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MicroRNAs (miRNAs) are important for plant development and
stress responses. However, factors regulating miRNA metabolism
are not completely understood. SICKLE (SIC), a proline-rich protein
critical for development and abiotic stress tolerance of Arabidopsis,
was identified in this study. Loss-of-function sic-1 mutant plants
exhibited a serrated, sickle-like leafmargin, reduced height, delayed
flowering, and abnormal inflorescence phyllotaxy, which are com-
mon characteristics of mutants involved in miRNA biogenesis. The
sic-1mutant plants accumulated lower levels of a subset of miRNAs
and transacting siRNAs but higher levels of corresponding primary
miRNAs than the WT. The SIC protein colocalizes with the miRNA
biogenesis component HYL1 in distinct subnuclear bodies. sic-1mu-
tant plants also accumulated higher levels of introns from hundreds
of loci. In addition, sic-1mutant plants are hypersensitive to chilling
and salt stresses. These results suggest that SIC is a unique factor
required for the biogenesis of some miRNAs and degradation of
some spliced introns and important for plant development and abi-
otic stress responses.

cold stress | hydroxyproline-rich glycoprotein | intron decay |
mRNA stability

MicroRNAs (miRNAs) are a class of endogenous small RNAs
that function in gene regulation by guiding mRNA cleavage

and translational repression and are critical for plant development
and stress responses (1–9). The core components involved in
miRNA biogenesis have been identified in plants. RNA poly-
merase II transcribesMIR genes; a 5′ 7-methyl guanosine cap and
a 3′ poly(A) tail are added to produce primary miRNA (pri-
miRNA) transcripts, which form imperfect stem-loop secondary
structures by Watson–Crick base pairing between self-comple-
mentary foldback regions. In the Arabidopsis nucleus, the stem-
loop structure of the pri-miRNA is processed by the RNase III
enzyme DICER-LIKE1 (DCL1) to produce a pre-miRNA, which
is further processed to generate a 21-nt-long miRNA/miRNA*
duplex. For accurate dicing, DCL1 requires the help of HYPO-
NASTIC LEAVES1 (HYL1, a dsRNA-binding protein) and
SERRATE (SE, a C2H2zinc-finger protein) (10). The HUA EN-
HANCER 1 (HEN1) methyltransferase catalyzes 2’-O-methylation
of the ribose sugar in the 3′ termini of miRNA/miRNA* duplexes
(11). HASTY (HST), a homolog of mammalian EXPORTIN 5,
helps export methylated miRNA/miRNA* duplexes from the nu-
cleus to the cytosol (12). The mature miRNA is incorporated
into ARGONAUTE1 (AGO1), forming an RNA-induced silencing
complex, which scans for miRNA-complementary mRNAs and
directs the cleavage or translational repression of the target
mRNAs (1).
miR173 and miRNA390 direct the biogenesis of transacting

siRNAs (ta-siRNAs). Noncoding transcripts from TRANS-ACT-
ING siRNA genes (TAS) are cleaved by the miRNA-containing
AGO1/AGO7 complex (13, 14). The cleaved transcripts are

converted into dsRNA by RDR6, and these dsRNAs are pro-
cessed by DCL4 to yield ∼21-nt ta-siRNAs. Like miRNAs, ta-
siRNAs negatively regulate gene expression posttranscriptionally
(15–18).
Nuclear mRNA cap-binding complex proteins, abscisic acid

(ABA) Hypersensitive 1 (ABH1)/Cap-Binding Protein 80
(CBP80), and CBP20 also play important roles in pre-mRNA and
pri-miRNA processing. abh1/cbp80 and cbp20 mutant plants are
impaired in the processing of pri-miRNA transcripts into mature
miRNAs, resulting in reduced miRNAs. A significant level of
overlap in intron splicing and pri-miRNA processing was ob-
served among se, abh1/cbp80, and cbp20 mutants. Among these,
se showed the broadest defect in miRNA biogenesis (19). ABH1
may recruit capped pri-miRNAs to the DCL1/HYL1/SE pro-
cessing complex or protect the capped pri-mRNA from RNA
decay (8). In addition, a nuclear RNA-binding protein, DAW-
DLE, also interacts with DCL1 and is involved in the biogenesis
of a subset of miRNAs and siRNAs in Arabidopsis (20). The
Arabidopsis ERECTA mRNA UNDER-EXPRESSED (EMU) en-
codes a protein homologous to the yeast HPR1, which is a compo-
nent of the suppressor of the Transcriptional defect of Hpr1 by
Overexpression (THO) messenger ribonucleoprotein complex.
emu showed altered splicing of serine/arginine-rich protein pre-
mRNAs, suggesting that EMU is important for pre-mRNA splic-
ing. Furthermore, emu accumulated lower levels of a subset of
miRNAs than the WT (21). Impairment in the RNA decay path-
way, as occurs in the ein5 (ethylene insensitive 5) mutant, also leads
to a defect in small RNA biogenesis. EIN5 encodes XRN4 (5′→3′
EXORIBONUCLEASE 4), which is involved in the removal of
uncapped mRNAs, and thus prevents RDR (RNA dependent
RNA polymerase)-dependent small RNA biogenesis from uncap-
ped mRNAs (22).
Among the core components of miRNA biogenesis, null

alleles of DCL1 and SE are lethal, whereas null alleles of HYL1
are fertile. Hypomorphic mutations in core components of the
miRNA biogenesis, export, and action machinery result in plei-
otrophic developmental defects, such as a serrated leaf margin,
change in flowering time, abnormal inflorescence phyllotaxy, and
reduced fertility (22–31). These findings demonstrated that
miRNAs have critical roles in plant development.
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Here, an Arabidopsis mutant named sickle-1 (sic-1) was iden-
tified on the basis of its enhanced transcript stability of a LUC
transgene. sic-1 mutant plants are hypersensitive to chilling and
salt stresses and display developmental defects that are hallmarks
of mutants defective in miRNA biogenesis. The SICKLE (SIC)
gene was cloned and functionally characterized, and our results
show that SIC is involved in miRNA biogenesis in Arabidopsis.

