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MicroRNAs (miRNAs) are 21 nt RNAs that regulate
many biological processes in plants by mediating translational
inhibition or cleavage of target transcripts. Arabidopsis
mutants defective in miRNA biogenesis have overlapping
and highly pleiotropic phenotypes including serrated leaves
and ABA hypersensitivity. Recent evidence indicates that
miRNA genes are transcribed by RNA polymerase II (Pol II).
Since Pol II transcripts are capped, we hypothesized that
CBP (cap-binding protein) 20 and 80 may bind to capped
primary miRNA (pri-miRNA) transcripts and play a role
in their processing. Here, we show that cbp20 and chp80
mutants have reduced miRNA levels and increased pri-
miRNA levels. Co-immunoprecipitation experiments revealed
that pri-miRNAs 159, 166, 168 and 172 could be associated
with CBP20 and CBP80. We found that CBP20 and CBP80
are stabilized by ABA by a post-translational mechanism,
and these proteins are needed for ABA induction of miR159
during seed germination. The lack of miR159 accumulation in
ABA-treated seeds of chp20/80 mutants leads to increased
MYB33 and MYBIOI transcript levels, and presumably
higher levels of these positive regulators result in ABA
hypersensitivity. Genetic and molecular analyses show that
CBP20 and 80 have overlapping function in the same
developmental pathway as SE and HYL1. Our results identify
new components in miRNA biogenesis.

Keywords: ABA — Cap-binding protein — MicroRNA —
Post-translational modification — Primary microRNA.

Abbreviations: CaMV, cauliflower mosaic virus;
CBC, cap-binding complex; CBP, cap-binding protein;
CHX, cycloheximide; GUS, p-glucuronidase; miRNA,
microRNA; MS, Murashige and Skoog; Pol II, RNA
polymerase II; pri-miRNA, primary microRNA; PTGS,
post-transcriptional gene silencing; qRT-PCR, quantita-
tive reverse transcription—PCR; RNAi, RNA interference;
siRNA, small interfering RNA; ta-siRNA, trans-acting
small interfering RNA; WT, wild-type.

Introduction

MicroRNAs (miRNAs) are small, endogenous and
non-translated RNAs expressed in a wide range of
eukaryotic organisms (Bartel et al. 2004). In plants, these
small RNAs, which are about 22 nt in length, are processed
from stem-loop regions of long primary transcripts by a
nuclear RNase Ill-like enzyme, DCL1 (Reinhart et al.
2002). Available evidence indicates that miRNAs bind to
their target transcripts by base-pairing to regulate trans-
lation or to mediate transcript degradation (Chen 2004,
Guo et al. 2005). The tissue-specific expression and
developmental regulation of miRNAs suggest that they
are involved in controlling various developmental processes
(Carrington and Ambros 2003). Indeed, plant miRNAs are
involved in floral development (Chen 2004), auxin signaling
(McConnel et al. 2001, Bonnet et al. 2004,Guo et al. 2005),
the promotion of flowering (Lauter et al. 2005) and RNA
metabolism (Xie et al. 2003, Vaucheret et al. 2004). Recent
studies reveal that miRNAs also function in response to
abiotic stresses, such as drought, phosphate starvation,
stress hormone (ABA) and UV-B (Sunkar and Zhu 2004,
Fujii et al. 2005, Bari et al. 2006, Chiou et al. 2006, Reyes
and Chua 2007, Zhou et al. 2007).

Biogenesis of miRNA has been investigated using
Arabidopsis mutants defective in miRNA accumulation. In
Arabidopsis, several regulators of miRNA biogenesis have
been characterized including (i) DCL1, a homolog of Dicer,
whose function is to cleave primary miRNAs (pri-miRNAs)
into mature miRNAs (Park et al. 2002, Kurihara and
Watanable 2004); (i)) HYPONASTIC LEAVES 1 (HYL1),
a dsRNA-binding protein, which forms a complex with
DCLI1 for efficient processing of pri-miRNAs (Lu and
Fedoroff 2000, Kurihara et al. 2006, Fang and Spector
2007); (iii) HASTY (HST), a exportin-5 homolog, required
for exporting mature miRNAs from the nucleus to the
cytoplasm (Park et al. 2005); and (iv) HUA ENHANCERI1
(HENT1), a methylase, needed for proper accumulation of
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miRNAs (Boutet et al. 2003, Yu et al. 2005). Recently, SE
has also been identified as another component in miRNA
biogenesis (Grigg et al. 2005, Lobbes et al. 2006, Yang et al.
2006). SE also associates with HYL1 to form a protein
complex which probably acts together with DCLI1 in pri-
miRNA processing (Fang and Spector 2007, Fujioka et al.
2007). Notably, these mutants (se, hyl/l and dcll) share
characteristic morphological phenotypes. Both se-2 and
hyll-2 display abnormal phyllotaxy and ABA hypersen-
sitivity in seed germination, and se-2 and dc/I-9 produce
serrated leaves.

