64 function is generally re-
quired in plant growth and development. In mam-
mals, CstF77 interacts physically with CstF64
through a proline-rich region (/5). This interac-
tion was found to be conserved in plants and to
be unaffected by the in-frame deletion in cs#f77-1
(fig. S4F).

We further analyzed the involvement of
CstF64 and CstF77 in FLC repression in geno-
types not sensitized to FCA action. cstf64-1,
cstf64-2, and cstf77-1 had elevated FLC mRNA
levels and flowered later than their respective
controls (Fig. 1, B and C, and fig. S5). We also
undertook an epistasis analysis to determine
whether the CstF components functioned in the
same pathway with known FCA pathway com-
ponents, namely FCA, FY, and FLD. cstf64-2
was not additive with fea-9, -2, or fld-4 mu-
tations but was additive with fve-3 on the basis of
analysis of both flowering time and FLC expres-
sion levels (Fig. 1C and fig. S6). FVE functions
to repress FLC expression by histone deacetyla-
tion in an FCA-independent manner (/6). In
summary, our analysis demonstrates that CstF
components do function in the same pathway as
FCA in the repression of FLC.

Because the genetic analysis established that
CstF components function with the histone de-
methylase FLD to down-regulate FLC, we tested
whether the increased FLC in cstf mutants was
an effect of defective transcriptional repression.
cstfb4 and cstf77 mutants showed elevated FLC
nascent transcript levels (Fig. 2B and fig. S7);
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higher RNA polymerase II (Pol II) association at
FLC (Fig. 2C); and higher levels of H3K4me3,
a histone modification associated with active
transcription (/7) (Fig. 2D). The CstF complex
is generally required for canonical mRNA 3'-end
formation (72), but its loss did not affect FLC
sense RNA 3’ processing; indeed, FLC sense
levels accumulate and are functional as evi-
denced by the late flowering of cstf64 double
mutants (Fig. 1C). Thus, CstF components me-
diate transcriptional repression of FLC levels but
are unlikely to be required for FLC mRNA 3'-end
formation.

FCA directly associates with FLC chromatin
(9), so one explanation for our observations is
that the substrates of CstF64, CstF77, FCA, and
FY are other nascent transcripts from the FLC
locus. We have previously described alternatively
polyadenylated FLC antisense transcripts (9, 18).
One polyadenylation site of the FLC antisense
RNA coincides with the location of FCA on FLC
chromatin, whereas a distal polyadenylation site
overlaps with the FLC sense promoter (9). Quan-
titative reverse transcription polymerase chain re-
action (qQRT-PCR) analysis revealed increased
levels of FLC antisense transcription in fca, fy,
and cstf mutants (fig. S8A). Further analysis has
also revealed additional complexity in the anti-
sense transcripts, so we developed an assay to
detect RNA 3’ processing and polyadenylation
at the specific polyadenylation sites shown in
Fig. 3. qRT-PCR revealed that FLC antisense
RNA 3’ processing was reduced at both prox-
imal and distal polyadenylation sites in cs#f64
and cstf77 (Fig. 3B), but FLC sense RNA poly-
adenylation was not reduced (fig. S§B). Thus, 3’
processing and polyadenylation of FLC anti-
sense transcripts, but not FLC sense transcripts,
appear sensitive to CstF complex activity. Rapid
amplification of cDNA 3’ ends (RACE) analysis
revealed that the same polyadenylation sites are
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Fig. 1. CstF64 and CstF77 regulate FLC levels. (A) Northern and flowering time analysis (total leaf
number) of sof2 (cstf77-1 in FCA-sensitized background) and sof19 (cstfé64-1 in FCA-sensitized
background). Asterisk indicates FLC::LUC; APT is the loading control. (B) Northern analysis of FLC
levels in cstfé64 carrying no transgenes or cstf77 carrying the linked FRI transgene. 3-TUB or APT is
the loading control. (C) cstf64-2 is not additive with fca-9, fy-2, or fld-4 (all Col genotype). (A) and

(C) graph values are means + SD (n = 20).
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used in the fea mutant and wild type; however,
gRT-PCR, supported by strand-specific North-
ern analysis, showed that the relative usage of
each site differed. In fca and fy, proximal site
usage was reduced, and in fca, distal site usage
increased (Fig. 3C and fig. S8C). This is not a
feature of general FLC de-repression, because