Results
sic-1Mutation Enhances Luciferase mRNA Stability.A stress-inducible,
RD29A promoter-driven luciferase (LUC) reporter (PRD29A:
LUC)-based genetic screen (32) was used to isolate mutants with
enhanced LUC bioluminescence under cold stress. Seeds harbor-
ing PRD29A:LUC transgene (herein after referred to as WT) were
mutagenized by ethyl methane sulfonate. The M2 seedlings were
screened to obtain putative mutants with enhanced LUC bio-
luminescence after cold stress (33). One such mutant with high
LUC bioluminescence after cold stress at 4 °C for 24 h also dis-
played sickle-like serrated leaf margins, and hence it was named
sickle (sic) and selected for this study. sic-1 plants emitted higher
LUC bioluminescence than WT after cold (0 °C, 24 h), ABA (100
μM, 3 h), and NaCl (150 mM, 3 h) treatments (Fig. S1 A and B). A
time-course analysis of LUC bioluminescence after cold stress
showed higher emissions in sic-1 than in WT plants (Fig. S1C). To
determine whether the higher bioluminescence in sic-1mutant was
due to altered expression of the PRD29A: LUC reporter, expression
level of the highly unstable LUC transcript was determined (33,
34). LUC transcript was undetectable inWT (Fig. S1D), but a high
level of LUC transcript was detected in sic-1 after cold stress (Fig.
S1D). In contrast to the high levels of LUC bioluminescence (Fig.
S1A) and LUC transcript (Fig. S1D) in sic-1, the endogenous
RD29A expression was slightly lower in sic-1 than in WT plants
(Fig. S1E). COLD-REGULATED 15A (COR15A) is highly in-
duced by cold stress and is used as common marker gene to study
cold-responsive gene expression in addition to RD29A. Hence,
we examined whether sic-1 mutation impaired the expression of
COR15A. COR15A expression was slightly higher in sic-1 than in
WT plants (Fig. S1E). This indicates that the cold-stress signaling
pathway that mediates COR15A expression is slightly perturbed by
the sic-1 mutation.
A nuclear run-on assay was performed to examine whether the

differences in LUC transcript levels were due to differences in
the rate of transcription. The result suggests that, in contrast to
the several-fold differences in LUC bioluminescence between
WT and sic-1, their transcription rates of the LUC transgene
were similar (Fig. S2 A and B).
Northern analysis showed that a full-length LUC transcript

was detectable in sic-1 (Fig. S2C), whereas only degradation
products were detected in WT (Fig. S2C). To confirm that the
degradation products observed in WT were LUC specific and to
determine the cleaved region of the LUC transcript, three dif-
ferent regions of LUC transcript were used as probe to perform
Northern analysis. The results show that both full-length and
cleaved transcripts accumulated in sic-1, whereas mainly degra-
dation products of LUC transcript accumulated in WT (Fig.
S2D). Together, the results suggest that the sic-1 mutation
enhances the stability of LUC transcript.

SIC Encodes a Proline-Rich Protein. A backcrossed F2 generation
from the sic-1 mutant displayed a 3:1 segregation between WT
and mutant bioluminescence phenotypes, which suggests that sic-
1 is a recessive mutation in a single nuclear gene. The sic-1 mu-
tation was genetically mapped to a 23.3-kb region on chromosome
4. By sequencing genes within this region, a G-to-A change at the
432nd base downstream of the predicted translation initiation
codon of At4g24500 was identified, which resulted in a change of
tryptophan at 143 to a premature stop codon. Therefore, sic-1 is
a loss-of-function mutant and possibly a null allele. To confirm

that At4g24500 is SIC, a complementation assay was carried out.
Transgenic lines expressing the At4g24500 gene with its native
promoter were generated in sic-1 mutant background, and their
LUC bioluminescence was compared with WT after cold stress.
All of the transgenic lines had a WT LUC phenotype (Fig. S3A),
confirming that At4g24500 is SIC.
A second allele of sic-1 was obtained from the SALK collec-

tion (SALK_054171). Although annotation from The Arabi-
dopsis Information Resource (TAIR) shows that the T-DNA
insertion is in the last exon of SIC, our analysis revealed that
the actual insertion is in the 3′ UTR region of SIC. Thus,
SALK_054171 is a knockdown allele (sic-2) with reduced SIC
expression (Fig. S3B).
SIC is annotated as a hydroxyproline-rich glycoprotein with an

unknown function (TAIR 10 release; http://www.arabidopsis.org/).
SIC is a single-copy gene in the Arabidopsis genome.

SIC Is Necessary for Normal Plant Development. The sic-1 mutant
displayed a number of developmental phenotypes (Fig. 1A). The
sic-1 mutants showed delayed flowering compared with WT, and
this delay was more pronounced under short-day light conditions
(Fig. S3 C and D). At maturity, sic-1 exhibited dwarfism com-
pared with WT (Fig. S3E). However, the sic-2 allele did not show
strong developmental phenotypes compared with sic-1 (Fig. S3E),
likely because expression of the SIC gene was only reduced in the
sic-2 mutant. Developmental defects observed in sic-1 are com-
mon in mutants impaired in miRNA biogenesis and pre-mRNA
processing. For example dcl1, se, hyl1, abh1/cbp80, cpb20, emu,
and ein5 all produce leaves with serrated margins (21–25, 27, 29,
31, 35, 36). Abnormal inflorescence phyllotaxy (emergence of
flowers from the same internode on the inflorescence) was ob-
served in se-1, hyl1-1, and smu1-2 (suppressors of mec-8 and unc-
52 1) plants (24, 31, 37). The leaf-serration phenotype in sic-1 was
compared with those in se-1 and abh1-285 mutants. Rosette and
cauline leaves of sic-1, se-1, and abh1-285 had deeper serrations
compared with WT (Fig. 1A). The sickle leaf margin phenotype
of sic-1 mutant was corrected in transgenic lines expressing the
WT SIC gene (sic-1:SIC-GFP and sic-1:SIC-FLAG) (Fig. 1B). In
addition, sic-1 plants also exhibited an abnormal inflorescence
phyllotaxy phenotype similar to se-1 and abh1-285 (Fig. 1C). Al-
though sic-1 plants were shorter than WT, the heights of se-1 and
abh1-285 plants were similar to WT (Fig. S3F). The dwarfism
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Fig. 1. Effect of sic-1 on leaf and inflorescence morphology. (A) Leaf mor-
phology. Rosette and cauline leaves of sic-1 have serrated sickle-like margins,
in contrast to those of WT. The leaf morphology of sic-1 is similar to that of
se-1 and abh1-285. (B) SIC rescues the leaf-shape defect of sic-1. Rosette
leaves of WT, sic-1, and sic-1 genetically transformed with native promoter-
driven SIC gene (sic-1:SIC-Flag and sic-1:SIC-GFP). (C) Architecture of silique
arrangements in WT, sic-1, se-1, and abh1-285. Arrow shows clustering of
more than one silique on the same node in sic-1, se-1, and abh1-285.
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and other defects of sic-1 were corrected in the transgenic lines
expressing a WT copy of SIC gene (Fig. S3G), supporting that
SIC is necessary for normal plant development.