Recent evidence suggests that miRNA genes, like
mRNA-encoding genes, are also transcribed by RNA poly-
merase II (Pol II; Cai et al. 2004, Lee et al. 2004). For Pol I1
transcripts that encode proteins, it is known that cap-
binding proteins (CBPs) 20 and 80 form a complex with
the 5 cap structure of primary transcripts to perform three
functions: transcript stability, splicing efficiency and 3’ end
formation. Since pri-miRNA transcripts are also capped
and at least some of them appeared to be spliced (Cai et al.
2004, Lee et al. 2004), we reasoned that CBP20 and CBP80
may perform similar functions in stabilizing pri-miRNA
transcripts and facilitating its splicing during miRNA
biogenesis. Previous studies on c¢hp20 and cbp80 (abhl)
show that these mutants display similar morphological
phenotypes (Hugouvieux et al. 2001, Papp et al. 2004).
These morphological phenotypes are very similar to those
displayed by se-2, hyll-2 and dcl1-9 (Lu and Fedoroff 2000,
Prigge et al. 2001, Park et al. 2002), which are defective in
miRNA biogenesis. The molecular basis of the morpholo-
gical alterations in all these mutants is unknown but they
are probably related to changes in miRNA biogenesis.
Besides morphological changes, chp20 and cbp80, as well as
se-1, hyll-2 and dcll-9, are all hypersensitive to ABA. It is
not known whether the molecular mechanism of ABA
hypersensitivity is similar in all these mutants and which
transcripts and proteins are affected to bring about ABA
hypersensitivity during seed germination.

Here, we show that CBP20 and CBP80 function in
miRNA biogenesis by binding to pri-miRNA transcripts
and presumably increasing its processing efficiency. Mutant
¢bp20 and cbp80 plants have reduced miRNA levels and
increased pri-miRNA levels compared with wild-type (WT)
plants. Our co-immunoprecipitation results showed that
CBP20 and CBP80 are associated with pri-miRNA tran-
scripts, indicating the involvement of these two CBPs in
miRNA processing. ABA induction of miR159 levels was
delayed in ¢hp20 and c¢bp80 mutants with the corresponding
increase in its target transcripts encoding MYB33 and
MYBI101, two positive regulators of ABA responses. These
results, along with the post-translational stabilization of
CBP20 and CBP80 protein levels by ABA, can explain in
part the ABA hypersensitivity of the mutants. Our genetic

and molecular analyses suggest that CBP20 and CBPS0
appear to function independently of the presently known
miRNA biogenesis regulators, SE and HYL1, in a common
pathway.

Results

Reduced miRNA levels in cbp20 and cbp80

Several mutants (dcll, se and hyll) with deficiency in
miRNA accumulation produce leaves with serrated margins
(Lu and Fedoroff 2000, Prigge et al. 2001, Park et al. 2002).
Because ¢bp20 (Papp et al. 2004) and cbp80 (abhl-2 fri)
(Bezzera et al. 2004) mutants also share this morphological
phenotype, we investigated whether miRNA levels were also
altered in these mutant plants. Fig. 1A shows that the level
of several miRNAs was decreased in c¢hp20 and chp80
compared with the WT. Consistent with its severe defective
developmental phenotype, se-2 showed the most severe
reduction of miRNA levels amongst the mutants analyzed.

The level of most miRNAs analyzed was reduced in
¢bp20 and chbp80 although not to the same severe extent as
in se-2. Among them, expression of miR162, miR164 and
miR319 was most affected in chp20 and cbp80 (Fig. 1A). On
the other hand, miR159 levels in these two mutants were
only slightly reduced compared with those in se-2 and
hyll-2. We found that miR159 levels may be develop-
mentally regulated as a greater reduction in expression level
was observed in younger seedlings of ¢hp20 and chp80
(Supplementary Fig. S1). This observation suggests that
CBP20 and CBP80 may regulate miR 159 expression at early
developmental stages. The mild reduction of miRNA levels
cannot be explained by a partial loss of CBP20 and CBP80
function because ¢hbp20 and chp80 are null alleles
(Hugouvieux et al. 2001, Papp et al. 2004).

To investigate whether the reduction of miRNA
expression in c¢bp20 and chp80 was due to impaired
processing of miRNA from its pri-miRNA precursor, we
analyzed levels of several pri-miRNA transcripts in these
two mutants using P1/HC-pro transgenic plants and mutant
plants of se-1 and dcli-9 as controls (Fig. 1B) (Prigge et al.
2001, Kasschau et al. 2003, Kurihara and Watanable 2004).
All analyzed pri-miRNAs accumulated to higher levels in
¢bp20 and ¢bp80 compared with the WT, indicating that
CBP20 and CBP80 are required for efficient processing of
pri-miRNAs.

