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Background: microRNA172 (miR172) accumulation is regulated by ambient temperature.

Results: FCA promotes miR172 processing by directly binding to the primary miR172 transcripts at warm temperature.
Conclusion: FCA regulates miR172 accumulation at the processing step in response to changes in ambient temperature.
Significance: The FCA-miR172 regulon is crucial for understanding thermosensory flowering in Arabidopsis.

Ambient temperature fluctuates diurnally and seasonally. It
profoundly influences the timing of flowering in plants. The flo-
ral integrator FLOWERING LOCUS T (FT) mediates ambient
temperature signals via the thermosensory pathway in Arabi-
dopsis flowering. microRNA172 (miR172), which promotes
flowering by inducing FT, also responds to changes in ambient
temperature. However, it is largely unknown how miR172 inte-
grates ambient temperature signals into the flowering genetic
network. Here, we show that Arabidopsis RNA-binding protein
FCA promotes the processing of primary microRNA172 tran-
scripts (pri-miR172) in response to changes in ambient temper-
ature. Ambient temperature regulates miR172 biogenesis pri-
marily at the pri-miR172 processing step. miR172 abundance is
elevated at 23 °Cbut notat 16 °C. miR172 accumulation at 23 °C
requires functional FCA. FCA binds to the flanking sequences of
the stem-loop within the pri-miR172 transcripts via the RNA
recognition motif. FCA also binds to the primary transcripts of
other temperature-responsive miRNAs, such as miR398 and
miR399. Notably, levels of FCA mRNAs and proteins increase at
23 °C but remain low at 16 °C, supporting the role of FCA in
temperature perception. Our data show that FCA regulation of
miR172 processing is an early event in the thermosensory flow-
ering pathway. We propose that the FCA-miR172 regulon pro-
vides an adaptive strategy that fine tunes the onset of flowering
under fluctuating ambient temperature conditions.

Ambient temperature influences diverse aspects of plant
developmental processes (1, 2). Temperature extremes, such as
cold and heat, initiate signaling cascades and metabolic adap-
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tation responses that enhance plant survival. These tempera-
ture effects may be associated with recent concerns about
changes in flowering time of many plant species in the temper-
ate zones, possibly due to global warming (3, 4).

Flowering is a major developmental trait strongly influenced
by ambient temperature. Molecular genetic studies in Arabi-
dopsis have shown that even small changes in ambient temper-
ature significantly affect flowering time (1, 2). Arabidopsis flow-
ering is delayed at low temperatures but accelerated at high
temperatures (5, 6). The effects of ambient temperature on
flowering are mediated by the floral integrator FT? via the ther-
mosensory flowering pathway (5, 6). Recent studies have shown
that various flowering genes, including FCA, FVE, SHORT
VEGETATIVE PHASE (SVP), FLOWERING LOCUS M (FLM),
EARLY FLOWERING 3 (ELF3), and TERMINAL FLOWER 1
(TFL1), are involved in this flowering pathway (5— 8). It has also
been reported that the histone H2A variant H2A.Z also plays a
role in temperature perception in flowering (9). However, it is
largely unknown how the components of the thermosensory
flowering pathway are functionally interrelated.

FCA was originally identified as a component of the autono-
mous flowering pathway (10, 11). FCA regulates FLOWERING
LOCUS C (FLC) expression by modulating proximal poly-
adenylation site selection of noncoding antisense RNAs (12—
14). FCA also regulates its own expression by modulating alter-
native RNA cleavage and polyadenylation of the primary FCA
transcripts (15, 16). It functions through physical interactions
with FY, a WD repeat-containing protein that is closely related
to the yeast RNA 3’-end processing protein factor Pfs2p (17). In
addition, RNA 3’-end processing activity of FCA is required for
silencing of multiple RNAs and subsequent DNA methylation
in a locus-dependent manner (18 -20), suggesting that molec-
ular mechanisms underlying the FCA function are more com-
plicated than previously expected.

2 The abbreviations used are: FT, FLOWERING LOCUS T; AP2, APETALAZ2; CO,
CONSTANS; DCL1, DICER-LIKE 1; ELF3, EARLY FLOWERING 3; FLC, FLOWER-
ING LOCUS C; FLM, FLOWERING LOCUS M; FRI, FRIGIDA; HYL1, HYPONAS-
TIC LEAVES 1; MBP, maltose-binding protein; miRNA, microRNA; miR172,
microRNA172; MS, Murashige and Skoog; pri-miR172, primary micro-
RNA172; gRT-PCR, quantitative real time RT-PCR; RIP, RNA immunoprecipi-
tation; SE, SERRATE; SMZ, SCHLAFMUTZE; SNZ, SCHNARCHZAPFEN; SVP,
SHORT VEGETATIVE PHASE; TFL1, TERMINAL FLOWER 1; TOE, TARGET OF
EAT; ZT, zeitgeber time; rTOE1, resistant TOE1.
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MicroRNA172 (miR172) is one of the most extensively stud-
ied miRNAs in plants, particularly in flowering transition and
floral development (21-26). It represses a small group of genes
encoding APETALA?2 (AP2)-like transcription factors, includ-
ing AP2, TARGET OF EAT 1 (TOE1), TOE2, TOE3, SCHLAE-
MUTZE (SMZ), and SCHNARCHZAPFEN (SNZ). It promotes
photoperiodic flowering by inducing FT'ina CONSTANS (CO)-
independent manner (22-24). Interestingly, miR172 accumu-
lation is ambient temperature-responsive (27). Its abundance is
lower at 16 °C than at 23 °C. Overexpression of miR172 causes
temperature-insensitive flowering, suggesting that miR172
may function in thermosensory flowering. Of particular inter-
est is the observation that miR172 abundance is reduced signif-
icantly in fca mutants (22), raising the possibility that miR172 is
involved in the FCA-mediated thermosensory flowering.