SIC Is Involved in miRNA Biogenesis. Because the developmental
defects of sic-1 were similar to those of mutants impaired in
miRNA biogenesis, we hypothesized that SIC may function in
miRNA biogenesis. Northern analysis revealed that the accumu-
lation of miR159, miR164, miR165, miR166, miR168, miR171,
miR172, miR173, miR393, and miR398 was lower in sic-1 than in
WT both in vegetative (seedlings) and reproductive (inflores-
cence) tissues (Fig. 2A). The level of miRNA accumulation was
lowest in se-1 followed by sic-1 in seedling, whereas in inflor-
escences many miRNAs were similar in sic-1 and se-1 but were
lower than in WT. The levels of miRNAs, except for miR164 and
miR171, were lower in sic-1 than in abh1-285 plants (Fig. 2A).
In Arabidopsis, TAS1, TAS2, and TAS3 genes can give rise to ta-

siRNAs. miR173 and miR390 direct the cleavage of TAS gene
transcripts to initiate ta-siRNA biogenesis (15, 17). Because sic-1
plants accumulated lower levels of miR173, the expression levels
of TAS1 family of ta-siRNAs, namely ta-siR255, ta-siR752, and ta-
siR850, were examined. All three ta-siRNAs accumulated to lower
levels in sic-1 than in WT (Fig. 2B). Previous studies have shown
that loss-of-function mutations of SE (30), CBP20, and CBP80
(35) lead to reductions in miR173, miR390, and their target ta-
siRNAs. Our results provide evidence that ta-siRNA biogenesis
also requires SIC. The accumulation level of 24-nt siRNAs was
examined to determine whether sic-1 may affect siRNA levels.
Accumulation of 24-nt siRNA at the AtSN1 locus did not change
in sic-1, se-1, and abh1-285 compared with WT (Fig. S4A). This
suggests that SIC is required for biogenesis of DCL1-dependent
miRNAs and DCL4-dependent ta-siRNAs, but not for DCL3-
dependent repeat-associated siRNAs such as AtSN1.
Previously, se-1, hyl1, dcl1, abh1-285, and cbp20-1 were found

to accumulate higher levels of pri-miRNAs but lower levels of
mature miRNAs compared with WT (19, 35, 36). Pri-miRNA
accumulation in sic-1 was tested, and the results showed that
accumulation of unspliced and spliced pri-miR156a and pri-

miRNA164a was higher in sic-1 than in WT (Fig. 2C). Real-time
RT-PCR analysis showed that pri-miRNA166a, pri-miRNA166b,
and pri-miRNA171b were >twofold more abundant in sic-1 than
in WT (Fig. 2D). Although pri-miRNA levels were higher in sic-1
than in WT, the levels were much lower in sic-1 than in se-1 and
abh1-285 (Fig. S4B).
Expression level of predicted miRNA targets was examined to

determine whether the target genes were affected by the sic-1
mutation. Expression levels of the predicted miR159a, miR166,
miR171a, and miR390 target genes (At1g53230, At5g37020,
At4g00150, and At5g14050, respectively) were higher in sic-1 than
in WT (Fig. S4C, Upper), which is consistent with the reduced
miRNAs in the mutant. On the other hand, the expression levels
of predicted miR165, miR172, miR393, and miR397b target
genes (At4g32880, At2g39250, At1g12820, and At2g38080, re-
spectively) did not change despite reduced miRNA levels (Fig.
S4C, Lower). This is possibly due to multiple target genes and/or
that the miRNAs may cause translational inhibition rather than
transcript cleavage of the target genes.
To further confirm that the mutation in SIC is responsible for

the reduction in miRNA levels, miRNA accumulation was ex-
amined in the sic-1 complementation transgenic lines. miR159a
and miR398a were restored to WT levels in the transgenic lines
(Fig. S4 D and E). Although miRNA levels in sic-2 were not as
low as in sic-1, they were still lower compared with the WT (Fig.
S4 D and E), consistent with sic-2 being a weaker allele.
Differentially expressed genes were identified in sic-1 vs. WT

by using whole-genome tiling arrays. Among 4,225 differentially
expressed genes, 2,135 were up-regulated, and 2,090 were down-
regulated in sic-1 relative to WT (Dataset S1). Five up-regulated
and five down-regulated genes were validated by real-time RT-
PCR, and the results were consistent with the tiling array data for
all 10 genes (Fig. S5 A and B). Furthermore, tiling array analysis
showed that several miRNA target genes were up-regulated in
sic-1 relative to WT (Dataset S2).