A —=1kb
a b
promoterg— ‘Tl L
| | LILLLA L
exon 1 exon 7
AB C G

fragment a fragment b

A b o3 -

(=3 ST N R Ry

nascent FLC [fold change] U3

C2 sof2 sof19 C2 sof2 sof19

Fig. 2. cstf-64 and cstf-77 increase FLC transcription.
(A) Schematic of FLC, vertical bars denote exons. Hor-
izontal bars (A, B, C, and G) denote regions analyzed
by gPCR in chromatin immunoprecipitation (ChIP).
Horizontal bars (a and b) denote the intron-containing
FLC nascent transcripts analyzed by qRT-PCR. (B) Nas-
cent FLC transcript analysis of fragment a (containing
intron 1) and fragment b (containing introns 2 and
3). (C) Pol Il ChIP assay in the different FLC regions in
sof2 (gray) and sof19 (white) normalized to parental

proximal site usage was not affected in fve (Fig.
3C) (16). To investigate the generality of this find-
ing, we analyzed the effects of FPA, a second
RNA recognition motif (RRM) protein that func-
tions in the autonomous floral promotion path-
way. FPA also requires FLD to repress FLC (19),
but it functions independently of FCA (19). As
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line C2 (black). (D) H3K4me3 ChIP assay in FLC regions in sof2 (gray) and sof19 (white) normalized to
parental line C2 (black). Error bars represent standard errors derived from at least two biological and
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In this FLC schematic, vertical bars denote exons; transcription
start site of FLC sense RNA is indicated by an arrow. FLC sense
(top) and antisense (bottom) transcripts with dashed lines indi-
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cating introns, arrows with symbol (A) are polyadenylation sites,

and shading shows the region of multiple antisense RNA start sites. (B) The 3’ processing of FLC
antisense transcripts is reduced at both distal and proximal sites in sof2 and sof19. FLC antisense
transcript levels are normalized to total FLC antisense transcript and given as fold change compared
with the parental line C2. (€) The 3’ processing of FLC antisense transcripts at the proximal (top) and
the distal sites (bottom) in different mutants (all in the Col genotype without transgene). FLC antisense
transcript levels are normalized to total FLC antisense transcript and given as fold change compared
with the Col wild type. The raw qPCR data are given in table S1. In (B) and (C), averages and standard
errors of three biological repeats with two technical repeats are shown.

in fca, proximal site usage in the FLC antisense
transcript was reduced, and distal site usage
increased in fpa-7 (Fig. 3C). Because the two
RRM proteins trigger FLC silencing indepen-
dently, we predicted that disruption of FPA func-
tion would cause increased FLC expression even
in the sensitized FCA background. This was con-
firmed through the identification of sof34 as a
novel fpa mutation (fig. S9). Taken together,
these results reveal that both RNA-binding pro-
teins independently function to promote 3’ pro-
cessing at the proximal site in the FLC antisense
transcript and that this activity triggers FLC
sense strand transcriptional silencing.

The position of the proximal 3'-processing
site on the antisense transcript coincides with the
site where FCA associates with FLC chromatin
(9). This suggests a model whereby FCA, inter-
acting with a component of the CPSF complex,
targets CstF-dependent 3’ processing to the prox-
imal site on FLC antisense transcripts (fig. S10).
An indirect effect, via CstF regulation of an in-
termediary regulator, is possible, but unlikely, be-
cause of the direct association of FCA with FLC.
Proximal FLC antisense transcript 3' processing
is promoted by FCA and FY (Fig. 3), which is
reminiscent of the FCA-FY interaction—dependent
3'-processing site choice in F'CA negative-feedback
regulation (7). FPA also enhances usage of this
proximal 3'-processing site. These activities then
appear to converge to trigger FLD-dependent
demethylation of H3K4me2 in the body of the
gene, downstream of the proximal polyadenyl-
ation site. We speculate that this may involve
termination-associated processes, perhaps cotran-
scriptional decay of the antisense RNA down-
stream of the cleavage site (20). Whatever the
mechanism, down-regulation of both sense and
antisense transcription is the net result. We sus-
pect the activity of DICER-LIKE3, previously
shown to function in this process (9), is required
to couple the 3’ processing to FLD histone de-
methylase function (27); however, RNA poly-
merases involved in silencing mediated by small
interfering RNA (siRNA) (18) only weakly sup-
press FCA activity (fig. S11). A role for small
RNAs in the targeting of the histone demeth-
ylase activity to the central part of the locus may
lead to frans effects on homologous sequences
in the genome, perhaps explaining the small ef-
fect of an fca mutation on an FLC transgene
lacking the 3’ region (22).