In this work, we demonstrate that FCA regulates the proc-
essing of primary transcripts of miR172 and other temperature-
responsive miRNAs, such as miR398 and miR399 (27). FCA
binds to the flanking sequences of the stem-loop in the primary
miRNA transcripts. FCA activity is modulated by ambient tem-
perature at both the transcriptional and protein levels. These
observations support that FCA serves as a platform for miRNA
processing by incorporating temperature signals into the
miRNA processing machinery.

EXPERIMENTAL PROCEDURES

Plant Materials and Growth Conditions—Arabidopsis thali-
ana lines used were in a Col-0 background unless specified
otherwise. Plants were grown in soil or on 1/2X Murashige and
Skoog (MS)-agar plates (hereafter referred to as MS-agar
plates) in a controlled culture room at 23 °C under long days (16
h light and 8 h dark). To examine the effects of ambient tem-
peratures on gene expression, plants were grown at either 16 or
23 °C for the indicated times. To examine the kinetic patterns of
miRNA accumulation, plants were grown at either 23 °C for 1
week or at 16 °C for 2 weeks. The two plant groups were con-
sidered to be in similar developmental stages as evaluated by
comparing overall sizes and shapes of plants, leaf morphology
and numbers, and formation of abaxial trichomes (28, 29).

Generation of miR172-overproducing Transgenic Plants—
The miR172b gene sequence covering a 1410-bp transcription
unit was amplified from a Col-0 cDNA pool by RT-PCR as
described previously (22). The miR172b gene construct was
transformed into Col-0 plants and several flowering time
mutants, such as fca-9 and fve-3. Approximately 30 independ-
ent transgenic plants that exhibit early flowering were isolated
from each transformation. Homozygotic transgenic plants hav-
ing a single copy T-DNA insertional event were identified by
herbicide selection for two additional generations and analysis
of segregation ratios.

Analysis of Gene Transcript Levels—Gene transcript levels
were determined by quantitative real time RT-PCR (qRT-PCR).
qRT-PCRs were carried out in 96-well blocks with an Applied
Biosystems 7500 Real-Time PCR System (Foster City, CA)
using the SYBR Green I Master Mix in a reaction volume of 25
pl. All qRT-PCRs were carried out in biological triplicates using
RNA samples extracted from three independent plant materials
treated under identical growth conditions and gene-specific
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primer pairs listed in supplemental Table S1. Data processing
and determination of reaction specificities were carried out as
described previously (30).

miRNA Northern Blot Analysis—Total RNA samples were
extracted from appropriate plant materials by the TRIzol
method according to the procedure provided by the supplier
(Invitrogen) but with a few modifications as described previ-
ously (22). miRNA Northern blot analyses were carried out
using the ULTRA-Hyb Oligo solution according to the proce-
dure provided by the manufacturer (Ambion, Houston, TX).
Oligonucleotide probes were 5’-end-labeled with [y-*’P]JATP
and T4 polynucleotide kinase (Takara, Shiga, Japan). An oligo-
nucleotide complementary to 5 S rRNA was also processed in
the same manner and used as quality control for RNA prepara-
tions. Quantitation of bands on the blots was carried out by
densitometry of images using the Labwork image acquisition
and analysis software (Media Cybernetics, San Diego, CA)
installed in the system. At least three representative blots were
counted and averaged for each quantitation.

Preparation of MBP-FCA Fusion Protein—The FCA gene was
subcloned into the pMAL-c2X Escherichia coli expression vec-
tor (New England Biolabs, Ipswich, MA) containing a maltose-
binding protein (MBP)-coding sequence. Recombinant MBP
and MBP-FCA proteins were synthesized in the E. coli Rosetta2
(DE3) pLysS strain (Novagen, Madison, W1) and partially puri-
fied as described previously (30).

In Vitro Pulldown Assays—DNA fragments corresponding to
MIR172 gene transcripts were amplified by PCR from genomic
DNA and subcloned into the pGEM-7Zf (+) E. coli expression
vector (Promega, Madison, WI) under the control of the SP6
and T7 promoters. The vector constructs were used as tem-
plates for in vitro transcription in the presence of [a-**P]UTP to
generate **P-labeled MIR172 RNAs. The in vitro binding of
FCA to RNAs was performed as described previously (31).