sic-1Mutation Impairs Intron Decay.Themorphological phenotypes
of sic-1 plants were largely similar to those of se-1, abh1, cbp20,
smu-1, and sta1 plants. These latter mutants are impaired in not
only miRNA biogenesis but also in pre-mRNA processing.
Hence, pre-mRNA processing (intron splicing) was examined by
tiling array analysis. We found that sic-1 mutant plants retained
significantly higher levels of introns than the WT (Dataset S3).
Thirty-one percent of the accumulated introns were at the first
position (Fig. S6). For verification of tiling array data, the top two
genes, CRB (At1g09340, CHLOROPLAST RNA BINDING)
and CAX1 (At2g38170, a high affinity vacuolar calcium anti-
porter), which retained higher levels of introns in sic-1 compared
with WT (Dataset S3), were selected for Northern blot analysis.
In addition to exon-specific probes, for CRB and CAX1 genes first
and second intron-specific probes, respectively, were used. CAX1
was up-regulated in both WT and sic-1 in response to cold stress,
but sic-1 accumulated more cleaved introns compared with WT
(Fig. 3). Similarly, cleaved introns of CRB also accumulated in
sic-1 (Fig. 3). The accumulation of excised introns of CAX1 and
CRB were evident in sic-1 mutant without stress, but the accu-
mulation was increased in response to cold stress (Fig. 3).

SIC Colocalizes with HYL1 in Distinct Subnuclear Bodies. The above
results suggest that SIC is localized at the site of RNA processing
(i.e., the nucleus). The SIC-GFP fusion exhibited a nuclear lo-
calization in root cells (Fig. 4A). HYL1 has previously been
shown to interact and colocalize with DCL1 in distinct nuclear
bodies referred to as “dicing bodies” (38–40). We found that SIC
protein was concentrated in distinct nuclear bodies, in addition
to diffuse distribution in the nucleoplasm (Fig. 4B). Simultaneous
immunolocalization of SIC and HYL1 revealed that the two
proteins were colocalized in the nuclear bodies (Fig. 4B).
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Fig. 2. Effect of sic-1 on the accumulation of miRNAs, ta-siRNAs, and pri-miR-
NAs. (A) Northern analysis of miRNA accumulation in WT, sic-1, se-1, and abh1-
285 of Arabidopsis seedling and inflorescence. (B) Northern analysis of ta-siRNA
inWT and sic-1 inArabidopsis. (C) RT-PCR analysis of pri-miRNA accumulation in
WT, sic-1, se-1, and abh1-285 of Arabidopsis (WT, sic-1, se-1, abh1 = RT-PCR,
DNA = Columbia genomic DNAwas used as template for PCR). (D) Quantitative
RT-PCR analysis of pri-miRNA accumulation in WT and sic-1 in seedlings.

18200 | www.pnas.org/cgi/doi/10.1073/pnas.1216199109 Zhan et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1216199109/-/DCSupplemental/pnas.201216199SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1216199109/-/DCSupplemental/pnas.201216199SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1216199109/-/DCSupplemental/pnas.201216199SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1216199109/-/DCSupplemental/pnas.201216199SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1216199109/-/DCSupplemental/pnas.201216199SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1216199109/-/DCSupplemental/pnas.201216199SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1216199109/-/DCSupplemental/pnas.201216199SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1216199109/-/DCSupplemental/pnas.201216199SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1216199109/-/DCSupplemental/pnas.201216199SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1216199109/-/DCSupplemental/sd01.xlsx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1216199109/-/DCSupplemental/pnas.201216199SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1216199109/-/DCSupplemental/sd02.xlsx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1216199109/-/DCSupplemental/sd03.xlsx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1216199109/-/DCSupplemental/pnas.201216199SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1216199109/-/DCSupplemental/sd03.xlsx
www.pnas.org/cgi/doi/10.1073/pnas.1216199109


SIC Is Important for Chilling and Salt Stress Tolerance. In addition to
having developmental defects, some mutants involved in miRNA
biogenesis and pre-mRNA processing show altered stress re-
sponses. For example, hyl1, se, abh1, cbp20, sta1, and emumutants
are hypersensitive to ABA during seed germination (21, 23, 33,
35, 41). sic-1 was less sensitive to ABA than se-1 and abh1-285
during germination and was only slightly more sensitive than WT
(Fig. S7A andB). Interestingly, sic-1was hypersensitive to chilling
stress imposed at the germination stage or seedling stage (Fig. 5 A
and B). sic-1 was more sensitive to chilling stress than se-1, abh1-
285, or WT (Fig. 5C). The basal freezing tolerance (before cold
acclimation) was higher in sic-1 than in WT (Fig. S7C), but the
sic-1 mutation did not affect acquired freezing tolerance (after
acclimation) (Fig. S7D). In addition, sic-1 and abh1-285 were
hypersensitive to 150 mM NaCl, whereas se-1 was less sensitive
than sic-1 and abh1-285 (Fig. 5D).

Discussion
The sic-1 mutant was isolated on the basis of enhanced stability of
LUCIFERASE transgene in Arabidopsis. SIC (At4g24500) encodes
a hydroxyproline-rich protein with unknown biochemical function.
SIC loss-of-function mutants showed pleiotropic developmental
defects including reduction in plant height, delay in flowering, in-
crease in serration at the leaf margin, and abnormal inflorescence
phyllotaxy. Mutations in several miRNA biogenesis factors are
known to exhibit both serrated leaf margins and abnormal in-
florescence phyllotaxy (22–24, 30, 31). Importantly, sic-1 was de-
ficient in miRNA and ta-siRNA accumulation and accumulated

higher levels of unprocessed pri-miRNAs as well as spliced introns
fromprotein-coding genes. miRNAaccumulation levels in sic-1were
lower than inWT but intermediate between se-1 and abh1-285. Like
hyl1 and hen1 (29, 41), sic-1 displayed dwarfism, although plant
height was not reduced in se-1 and abh1-285. These results sug-
gest that compared with the other miRNA biogenesis factors, SIC
performs shared as well as specific roles in miRNA biogenesis
and development. The colocalization of SIC with HYL1 in distinct
nuclear bodies further supports that SIC is involved in miRNA
biogenesis.
Expression analysis confirmed that sic-1 has lower levels of