Target transcripts of miRN As accumulate in cbp20 and cbp80

As miRNAs target specific transcripts for degradation,
we investigated whether the reduced miRNA level was
accompanied by a corresponding increase in their target
transcript level. Fig. 1C shows that CUC2 (targeted by
miRNA164), SPLI0 (targeted by miRNA156/157) and
MYBIOI (targeted by miRNA159) transcripts indeed
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Fig. 1 Expression levels of miRNAs and pri-miRNAs in cbp20 and cbp80. (A) Each lane contained 12 pg of total RNA. rRNAs were used
as a loading control. (B) Accumulation of pri-miRNA transcripts. The se-7 and dcl7-9 mutants which were affected in miRNA processing
were used as positive controls. Pri-miRNA transcripts were detected by RT-PCR using specific primers. ACTIN transcripts were used
as a loading control. (C) Levels of transcripts targeted by some miRNAs in cbp20 and cbp80. Target transcript levels were determined by
RT-PCR. Results were confirmed with three independent experiments. Tubulin transcripts were used as a loading control.

accumulated to higher levels in ¢hp20 and cbp80 compared
with the WT.

Arabidopsis has three known families of rrans-acting
small interfering RNA (ta-siRNA)-encoding genes, desig-
nated TAS1, TAS2 and TAS3. Biogenesis of ta-siRNAs is
initiated by the activity of miR173 and miR390 (Allen et al.
2005, Yoshikawa et al. 2005), which requires SERRATE
function (Lobbes et al. 2006). After site-specific cleavage,
the processed transcripts are converted to double-stranded
RNAs (dsRNAs) through the activities of RDR6 and
SGS3. The dsRNAs are then processed by DCL activity
to generate mature siRNAs which function in RNA
interference (RNAi)-related processes (Papp et al. 2003).
Because of the involvement of miRNAs in their biogenesis,
we analyzed levels of several ta-siRNAs in ¢hp20 and cbp80.
Fig. 2A shows that miR173 and miR390 levels as well
as those of their corresponding siRNAs, ta-siR255 and
ta-siR2142, were decreased in ¢hp20 and chbp80, although
the effect was not as severe as that in se-2. Our results
indicate that CBP20 and CBP80 also participate in
ta-siRNA biogenesis through regulating the biogenesis of
miR 173 and miR390.

To see whether the reduction of ta-siRNAs in chp20
and ¢hbp80 would affect sense post-transcriptional gene
silencing (PTGS) activity, we crossed the chp80 mutant with
the L1 line, which carries a silenced 35S::GUS transgene
(Mourrain et al. 2000). Silencing of the GUS sense
transcript by PTGS requires SGS3 and RDR6 since
B-glucuronidase (GUS) activity in L1 was restored in the
rdr6 and sgs3 mutant background (Mourrain et al. 2000).
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Fig. 2 CBP20 and CBP80 are needed for ta-siRNA accumulation
but not for sense PTGS. (A) siR255 and siR2142 levels in cbp20
and ¢cbp80. Each lane contained 12 pg of total RNA. rRNAs were
used as a loading control. (B) GUS staining of seedlings of the
L1 line and of the L1 line carrying the cbp80 mutation. The scale
bar equals 1 cm.

GUS activity analysis revealed that L1 plants carrying the
¢bp80 mutation showed no difference in staining pattern
compared with the L1 control line (Fig. 2B). From these
results, we conclude that CBP80 is not involved in sense
PTGS.

The role of CBP20 and CBPS80 in pri-miRNA processing
Because miRNA genes are transcribed by Pol II, the
resulting pri-miRNA transcripts are expected to be capped
(Cai et al. 2004, Lee et al. 2004). It is possible that
binding of CBP20 and CBP80 to capped pri-miRNAs
is required for their efficient processing. If this is the
case, it should be possible to demonstrate an interaction
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between CBP20/CBP80 and pri-miRNA transcripts by
co-immunoprecipitation assays. To this end, we constructed
35S::CBP20-6MYC and 35S::3HA-CBP80, and transferred
these constructs into c¢hp20 and abhl-7, respectively. We
found that expression of 35S::CBP20-6 M YC or 35S::3HA-
CBP80 was able to complement the mutant leaf serration
phenotype of ¢bp20 and abhl-7, respectively, and recover
the reduced miRNA levels to those of the WT (data not
shown, Fig. 3A)

Extracts from these complemented plants were pro-
cessed for immunoprecipitation using antibody against
MYC or HA. Fig. 3B shows that pri-miRNA 159a, 166b
and 168a could be detected in immunoprecipitates of