RNA in Vitro Pulldown Assay—Biotin-labeled MIR172 RNAs
were in vitro transcribed using the Biotin RNA Labeling Mix
(Roche Applied Science) and T7 RNA polymerase (Roche
Applied Science), treated with RNase-free DNase I (New Eng-
land Biolabs), and purified with an RNeasy Mini kit (Qiagen,
Valencia, CA). Nuclear extract was obtained from 35S:FCA
transgenic plants overexpressing the MYC-FCA fusion gene as
described (32). Two micrograms of biotin-labeled RNAs and
nuclear extract were mixed in pulldown buffer (50 mm Tris-
HCl, pH 7.5, 150 mm NaCl, 2 mm DTT, 0.05% Nonidet P-40)
containing protease inhibitor mixture (Sigma-Aldrich) and
incubated for 6 h at 4 °C, and then 30 ul of washed streptavidin-
agarose beads (Roche Applied Science) were added to each
binding reaction and further incubated for 2 h at 4 °C. Beads
were washed briefly five times, boiled in SDS buffer, and then
subjected to Western blots against anti-MYC antibody (Milli-
pore, Billerica, MA).

Electrophoretic Mobility Shift Assay (EMSA)—EMSA assays
were performed as described previously (31) using recombi-
nant MBP-FCA fusion protein. The **P-labeled RNAs were
incubated for 30 min at room temperature with 1 ug of MBP-
FCA fusion protein in binding buffer (10 mm Tris-HCI, pH 7.6,
50 mMm NaCl, 1 mm EDTA, 5 mm DTT, 5% glycerol) supple-
mented with 100 ng of poly(dI-dC) in the presence or absence
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of competitor RNAs. The reaction mixtures were resolved on a
4% non-denaturing polyacrylamide gel at 100 V for 1 h at room
temperature. The gels were dried on Whatman 3MM paper and
exposed to x-ray films.

RNA Immunoprecipitation (RIP) Assay—RIP assays were car-
ried out essentially as described previously (33). Two-week-old
35S:FCA transgenic plants grown on MS-agar plates were used for
preparation of nuclear extracts. To collect protein-RNA com-
plexes, an anti-MYC antibody (Millipore) and protein A-agarose
beads (Millipore) were added to the nuclear extracts. After elution
of protein-RNA complexes, DNA and proteins were removed
from the protein-RNA eluent by using RNase-free DNase I (New
England Biolabs) and proteinase K (Roche Applied Science), and
RNA molecules were purified from the eluent using the RNeasy
Mini kit (Qiagen). First strand cDNA was synthesized using the
Moloney murine leukemia virus reverse transcriptase (Promega)
and then subjected to qRT-PCRs.

RESULTS

miR172 in Thermosensory Flowering—Ambient temperature
influences flowering time through the FT-mediated thermo-
sensory pathway (5). The miR172 signaling pathway promotes
flowering primarily by inducing FT gene (22—24). In addition,
miR172 abundance is affected by changes in ambient tempera-
ture (27), raising a possibility that miR172 is linked with ther-
mosensory flowering.

In support of this hypothesis, effects of ambient temperature
on flowering initiation were reduced significantly in Arabidop-
sis plants overproducing miR172 (35S:172) (Fig. 1A). The tem-
perature effects were also reduced in the miR172 target gene
mutants, particularly in higher order mutants, such as toel toe2
double and toel toe2 smz triple mutants. Similarly, the sensitiv-
ity of FT transcription to ambient temperature was diminished
in the 35S:172 transgenic plants and toel toe2 smz triple
mutants (Fig. 1B), indicating that miR172 mediates ambient
temperature signals in flowering time control.

Ambient Temperature Regulation of miR172 Abundance—
We set up a series of experiments to determine whether
miR172 is involved in ambient temperature regulation of
flowering.

We first measured miR172 levels at different zeitgeber time
(ZT) points in Col-0 plants grown at different temperatures.
The miR172 level is very low during the early vegetative phase
but is rapidly elevated during the late adult vegetative phase (29,
34). For accurate measurements of miR172 abundance, it was
important to slow down the rate of plant growth. For this rea-
son, all miR172 Northern blot analyses were carried out using
plants grown on sucrose-deficient media. The miR172 levels
were higher in plants grown at 23 °C than at 16 °C at all ZT
points (supplemental Fig. S1). To examine systematically the
temperature effects, 7-day-old plants grown at 23 °C were
transferred to 16 °C, and kinetic levels of miR172 and FT mRNA
were measured. Whereas the miR172 levels increased gradually
in plants grown at 23 °C, the rate of increase was significantly
lower in plants grown at 16 °C (Fig. 2A4). Kinetic patterns of FT'
expression were also similar to those of miR172 accumulation
(Fig. 2B) but disappeared in serrate-1 (se-1) (35) and hyponastic
leaves 1-2 (hyl1-2) (36) mutants having defects in miRNA bio-
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FIGURE 1. Roles of miR172 and its targets in thermosensory flowering. A,
flowering phenotypes and developmental phase transitions. Plants were
grown in soil at either 23 or 16 °C until flowering under long days. Leaf num-
bers in individual leaf developmental phases were counted and averaged
using 30 plants for each plant genotype. Bars indicate S.E. The numbers in
parentheses refer to the ratios of total leaf numbers at 16 and 23 °C (16/23 °C).
B, levels of FT mRNA. Ten-day-old whole plants grown at either 23 or 16 °C
were harvested at ZT16 for total RNA extraction. mRNA levels were examined
by gRT-PCR (t test; *, p < 0.05). Error bars indicate S.E.