miRNAs and ta-siRNAs but enhanced accumulation of pri-miR-
NAs and higher expression of some predicted miRNA target
genes. Tiling array analysis showed that sic-1 plants accumulated
high levels of introns for 456 loci. se-1, abh1-285, and cbp20 plants
showed a significant overlap: 140 loci were commonly affected
(19). Like other miRNA biogenesis mutants, sic-1 accumulated
unspliced pri-miRNA, albeit to a lower level than se-1 and abh1,
which suggests that SIC is another component involved in miRNA
biogenesis. However, in contrast to the other mutants, sic-1 mu-
tants accumulated spliced introns rather than the unspliced pre-
mRNAs. The result suggests that the degradation of someRNAs is
slower in sic-1. This is consistent with the observation of enhanced
stability of LUC transcript in sic-1.
Reduced biogenesis of miRNAs in the hyl1 mutant resulted in

higher stability of their target transcripts (42). A previous report
showed that a mutation in pre-mRNA splicing in STABILIZED1
(STA1) gene led to enhanced stability of the LUC transcript (33).
sta1 also has serrated leaf margins and defects in mRNA splicing
(33). Hence, the enhanced stability of the LUC transcript in sic-1
seems to be due to its defects in RNA metabolism, which
includes miRNA and ta-siRNA biogenesis as well as spliced in-
tron decay. These results suggest a possible common mechanism
for the cleavage of pri-miRNA hairpins and decay of spliced
introns. Although a link between miRNA biogenesis and spliced
intron decay was not known before, a connection between non-
sense-mediated decay of mRNAs and small RNA biogenesis was
previously found in the ein5-6 mutant of Arabidopsis, which is
defective in the decay of uncapped mRNAs and showed a mar-
ginal reduction in miRNAs but an increase in the 21-nt small
RNAs processed from transcripts of proteins coding genes.
Defects in miRNA biogenesis and abnormal inflorescence
phyllotaxy were further enhanced in the ein5-6 abh1-1 double
mutants (21). Determining the exact mechanisms of action of
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Fig. 3. Effect of sic-1 on the accumulation of spliced introns. Accumulation
of mRNA and spliced intron of CAX1 (CATION EXCHANGER 1/RARE COLD
INDUCIBLE 4) and CRB4 (CHLOROPLAST RNA BINDING) genes was de-
termined by Northern analysis.

Fig. 4. Colocalization of SIC and HYL1 in distinct nuclear bodies. (A) Nuclear localization of the SIC-sGFP. Confocal microscope images of root cells of SIC-sGFP
transgenic Arabidopsis plants. GFP, GFP fluorescence; FM4-64, fluorescence of FM4-64-stained cells; Merged, GFP+FM4-64 superimposed images. (B) Coloc-
alization on SIC and HYL1 in distinct nuclear bodies. DAPI, DAPI-stained nuclei; HYL1, immunolocalization of HYL1 with anti-HYL antibody; SIC-FLAG,
immunolocalization of SIC-FLAG with anti-FLAG antibody; Merged, merged field images of DAPI, HYL1, and SIC-FLAG.
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SIC in miRNA biogenesis, intron splicing, and decay of spliced
introns will require further study.
Besides development, miRNAs also regulate abiotic stress

responses of plants through posttranscriptional regulation of
gene expression (2, 43, 44). The sic-1 mutation enhanced ABA
sensitivity only marginally relative to the se-1 and abh1-285
mutations. Interestingly, only sic-1 showed a dramatic hyper-
sensitivity to chilling. Both sic-1 and abh1-285 were more salt
sensitive than se-1 or WT. Although the abundance of stress-
regulated miRNAs, such as miR159, miR165, miR168, miR171,
miR172, miR393, and miR398 (43, 45, 46), were found to be
constitutively low in sic-1, se-1, and abh1-285, only sic-1 is com-
promised in chilling tolerance, whereas se-1 and abh1-285 were
more sensitive to ABA than sic-1. This suggests that although
SIC, SE, and ABH1 have shared functions in miRNA biogenesis,
SE and ABH1 are more important for ABA responses and SIC-
dependent RNA metabolism is more important for chilling tol-
erance in Arabidopsis. Therefore, the developmental defects and
stress sensitivity of sic-1 are caused by not only a deficiency in
miRNA biogenesis but also other impairments in RNA
metabolism.
Postsplicing intron degradation after endonucleolytic cleavage

of the excised lariat is not well understood. In yeast, introns in
some pre-mRNAs form hairpin structures, which trigger degra-
dation of unspliced pre-mRNAs and lariat introns through
RNaseIII (Rnt1p)-mediated cleavage (47). In Arabidopsis,
a chloroplast polynucleotide phosphorylase (cpPNPase) with an
RNase-PH domain is required for degradation of the excised
lariat. This cpPNPase also has poly(A) polymerase activity, which
may affect stability of poly(A) mRNA, because poly(A) mRNA
stability is low in chloroplasts (48). A feature common to the pri-

miRNA hairpin and the lariat in the spliced intron is the loop
structure. SIC may assist RNase III in the cleavage of the loop to
open the lariat. Excised introns can also form a stem-loop struc-
ture, which can be processed by small RNA biogenesis machinery
to produce miRNAs or siRNAs. Approximately 2% and 7% of
small RNAs are derived from the intron hairpins in Arabi-
dopsis and rice, respectively (49). We speculate that SIC may
bind to the loop structure of the pri-miRNA and lariat,
thereby enhancing the cleavage of pri-miRNAs, biogenesis of
intron-derived siRNAs, and lariat degradation. It is of interest
to test the genetic relationship between SIC and known com-
ponents involved in miRNA biogenesis, such as SE, ABH1,
and DCL1, to understand whether SIC and other known
components may work together in the same pathway to regu-
late miRNA biogenesis.

Materials and Methods
Plant Materials and Mutant Isolation. The Columbia ecotype (with gl-1 mu-
tation) harboring RD29A promoter-driven LUCIFERASE reporter gene (here
after referred to as WT) was mutagenized with ethyl methanesulfonate. The
M2 seeds were germinated and screened for putative mutants with high LUC
bioluminescence under cold stress using a low-light luminescence imaging
system with WinView software (Princeton Instruments) (50). One such mu-
tant with high bioluminescence after cold stress at 0 °C for 24 h was des-
ignated sickle-1 (sic-1) and was selected for further study.