The proteins involved in this silencing
mechanism—two RRM proteins, a factor asso-
ciated with 3’ processing components, and a
conserved histone demethylase—also silence
transposons and transgenes in Arabidopsis
(20, 23). This mechanism may therefore play a
more general role, rather than only regulating
the floral repressor gene, FLC. This is consistent
with the role for CPSF complex components
in suppressing viral amplicon-induced gene
silencing in Arabidopsis (24). This mechanism
may also be very important in nonplant genomes.
Genome-wide antisense transcripts, identified in
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many organisms, function in chromatin silenc-
ing (2, 25, 26) and RNA 3’-processing compo-
nents mediate gene silencing in Caenorhabditis
elegans (27). Therefore, the 3" processing of anti-
sense transcripts may be a general mechanism
triggering chromatin silencing in eukaryotes.
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Reproducibility Distinguishes
Conscious from Nonconscious
Neural Representations

Aaron Schurger,®* Francisco Pereira,™*? Anne Treisman,* Jonathan D. Cohen®?

What qualifies a neural representation for a role in subjective experience? Previous evidence
suggests that the duration and intensity of the neural response to a sensory stimulus are factors.
We introduce another attribute—the reproducibility of a pattern of neural activity across different
episodes—that predicts specific and measurable differences between conscious and nonconscious
neural representations indepedently of duration and intensity. We found that conscious neural
activation patterns are relatively reproducible when compared with nonconscious neural activation
patterns corresponding to the same perceptual content. This is not adequately explained by a

difference in signal-to-noise ratio.

accepted that sensory-perceptual information

can be processed by the brain, even at the
semantic level, without that information “reaching”
or “entering” awareness (/—3). But what does it
mean for neural information to reach awareness?
Once the information has been encoded in neural
activity, what else has to happen for it to become
part of one’s subjective reality? A growing body of
evidence suggests that the intensity of activation in
areas that encode the contents of perception (such as
the ventral-temporal cortex) is one determinant of
whether or not that information contributes directly
to subjective experience (4-7). However, local
enhancement of a cortical sensory signal is also
associated with attention (&), which can be
independent of awareness (9—11). Therefore, there
may be additional features other than the intensity of
neural activity that distinguish conscious from
nonconscious neural information.

Though once controversial, it is now widely
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Kinsbourne (/2) proposes three interacting
properties that collectively determine whether or
not a neural representation will contribute directly
to subjective experience: (i) the duration and (ii)
the intensity of a pattern of activity and (iii) the
coherence of that pattern of activity with the dom-
inant “configuration” of neural activity at the glob-
al level. Here, we propose that another attribute
of neural activity patterns, reproducibility, character-
izes conscious representations. We define reproduc-
ibility as the similarity of patterns of neural activity
across different instances of the same percept. We
focused specifically on reproducibility because it is
measurable and therefore empirically testable. A
corollary of our proposal that conscious represen-
tations are more reproducible is that unconscious
representations are more variable, even as they
may carry information within a given episode.

We used functional magnetic resonance im-
aging (fMRI) to measure brain activity while
subjects performed a simple visual category-
discrimination task (n = 12 subjects) (13).
Stimuli were simple line drawings of faces and
houses (12 of each), rendered in two opposing
but isoluminant colors (Fig. 1) (13). Visibility of

the stimuli was manipulated by using dichoptic
color masking (DCM) (Fig. 1) (7). Subjects were
asked to identify the category of the stimulus (face
or house) on each trial, guessing if necessary, and
to wager (“high” or “low” for monetary rewards)
on the accuracy of each of their perceptual deci-
sions (/4—16). Wagering was used as a collateral
index of subjects’ awareness of the object.

For visible stimuli, performance was at or near
100% correct for all 12 subjects, and all wagers
were high. For invisible stimuli, task performance
was only marginally different from chance (54 +
2.5(smm %o correct; P < 0.06, one-tailed ¢ test), and
sensitivity of high wagers to correct responses
[wagering d-prime, or d' (/3)] was not different
from zero (mean d’ = 0.015 + 0.11spng; P = 045,
one-tailed ¢ test). For invisible stimuli, wagering d’
and overall willingness to place high wagers were
not significantly correlated across subjects [correla-
tion coefficient () = 0.33, P > 0.30, n = 12 sub-
jects]. This reassures against the possibility that
wagering d’ was artificially low because of an in-
teraction with a wagering bias (/6). The proportion
of high wagers (for invisible stimuli) was similar for
faces and houses (0.20 and 0.19, respectively).

Subjects were always aware of a visual event—
a yellowish flickering square—and this provoked
substantial activation in and of itself. What varied
was subjects’ awareness of an object embedded in
the square. We used multivariate pattern analysis to
ascertain how the encoding of perceptual infor-
mation differs depending on whether or not that
information is present in subjective experience (/7).
Thus, in our analyses we focused specifically on the
patterns of activation corresponding to the percep-
tual information of which the subject was or was
not aware: the category of the object.

To verify the neural representation of category-
specific information for both visible and invisible
stimuli, we attempted to discriminate the category
of the stimulus (faces versus houses) on the basis of
the spatial pattern of neural activity in the temporal
lobes [derived statistically from each run of
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