genesis (Fig. 2C). We also observed a correlation between the
temporal accumulation patterns of FT mRNA and miR172 dur-
ing the transition from 16 to 23 °C (supplemental Fig. S2).

We constructed transgenic plants overexpressing TOEI-
MYC and miR172-resistant TOE1 (rTOE1)-MYC fusion genes,
resulting in 35S:TOE1 and 35S:rTOE1 transgenic plants,
respectively (supplemental Fig. S3, A, B, C, and D), and the
levels of TOE1 protein and FT' mRNA were measured in the
transgenic plants grown at different temperatures. The results
showed that although the temperature effects on the levels of
TOE1 protein and FT mRNA were relatively strong in the 35S:
TOE]1 plants the effects disappeared in the 35S:rTOE1 plants
(supplemental Fig. S3, E and F). Our observations strengthen
the possibility that miR172 and its targets are responsible for
the thermosensory regulation of FT expression.

FCA Is Essential for miR172 Accumulation at 23 °C—1It has
been shown that miR172 levels are relatively low in fca mutant
(22). We therefore investigated whether FCA is required for
miR172 accumulation at 23 °C. At 16 °C, miR172 levels were
lower in the fca-9 and flk-1 mutants (37) as observed in Col-0
plant (Fig. 3A4). The levels were also lower in FRI-Col plants in
which FRIGIDA gene was introgressed into Col-0 plants (38).
At 23 °C, whereas the miR172 levels were significantly elevated
in Col-0, flk-1, and FRI-Col plants, they were elevated only
slightly in the fca-9 mutant (Fig. 34). We also examined the
kinetic patterns of miR172 accumulation in the mutants that
were grown at 23 °C and then exposed to 16 °C. The miR172
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FIGURE 2. miR172 level is elevated at 23 °C. Levels of miR172 and FT mRNA
levels were examined by Northern blot analysis and qRT-PCR, respectively.
Error bars indicate S.E. d, days; Rel., relative. A and B, kinetic measurements of
miR172 abundance (A) and FT mRNA levels (B) after transfer from 23 to 16 °C.
Seven-day-old plants grown at 23 °C were either maintained at 23 °C or trans-
ferred to 16 °C. Whole plants were harvested at different ZT points for up to 7
days. In B, the red and blue lines indicate peaks of FT expression in plants
grown at 23 and 16 °C, respectively. C, FT mRNA levels in se-1 and hyl1-2
mutants. Seven-day-old plants grown at 23 °C were either maintained at
23 °C or transferred to 16 °C. Whole plants were harvested at ZT16 for up to 7
days.

levels were lower in the fca-9 mutant even at 23 °C (Fig. 3, Band
(), indicating that miR172 accumulation at 23 °C requires FCA
but is independent of FLC.

The SVP gene plays a role in the thermosensory flowering
pathway (7). We found that at 23 °C miR172 levels were signif-
icantly higher in svp-41 mutant but detectably lower in SVP-
overexpressing transgenic plants (35S:SVP) than in Col-0
plants when grown (Fig. 3D). When plants were exposed to
16 °C, miR172 levels were still reduced in the svp-41 mutant and
35S:SVP transgenic plants as observed in Col-0 plants. In addi-
tion, mutation of the SVP gene does not influence miR172 accu-
mulation at both 16 and 23 °C (Fig. 3, B and E). These observa-
tions indicate that although the SVP gene has a negative effect
on miR172 accumulation (27) thermosensory regulation of
miR172 accumulation is mostly independent of SVP.

FCA Regulates Pri-miR172 Processing—The next question
was how ambient temperature regulates miR172 accumulation.
Levels of primary transcripts of MIRI72 genes (pri-miR172
transcripts) were slightly higher in plants grown at 16 °C than in
plants grown at 23 °C (Fig. 4, A and B) unlike the high accumu-
lation of miR172 at 23 °C. The pre-miR172 levels were equally
low at both temperatures (Fig. 4B). These data indicate that
ambient temperature regulates primarily the processing step
from pri-miR172 to pre-miR172 rather than the transcription
of MIR172 genes.
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FIGURE 3. FCA is required for miR172 accumulation at 23 °C. miR172 levels
were examined by Northern blot analysis. Error bars indicate S.E. A, relative
miR172 levels in flowering time mutants. Ten-day-old plants grown at either
23 or 16 °C were harvested at ZT16 for extraction of total RNA. Band C, kinetic
measurements of miR172 levels in Col-0 plant (B) and fca-9 mutant (C). Seven-
day-old plants grown at 23 °C were further grown at either 23 or 16 °C for up
to 7 days (d). Whole plants were harvested at ZT16 for extraction of total RNA.
D, miR172 levels in 35S:SVP transgenic and svp-41 mutant plants. Ten-day-old
plants grown at either 23 or 16 °C were harvested at ZT16 for extraction of
total RNA. E, kinetic measurements of miR172 levels in svp-41 mutant. Prepa-
ration of plant materials and extraction of total RNA were carried out as
described in Band C.