RNA Analysis. Seedlings were grown on MS agar plates supplemented with
3% sucrose in a growth chamber for 10 d. Cold treated (4 °C) or untreated
(24 °C) seedlings were used for total RNA extraction with the RNeasy plant
mini kit (Qiagen). Northern analysis and the probes used for RD29A, COR15A,
LUC, and TUBULIN were described previously (33). For CAX1 (At2g38170)
and CRB (At1g09340), the probes from exon and intron region were PCR
amplified and confirmed by sequencing.

Accumulation of small RNA was determined by Northern analysis. Total
RNA was first extracted from 10-d-old seedlings, rosette leaves, and in-
florescence by using TRIzol (Invitrogen). Low-molecular-weight RNA was
purified from total RNA, and small RNA Northern analysis was carried out as
described previously (51).

Construction of GFP- and FLAG-Tagged Transgenic Plants. A 3,589-bp amplicon
consisting of SICwith its native promoter (without termination codon and 3′
UTR) was PCR amplified from WT genomic DNA by using Platinum Taq
(Invitrogen). This PCR product was cloned into pENTR-D-TOPO (Invitrogen).
The donor vector with SIC was used for cloning into pEG302 (for FLAG fu-
sion) (52) and pGWB504 (for GFP fusion) (53) by using site-specific re-
combination with Gateway LR Clonase II enzyme mix (Invitrogen). These
constructs were verified by sequencing. The binary construct was then in-
troduced into Agrobacterium strain GV3101 and was used for genetic
transformation of the sic-1 plants by the floral dip method. T1 transformants
from sic-1 plants transformed with pEG302-SIC-FLAG were selected on
BASTA-containing MS medium. The pGEB504-SIC-GFP transformants were
selected on the basis of hygromycin resistance. These transgenic lines were
further confirmed by PCR.

RT-PCR Analysis of Gene Expression. Total RNA (2 μg) was reverse-transcribed
using oligo-dT primers and the SuperScript III First-Strand Synthesis System
(Invitrogen). A 1-μL quantity of the cDNA was used as a template for all of
the downstream applications, such as standard PCR reactions for analysis of
pri-miRNAs, and real-time PCR analysis of pri-miRNA accumulation was car-
ried out using iQ SYBR Green Supermix (Bio-Rad). Gene-specific oligonu-
cleotides used in PCR analysis are given in Table S1.

Immunolocalization of FLAG-SIC and HLY1 Proteins. The roots of pGEB504-SIC-
GFP transgenic plants were imaged with a Zeiss 510 confocal microscope to
localize SIC-GFP fusion protein. SIC and HYL1 localizations were examined
by immunostaining as described previously (54). After postfixation, the
slides were blocked in KPBS [10× KPBS: 1.28 M NaCl, 20 mM KCl, 80 mM
Na2HPO4, and 20 mM KH2PO4 (pH 7.2)] with 1% BSA and 0.1% Triton X at
37 °C for 30 min. The slides were then washed three times (5 min each time)
with KPBS containing 0.1% Triton X. Slides were incubated with mouse
monoclonal anti-FLAG antibody (1:400; Sigma-Aldrich) or anti-HYL1 anti-
body (1:500) overnight at 4 °C. The slides were washed three times with
KPBS and then blocked with blocking solution for 30 min at 37 °C in a humid

WT sic-1 WT sic-1

WT sic-1 se-1

WT sic-1 abh1

WT sic-1 WT sic-1

se-1 abh1 se-1 abh1

BA

C

D

Fig. 5. Abiotic stress responses of the sic-1mutant plants. (A) Chilling stress
response of WT and sic-1. Seeds were germinated and grown on MS me-
dium supplemented with 3% sucrose at 22 °C for 3 wk (Upper) or at 4 °C for
5 wk (Lower). (B) WT and sic-1 seeds were germinated and grown in soil at
22 °C for 3 wk, then transferred to and grown at 4 °C for 2 mo. Inset: Top
view of the sic-1 under cold stress. (C) Chilling stress response of sic-1, se-1,
and abh1-285. (D) NaCl stress response of sic-1, se-1, and abh1-285. Six-day-
old seedlings were transplanted on to MS medium supplemented with 3%
sucrose (Left) or with 3% sucrose with 150 mM NaCl (Right) and grown
for 3 wk.
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chamber. The slides were incubated for 2 h at 37 °C in KPBS with 0.1%
Triton containing secondary antibody, anti-mouse-FITC (1:100; Sigma) for
FLAG-SIC, and goat anti-rabbit-Alexa 594 (1:100; Invitrogen) for HYL1 X.
The slides were then washed in KPBS and mounted in antifade reagent
with DAPI (Invitrogen). Stained nuclei were observed with a Leica SP2
confocal microscope.
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Map-Based Cloning and Complementation Analysis. To clone SIC,
map-based cloning was carried out using genomic DNA ex-
tracted from 837 F2 plants with sic-1 phenotype. The mutation
was mapped between T22A6 and F22K18 BAC clones. All of the
genes in this region were sequenced, and a mutation was found
in the At4g24500 gene. sic-2 (SALK_054171) T-DNA insertion
mutant line was obtained from a publically available library
collection (Arabidopsis Biological Resource Center).
For complementation assay, the At4g24500 gene, including

2,112 bp upstream of the initiation codon and 529 bp downstream
of the stop codon, was PCR amplified by LA Taq polymerase
(Takara) using WT genomic DNA as template. The resulting
4,123-bp fragment was cloned into the pCR2.1 TOPO vector
(Invitrogen) and then subcloned into pCAMBIA1200 between
the SacI and BamHI sites. This and all other constructs described
here were completely sequenced to ensure that they did not
contain PCR or cloning errors. The binary construct was then
introduced into Agrobacterium strain GV3101 and was used
for genetic transformation of the sic-1 plants by the floral dip
method. Hygromycin-resistant transgenic plants were selected to
check complementation.