To eliminate any temperature effects on MIR172 gene tran-
scription in the assays, we produced 35S:pri-miR172b and 35S:
pre-miR172b transgenic plants in which the MIR172b gene
sequences consisting of 1410 and 95 bases, respectively, were
overexpressed (Fig. 4C). In the 35S:pri-miR172b transgenic
plants, the miR172 level was higher at 23 °C than at 16 °C (Fig.
4D). In contrast, the miR172 levels were similar at both temper-
atures in the 35S:pre-miR172b transgenic plants (Fig. 4E). Con-
sistent with this, flowering of the 35S:pri-miR172b transgenic
plants was delayed by 30-50% at 16 °C than at 23 °C, but the
delayed flowering at 16 °C disappeared in the 35S:pre-miR172b
transgenic plants (supplemental Fig. S4). These observations
indicate that ambient temperature modulates the pri-miR172-
to-pre-miR172 processing step.

VOLUME 287+NUMBER 19-MAY 4, 2012


http://www.jbc.org/cgi/content/full/M111.337485/DC1

A 2.5
5
w2
3 é
%.1.5 ¢*
21 )
305 _ E
& miR167 - -] |

0722 172b 172c 172d 1.72e ss(EEEE] X

C mwrizw D sssprimirizoe B 355 pre-mirizon
16°C_23°C 16°C_23°C
= miR172 miR172
prl -miR172b _ _
361b mimm %2 8 ?
pr|° -miR172b 1 —1
K &
95b —pre -miR172b 0
F Col-0 fea-9 fre-3 FRECo

T16°C 23°C ' "16°C 23°C ' " 16°C 23°C ' '16°C 23°C '
55|’!."| —

ié[imm[imiﬂ
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used for extraction of total RNA. miR172 levels were examined by Northern
blot analysis. Error bars indicate S.E. A, effects of ambient temperature on
MIR172 gene expression. Transcript levels of the MIR172 genes were analyzed
by qRT-PCR (t test; *, p < 0.05). B, relative levels of pri-miR172 and pre-miR172
transcripts and mature miR172. miR167 was included for comparison. The
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The numbers indicate molecular sizes (in bases) of size marker (SM) RNAs. C,
MIR172b gene constructs used. Black boxes are introns, and white boxes are
exons. b, bases. D, miR172 levels in 35S:pri-miR172b transgenic plants. E,
miR172 levels in 35S:pre-miR172b transgenic plants. F, miR172 levels in flow-
ering time mutants overexpressing pri-miR172b construct driven by the cau-
liflower mosaic virus 35S promoter. Rel., relative.
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We also transformed the pri-miR172b gene construct into
fca-9 and fre-3 mutants, and miR172 levels were measured in
the transgenic plants grown at different temperatures. Whereas
the temperature effects on miR172 processing were maintained
in the fve-3 background, the temperature effects disappeared in
the fca-9 background (Fig. 4F). The lack of temperature effects
in the miR172-overproducing fca-9 plants, unlike the small
effects on miR172 processing in the parental fca-9 mutant (Fig.
3A), is certainly because the miR172 levels are extremely high in
the miR172-overproducing fca-9 plant (supplemental Fig. S5).
These observations indicate that FCA plays a primary role in
ambient temperature regulation of miR172 processing.

FCA Binds to Pri-miR172 Transcripts—FCA is an RNA-bind-
ing protein that has two copies of RNA recognition motifs in
the N-terminal region (15, 16). We therefore anticipated that it
would regulate pri-miR172 processing by directly binding to
the pri-miR172 transcripts.

To test this hypothesis, we carried out RNA binding assays
using nuclear extracts prepared from transgenic plants overex-
pressing the FCA-MYC fusion (35S:FCA). A modified version of
the pri-miR172b RNA having ~100 nucleotides at both sides of
the stem-loop, designated pri®-miR172b (Fig. 4C and supple-
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mental Fig. S6A), was prepared to facilitate the RNA binding
assays. The pri®>-miR172b RNAs were biotinylated by in vitro
transcription. The RNA binding assays revealed that FCA binds
efficiently to the biotinylated pri®-miR172b RNAs (Fig. 54).
The assays also showed that the FCA-RNA interactions occur
via the RNA recognition motifs (supplemental Fig. S6B).

We further examined the FCA-pri®-miR172b RNA interac-
tions by EMSA (Fig. 5B). The results showed that FCA binds to
the pri®-miR172b RNA in a dose-dependent manner, and the
FCA binding was reduced in the presence of competitor RNAs
(Fig. 5B). Similarly, FCA also bound to the pri®-miR172a RNA
(supplemental Fig. S6C). In addition, RIP assays using nuclear
extracts of the 35S:FCA transgenic plants revealed that native
FCA is strongly associated with pri-miR172a, pri-miR172b, and
pri-miR172d transcripts in vivo (Fig. 5C).

FCA Binds to Flanking Sequences of Stem-Loop in Pri-miR172
Transcripts—W e next asked what structural element(s) of pri-
miR172 transcripts is responsible for FCA binding. Intrigu-
ingly, a set of in vitro pulldown assays showed that FCA binds to
both the pri°®~-miR172b and pre-miR172b RNAs under low
stringency washing conditions containing 0.1% Triton X-100
(supplemental Fig. S6, D and E). However, under high strin-
gency washing conditions containing 0.3% Triton X-100, FCA
bound only to the pri®-miR172b RNA (Fig. 5D, top panel).
Meanwhile, FCA did not bind to double-stranded DNAs corre-
sponding to the pri®-miR172b and pre-miR172b RNAs (Fig. 5D,
middle panel). FCA also bound to the pri®-miR172a RNA (sup-
plemental Fig. S6F), but it did not bind to the pri®-miR172c
RNA (supplemental Fig. S6G). These observations show that
FCA binds primarily to some, if not all, of the primary miR172
transcripts, which is also consistent with the i vivo interaction
of native FCA with pri-miR172 transcripts (Fig. 5C).

To determine the sequence element of the pri-miR172 tran-
scripts required for FCA binding, we generated several deletion
forms of the pri®-miR172a and pri®-miR172b RNAs (Fig. 5E). A
set of in vitro pulldown assays revealed that FCA binds to the
flanking sequences at both sides of the pri®-miR172b RNA with
a preference to the 3'-flanking sequence (Fig. 5F). Notably, FCA
also bound to the P3 deletion forms missing the stem-loop
sequences. Together with the FCA binding to pri-miR172 tran-
scripts but not to pre-miR172 transcripts, these data demon-
strate that FCA binds in a non-sequence-specific manner to the
single-stranded flanking sequences of the stem-loops of at least
pri-miR172a and pri-miR172b transcripts. The non-sequence-
specific FCA binding to single-stranded RNA molecules has
also been reported previously (11).

FCA Binds to Primary Transcripts of miR398 and miR399—
Our data indicated that FCA binds to the pri-miR172 tran-
scripts and promotes pri-miR172 processing. Besides miR172,
several additional miRNAs, including miR156, miR398, and
miR399, have been reported to be ambient temperature-re-
sponsive (27). Therefore, a question was whether FCA also reg-
ulates the processing of these miRNAs.

We first measured the levels of miR156, miR398, and miR399
in fca-9 mutant and 35S:FCA transgenic plants. miRNA North-
ern blot analysis revealed that the levels of miR398 and miR399
were reduced detectably in the fca-9 mutant (Fig. 6A4), suggest-
ing that FCA may also regulate the processing of miR398 and
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miR399. However, the levels of miR156 in the fca-9 mutantand  in vitro transcribed and biotinylated pri®-miR398c and pri°-
35S:FCA transgenic plants were similar to those in Col-0 plants. miR399a RNAs, which were prepared in a manner similar to

To examine whether FCA binds to the primary transcripts of  that of pri®~-miR172 RNAs (Fig. 6B), and nuclear extracts pre-
miR398 and miR399, we carried out RNA binding assays using pared from the 355:FCA transgenic plants. RNA binding assays
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showed that FCA binds to both the pri-miR398c and pri°-
miR399a RNAs (Fig. 6C). EMSAs also confirmed the FCA bind-
ing to the pri®~-miR398c and pri®~-miR399a RNAs in a dose-de-
pendent manner (Fig. 6, D and E). In addition, in vitro pulldown
assays under high stringency washing conditions showed that
FCA binds to the pri°®~-miR398c and pri°-miR399a RNAs but
not to their precursor miRNA forms (Fig. 6, Fand G). RIP assays
using nuclear extracts of the 35S:FCA transgenic plants con-
firmed that FCA interacts with the pri-miR398 and pri-miR399
transcripts in vivo (Fig. 6H). Together, these observations indi-
cate that FCA mediates the pri-miRNA processing of various
miRNAs involved in ambient temperature responses.

Notably, FCA activity is not restricted to temperature-re-
sponsive miRNAs. It was found that the levels of miR159,
miR164, and miR167, which are uninfluenced by ambient tem-
perature (27), are reduced obviously in the fca-9 mutant (sup-
plemental Fig. S7A). In addition, FCA associated with pri-
miR159 and pri-miR164 transcripts in vivo (supplemental Fig.
S7B).