Nuclear Run-On Analysis.Nuclei isolation and in vitro transcription
reactions were performed using 2-wk-old seedlings as described
previously (1). Equal amounts of labeled RNA for treated and
untreated samples of WT and sic-1 seedlings were used for fil-
ter hybridization. Nuclear run-on analysis and quantification of
transcription rates were performed as described previously (2).

Tiling Array Analysis. Total RNA was extracted from 10-d-old
seedlings and treated with DNase (Qiagen), and RNA integrity

was determined on a Bioanalyzer. Whole-transcript targets for
tiling array hybridization were prepared by using the GeneChip
Whole Transcript Double-Stranded cDNA Synthesis Kit and the
GeneChip Whole Transcript Double-Stranded DNA Terminal
Labeling Kit (Affymetrix). Targets were hybridized to GeneChip
Arabidopsis Tiling 1.0R Array (Affymetrix) in duplicate.
Tiling array probes were first remapped to the Arabidopsis

genome (TAIR9) using SOAP2 (3), and only probes that per-
fectly matched to a unique position in the genome were used for
subsequent analyses. A custom Chip Definition File was created
using the mapping result and was used to quantile-normalize raw
tiling array data with the aroma.affymetrix framework (4). To
identify genes that were differentially expressed in the mutant vs.
the WT, we first used the genefilter package in Bioconductor
(http://www.bioconductor.org/) to remove genes that showed low
expression level (normalized signal intensity was <100 in all li-
braries) and genes that showed little change in gene expression
across samples (interquartile range of log2-intensities was <0.5).
We then applied the linear model method implemented in the
limma package in Bioconductor to identify genes that showed
differential expression. The “BH” method (5) was used to adjust
for multiple comparisons.
For the analysis of intron retention, we first calculated the log2-

signal intensity for each annotated intron (TAIR9) according to
the trimmed-mean of signal intensities from all mapped probes.
Introns with fewer than three mapped probes or low expression
(expression was <32 in all samples) were removed from further
consideration. We then used the SAM algorithm (6) to identify
introns that showed significantly higher expression in the mutant
than in the WT. A false discovery rate of 0.05 was used as the
significance cutoff.
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Fig. S1. RD29A:LUC luminescence of WT and sic-1 seedlings after cold, salt, or abscisic acid (ABA) treatment, and stabilized LUC transcript in sic-1. (A) Bio-
luminescence image of WT and sic-1. (i) Control; (ii) cold, 4 °C, 24 h; (iii) ABA 100 μM, 3 h; (iv) NaCl, 150 mM, 3 h. Upper: Visual images; Lower: LUC images (LUC
bioluminescence from sic-1was very strong, and thus sic-1 side of the plate is brighter than the WT side). (B) Quantification of the luminescence of WT and sic-1
seedlings in A i–iv. (C) Induction of RD29A:LUC in WT and sic-1 after different durations of cold stress. (D) Northern analysis of LUC expression. (E) Quantitative
RT-PCR analysis of RD29A and COR15A expression.
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Fig. S2. Nuclear run-on analysis and Northern blot analysis of gene expression. (A) Nuclear run-on analysis of RD29A and RD29A:LUC in WT and sic-1 under
ABA 3 h and cold 24 h. (B) Relative expression of genes in nuclear run-on analysis with ABA and cold treatments (quantified of signal intensities). (C) Northern
blot analysis of LUC expression during cold stress. The blot was probed with full-length LUC coding sequence probe. (D) Northern blot analysis of LUC ex-
pression at 0 and 24 h after cold stress. The blots were probed with 450–868, 501–1,250, or 920–1,320 base fragment of LUC coding sequence.
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Fig. S3. Complementation assay and sic-1 developmental defect. (A) Molecular complementation of SIC. SIC gene (with its native promoter, coding sequence
(CDS), and terminator) was cloned from WT and transformed into sic-1. Bioluminescence image of T1 transgenic (sic:SIC) seedlings (C-8, 10, 11, 13, 14, and 17),
sic-1, and WT seedlings after 24 h of cold stress. (B) RT-PCR analysis of SIC gene in WT, sic-1, and sic-2. (C) Plants grown under long-day (16 h light) conditions.
(D) Plants grown under short-day (8 h light) conditions. (E) sic-1 and sic-2 under long-day conditions at maturity. (F) Comparison of plant height in sic-1, se-1,
and abh1-285. (G) Restoration of plant height in sic-1 complemented lines.
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Fig. S4. Accumulation of miRNAs, pri-miRNAs, and miRNA target genes. (A) Taqman RT-PCR analysis of AtSN1 (siRNA) level in WT, sic-1, abh1-285, and se-1. (B)
Quantitative RT-PCR analysis of pri-miRNA accumulation in WT, sic-1, se-1, and abh1-285. (C) Quantitative RT-PCR analysis of miRNA target genes in WT and sic-1.
Upper: Increase in expression of some predicted miRNA targets; Lower: no change in expression of some predicted miRNA targets. (D) Northern blot analysis of
accumulation of miR159a and miR398a levels in WT, sic-1, sic-2, sic-1:SIC-GFP #1, #2, sic-1:SIC-FLAG #1, and #2. (E) Taqman RT-PCR analysis of miR159a and
miR398a levels in WT, sic-1, sic-2, sic-1:SIC-GFP #1, #2, sic-1:SIC-FLAG #1, and #2.
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Fig. S5. Validation of tiling array gene expression data by quantitative RT-PCR analysis. (A) Up-regulated genes; (B) down-regulated genes. Gene expression
level in the sic-1 mutant is presented as a fold change relative to that in WT plants under 4 °C cold stress for 24 h.
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Fig. S6. Distribution of intron positions in genes with impaired intron splicing in the sic-1 mutant.

Fig. S7. ABA sensitivity and freezing tolerance of sic-1. (A) Germination and seedling growth of WT, sic-1, se-1, and abh1-285 on MS supplemented with 0.0,
0.25, 0.50, 0.75, or 1.0 μM ABA. (B) Percentage of seedlings with green cotyledons when grown on MS medium supplemented with 0.0, 0.25, 0.50, 0.75, or
1.0 μM ABA. (C) Freezing tolerance of WT and the sic-1 seedlings without cold acclimation. (D) Freezing tolerance of WT and the sic-1 seedlings after cold
acclimation.
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Table S1. List of oligonucleotides used in this study.