FCA Activity Is Temperature-regulated at Both Transcrip-
tional and Protein Levels—The next question was how ambient
temperature signals are incorporated into the FCA-miR172
module. We measured the relative levels of FCAy mRNA, an
alternatively spliced variant encoding functional FCA protein
(15, 16), in plants grown at either 23 or 16 °C. qRT-PCR analysis
showed that the levels of FCAy mRNA were higher in plants
grown at 23 °C than at 16 °C at all ZT points (Fig. 7A). Kinetic
patterns of FCA+y expression also revealed that the levels of
FCAy mRNA were slightly lower in plants grown at 16 °C (Fig.
7B). Other FCA transcript isoforms also decreased by ~50% in
plants grown at 16 °C (supplemental Fig. S8).

To examine whether ambient temperature also affects the
levels of FCA proteins, 35S:FCA transgenic plants were grown
at different temperatures, and relative FCA protein levels were
compared by Western blot analysis using an anti-MYC anti-
body. It was found that whereas FCA transcript levels were
similar at both temperatures the FCA protein levels were
reduced meaningfully in plants grown at 16 °C (Fig. 7C), show-
ing that FCA activity is regulated by ambient temperature at
both the gene transcription and protein levels. In support of the
notion that FCA activity is regulated by ambient temperature,
miR172 abundance was significantly higher in the 35S:FCA
transgenic plants than in control plants grown at 16 °C (supple-
mental Fig. SOA). In addition, the 35S:FCA transgenic plants
flowered earlier than control plants under low temperatures
(supplemental Fig. S9, B and C).

We found that FCA binds to pri-miR172 transcripts to pro-
mote its processing. However, FCA has no ribonuclease activity
(11). Therefore, another question was how FCA binding
induces pri-miR172 processing. One possibility would be that
FCA recruits its functional partner FY for the thermosensory
regulation of miR172 processing. We found that fy mutation
does not influence miR172 accumulation at both 16 and 23 °C
(supplemental Fig. S10), suggesting that protein partners other
than FY are necessary for the FCA-mediated miR172
processing.
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perature on FCA protein levels. The 355:FCA transgenic plants were grown on
MS-agar plates at either 23 or 16 °C for 10 days before harvesting whole
plants. FCA protein was detected immunologically using an anti-MYC anti-
body (top panel). The numbers refer to the relative protein levels (middle
panel). Relative levels of FCAy mRNAs were determined by qRT-PCR (bottom
panel). Rub, ribulose-bisphosphate carboxylase/oxygenase. D, schematic
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DISCUSSION

Controlled RNA metabolism, which is mediated by an exten-
sive set of RNA metabolic enzymes, RNA-binding proteins, and
miRNAs, plays a role in diverse plant developmental processes
and responses to environmental stimuli (39, 40). FCA is one of
the best characterized RNA-binding proteins in plants. It has
been well documented that FCA regulates alternative cleavage
and polyadenylation of several primary transcripts, including
its own mRNA precursors and noncoding antisense RNA tran-
scripts (14, 16). It is also required for silencing RNAs in a locus-
dependent manner and promoting subsequent asymmetric
DNA methylation (18, 19). In addition, a recent whole-genome
tiling array-based analysis has suggested that FCA, in collabo-
ration with the RNA-binding protein FPA, plays a role in lim-
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iting intergenic transcription by modulating RNA 3’-end proc-
essing and transcriptional termination (20).

In this study, we found a distinct role for FCA in miRNA
processing. FCA binds to the pri-miR172 transcripts and pro-
motes their processing in response to ambient temperature
changes. We found that FCA activity is regulated by ambient
temperature at both gene transcriptional and protein levels.
miR172, which acts as a positive riboregulator of FT expression,
is ambient temperature-responsive (27). miR172 production is
promoted at 23 °C but remains low at 16 °C, which is in good
correlation with the kinetic patterns of FT gene transcription.
The coordinated accumulation patterns of miR172 and FT
mRNA under changing ambient temperature could be
explained by the thermosensory regulation of miR172 process-
ing by FCA.

Our data demonstrate that miR172 accumulation is regu-
lated posttranscriptionally at the processing step from pri-
miR172 to pre-miR172 and that FCA is required for the proc-
essing step. A critical question is how FCA regulates miR172
processing. Some clues can be inferred from studies on miRNA
biogenesis in animal systems. It has been shown recently that
several RNA-binding proteins, collectively known as heteroge-
neous nuclear ribonucleoproteins, are involved in miRNA
processing and maturation (41, 42). Lin-28 binds to the stem-
loop of the pri-let-7 transcripts and inhibits the miRNA proc-
essing steps mediated by Drosha, a member of the nuclear
RNase III superfamily (43). In contrast, the heterogeneous
nuclear ribonucleoprotein Al binds to pri-miR-18a and facili-
tates the Drosha-mediated miRNA processing (44).