Purpose Name Sequence

Genetic complementation SIC1c-Forward CGGGATCCGTGCGTTGAAGTTATATCCTCTG
SIC1c-Reverse GAGCTCCATTAGAGTTGGACAGTTGAGTCATC

FLAG-, HA3x-GFP-tag SIC1-TAG-Forward CACCGTGCGTTGAAGTTATATCCTCTG
SIC1-TAG-Reverse ATTGCTTGACTCATCGCATGTAGCA

Amplification of Northern probe CRB-exon-Forward GTGGAGAAAGCAAAGCATGTCCTC
CRB-exon-Reverse GTTTCTTCATCGTCCCTAGCTTGAC
CRB-intron-Forward GTTCTGCTTTTGTGTGTCTGATGAG
CRB-intron-Reverse GACTAGTGATAGAATCTGAAGGCA
CAX1-exon-Forward CTGACTGACGCCACAATAGGTG
CAX1-exon-Reverse TCGTGACAGAGCCGTGGTCAGTAG
CAX1-intron-Forward GTTTGTACTATGCTGTCACGTTGAC
CAX1-intron-Reverse AGAGTAAGTATCCGACCATCATC

Quantitative RT-PCR for validation
of tiling array data

AT1G09750-Forward GACCCAGTGTATTTGACGTTTGAC
AT1G09750-Reverse AGAATGACGACACATTCACCTGCT
AT2G29980-Forward CAATGAGTTACGTCGTCAGAGAC
AT2G29980-Reverse GTAGAGGAATGTCTGAGAAACTC
AT2G45470-Forward CACGACGATTACAGTTCTCGTC
AT2G45470-Reverse GTGCCTTTGGAGATCTTGTGGAG
AT3G22120-Forward AGGTTTACTTGACCTAGACGCAG
AT3G22120-Reverse CAGAGACTCTCAACGTTCTACATC
AT2G28190-Forward GAAGAGCCTTTGTGGTTCACGAG
AT2G28190-Reverse AAGAGTACTTGCTTAGCCTCTGAC
AT1G22570-Forward TCGTGCTCACCACGTATGTGATC
AT1G22570-Reverse CTATTGGAGGATGGTCAGTCCGAG
AT1G55990-Forward CAATGATGATCAACACTTGCTCAG
AT1G55990-Reverse CTGATGGCATTGGAAATGGAGAC
AT4G35770-Forward GATCTTCTCACTGCTGGCTTCAC
AT4G35770-Reverse TACTTGCGTTGAGAACATCTACAG
AT5G49360-Forward CACCAATGTGCAGCTTATGCTCAC
AT5G49360-Reverse CGTTCGAGAAGGTTCATGTCATG
AT1G56140-Forward GTGGTGTCATCAAATCTCCAGTC
AT1G56140-Reverse CACAAACATCTCATGCCTTGAGAC

Probes for miRNA Northern
blot analysis

miR157a GTGCTCTCTATCTTCTGTCAA
miR159a TAGAGCTCCCTTCAATCCAAA
miR164a/b TGCACGTGCCCTGCTTCTCCA
miR165 GGGGGATGAAGCCTGGTCCGA
miR166a-g GGGGAATGAAGCCTGGTCCGA
miR168a/b TTCCCGAGCTGCACCAAGCGA
miR171a GATATTGGCGCGGCTCAATCA
miR172a/b ATGCAGCATCATCAAGATTCT
miR173a GTGATTTCTCTCTGCAAGCGAA
miR393a/b GATCAATGCGATCCCTTTGGA
miR398a AAGGGGTGACCTGAGAACACA
miR414 TGACGATGATGATGAAGATGA
ta-siR255 TACGCTATGTTGGACTTAGAA
ta-siR752 AACGCTATGTTGGACTTAGGA
ta-siR850 GTCGATATGTTGAACTTAGAA

pri-miRNA pri-miR156a-F ATTGTTCACTCTCAAATCTCAAG
pri-miR156a-R AAGAGATCAGCACCGGAATCTG
pri-miR164a-F CATACTACAAACGCCCCTCATG
pri-miR164a-R ACTAACATTATTGTAAAACCAG
pri-miR164a-R

(Intron spanning)
ATGCGTTACATATGCCTTTTAG

miR159a-qF GGTCTTTACAGTTTGCTTATG
miR159a-qR AGAAGGTGAAAGAAGATGTAG
miR166a-qF cccgggATCACCACTCACTTATCTTCTTC
miR166a-qR cccgggTAATTTGAAAAGAAGGAAGAAATATG
miR166b-qF cccgggATCATTCTCTTCATCATCACCAC
miR166b-qR cccgggATGGACAAATCTTCTTCGTTAATTCG
miR171b-qF CTCTAAGGCTACCGATCGAGTG
miR171b-qR CTCCAGGATCCGATGGTTCTCTC
TBQ10-qF GGCCTTGTATAATCCCTGATGAATAAG
TBQ10-qR AAAGAGATAACAGGAACGGAAACATAGT
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Table S1. Cont.

Purpose Name Sequence

Taqman quantitative PT-PCR
for miRNA

Taqman miR159a TTTGGATTGAAGGGAGCTCTA
Taqman miR398a TGTGTTCTCAGGTCACCCCTT

Quantitative RT-PCR for
COR genes

RD29A-qForward CTTGATGGTCAACGGAAGGT
RD29A-qReverse CAATCTCCGGTACTCCTCCA
COR15A-qForward GCTTCAGATTTCGTGACGGATAAAAC
COR15A-qReverse GCAAAACATTAAAGAATGTGACGGTG
Actin2-qForward TAACAGGGAGAAGATGACTCAGATCA
Actin2-qReverse AAGATCAAGACGAAGGATAGCATGAG

Other Supporting Information Files

Dataset S1 (XLSX)
Dataset S2 (XLSX)
Dataset S3 (XLSX)
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