Similarly, FCA would regulate pri-miR172 processing
through physical interaction with components of the miRNA
processing machinery. miRNA processing steps are coordi-
nated by DICER-LIKE 1 (DCL1), a nuclear RNase III enzyme
that is assisted by the double-stranded RNA-binding protein
HYPONASTIC LEAVES 1 (HYL1) and the C,H, zinc finger
protein SERRATE (SE) (45, 46). The DCL1-HYL1-SE het-
eropolymeric complex (DCL1 complex) regulates precise proc-
essing of pri-miRNA transcripts (47). In this view, FCA may
recruit a core component of the DCL1 complex for miR172
processing (Fig. 7D).

It has been well documented that FCA regulates mRNA
3'-end processing in collaboration with FY (17). It is therefore
possible that FCA modulates the 3'-end processing step of pri-
miR172 transcripts and induces structural changes in the sec-
ondary structures required for pri-miR172 processing (Fig. 7D).
It will be interesting to examine whether the 3'-end termina-
tion of the pri-miR172 transcripts is affected in fca mutants.
Identification of FCA-interacting partners would also help elu-
cidate how FCA regulates the 3'-end pri-miRNA processing
step. Alternatively, miR172 accumulation would be regulated at
least in part at the transcriptional level (27) in which FCA may
also be involved. We found that although the overall levels of
miR172 were reduced in fca-9 mutant miR172 accumulation
was still sensitive to low temperatures (Fig. 34), supporting the
transcriptional control of miR172 accumulation. It has been
shown that FCA acts as a chromatin-remodeling factor (12-14,
18 -20). Therefore, it will be worth investigating whether FCA
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regulates the transcription of MIRNA genes through chromatin
modifications.

We found that FCA regulates the pri-miRNA-to-pre-miRNA
processing step of at least three miRNAs in Arabidopsis. FCA
binds to their pri-miRNA transcripts with higher affinity than
to their pre-miRNA transcripts. FCA is capable of binding even
to pri®-miR172 RNA deletions lacking the stem-loop structures
in vitro, showing that it binds primarily to the flanking
sequences of the stem-loop structures rather than the stem-
loops themselves. This observation is also consistent with the
previous observation that RNA recognition motif-containing
RNA-binding proteins, such as FCA, bind to single-stranded
RNAs in a non-sequence-specific manner but with a preference
for U- and G-rich sequences (11, 48). There were no obvious
sequence similarities in the flanking sequences of the stem-
loops of pri-miR172a, pri-miR172b, pri-miR398¢, and pri-
miR399a transcripts. In addition, FCA also bound to the pri-
mary transcripts of miRNAs that are not involved in responses
to changes in ambient temperature. Bases on these observa-
tions, one plausible explanation would be that FCA binding to
single-stranded RNA sequences is assisted by its interacting
partner.

Our data show that FCA is involved in the thermosensory
regulation of miR172 processing. The FCA-miR172 regulatory
pathway may not be a major pathway that regulates the FT-me-
diated thermosensory flowering. It has been reported that
although fca mutants are late flowering and unresponsive to
high temperature for their thermal induction fca flc double
mutants are fully responsive to changes in ambient temperature
(6), indicating that the lack of thermosensory effects on flower-
ing in fca mutants is primarily due to high levels of FLC
expression.

We found that although mutation of SVP gene eliminates the
effects of ambient temperature on flowering time (7) miR172
accumulation was still influenced by ambient temperature in
the svp mutants (Fig. 3, D and E). However, the rate of elevation
of miR172 levels at 23 °C was significantly higher in the svp
mutants in comparison with that in Col-0 plants. Considering
the role of SVP as a transcription factor (7), our observations
suggest that SVP may regulate the transcription of MIR172
genes in response to changes in ambient temperatures.

One of the major findings in this work is that the expression
of FCA gene itself is regulated by ambient temperature. It has
been known that the levels of FCA transcript isoforms are
maintained by the autoregulatory mechanism mediated by
FCA protein (15, 16). Therefore, although ambient tempera-
ture influences the FCA activity both at the transcription level
and at the protein level, the thermosensory effects on FCA
activity are not sufficient to explain those on miR172 accumu-
lation and thermosensory flowering. It is therefore likely that
the FCA-miR12 regulon identified in this work would be one of
multiple signaling pathways, such as those mediated by FLC,
FVE, and SVP (5-7), that regulate thermosensory flowering. In
this regard, it is concluded that the FCA-miR172 regulon does
not play a major role in thermosensory flowering. Instead, it
may function as a fine tuning mechanism for the onset of flow-
ering under fluctuating ambient temperature conditions.
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It is notable that the fca-9 mutation reduces the accumula-
tion of miRNAs, such as miR159, miR164, and miR167, which
are not sensitive to temperature changes, and FCA binds to the
primary transcripts of these miRNAs. It has been reported that
the levels of these miRNAs are influenced by various endoge-
nous and environmental stimuli, including growth hormones,
light, and abiotic stresses (49, 50). Therefore, it is probable that
FCA also functions in miRNA-mediated growth hormonal and
light signaling pathways and stress responses.
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