A o

miR164

5S rRNA

CBP20-6MYC, suggesting that these pri-miRNAs were
bound to CBP20. Pri-miRNA 159a, 166b, 168a and 172b
were also found in immunoprecipitates of SERRATE,
which was used as a positive control. However, we failed
in our first attempts to detect pri-miRNA transcripts in
3HA-CBP80 immunoprecipitates, probably because of its
reduced affinity for pri-miRNAs or its low steady-state
level. To circumvent this problem, we used 35S::3HA-
CBPS80 transgenic lines in the se-I background which
accumulated pri-miRNA transcripts. Fig. 3C shows that
pri-miR159a, 162a and 172b could indeed be detected in
immunoprecipitates of 3HA-CBPS80, although miR172 was
reported to be largely insensitive to loss of cap-binding
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IP (a-HA)
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Fig. 3  Primary miRNAs are associated with CBP20 and CBP80. (A) cbp20 and abh1-7 mutants were complemented with 355::CBP20-
6MYC and 35S::3HA-CBP8O0. Transcript levels of CBP20 and CBP80 in 35S::CBP20-6MYC and 35S::3HA-CBP80 lines were determined by
RT-PCR. miR164 levels in 355::CBP20-6MYC and 35S5::3HA-CBP80 lines were determined by Northern blot analysis. Each lane contained
12 pg of total RNA, and 5S rRNA was used as a loading control. (B) Polyclonal antibodies to SERRATE and MYC were used to
immunoprecipitate SERRATE and MYC-tagged CBP20 in WT and 355::CBP20-6MYC extracts, respectively. Pri-miRNA levels were
determined by RT-PCR using gene-specific primers. Input DNA was diluted 1:500. (C) Pri-miR159a, 162a and 172b levels
in immunoprecipitates of 3HA-CBP80 using extracts from se-1/355::3HA-CBP80 plants. HA antibody was used to immunoprecipitate
3HA-CBP80. Pri-miRNA levels in immunoprecipitates were determined by RT-PCR using gene-specific primers. An asterisk indicates

the gene-specific band.
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complex (CBC) activity (Laubinger et al. 2008). Together,
these results show that CBP20 and CBP80 can bind to
pri-miRNAs. We were unable to detect accumulation of
meaningful levels of other pri-miRNAs in immuno-
precipitates of CBP20-6MYC and 3HA-CBPS80 even after
repeated attempts. This difference may be explained by the
differential accumulation levels of pri-miRNAs depending
on specific developmental stages.

ABA increases CBP20 and CBP80 protein levels
Mutant plants of abhl (cbp80) are hypersensitive
to ABA and those of ¢hp20 show enhanced tolerance to

drought, although ABH1 transcript levels are not affected
by exogenous ABA nor by drought stress (Hugouvieux
et al. 2001, Papp et al. 2004). In mammals, on the other
hand, CBC activity is increased in response to growth
factors, suggesting that CBC activity may be regulated via
a post-transcriptional mechanism (Wilson et al. 1999).

We investigated possible post-transcriptional/post-
translational regulation of CBP20 and CBP80. Fig. 4C
shows that CBP20 and CBPS80 transcript levels were not
affected by ABA, although the positive control RD22
and RD29B transcripts were induced in the same
treatment (Yamaguchi-Shinozaki and Shinozaki 1993a,

A 35S::3HA-CBP80 B (o Whole
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Fig. 4 CBP20 and CBP8O0 are stabilized and required for increased miR159 levels in response to ABA. (A) 3HA-CBP80 levels in seedlings
treated with NaCl (150 mM), ABA (100 uM), MG132 (50 pM) or buffer (mock-treatment) for 2 h. Tubulin levels were used as a loading
control. (B) Time course of 3HA-CBP80 accumulation in seedlings treated with ABA. Five-day-old seedlings were incubated in liquid MS
medium with ABA (100 uM) for various time periods. (C) CBP20 and CBP80 transcript levels after ABA treatment. Transcripts were detected
by RT-PCR using specific primers. RD22 and RD29B transcript levels were used as positive controls. Tubulin transcript levels were used as
a loading control. (D) Stabilization of 3HA-CBP80 and CBP20-6MYC by ABA. (a) Five-day-old seedlings expressing 3HA-CBP80 were
incubated in liquid MS medium with or without ABA (100 uM) after CHX (100 uM) treatment for 30 min. Proteins were extracted at the
indicated times. (b) Seedlings expressing CBP20-6MYC were treated using the same conditions as those in (a). Relative expression levels
were calculated using the program Image Gauge V3.12. The value 100 was given for the expression level at 0 time. (E) One-day-old
seedlings were treated with 100 uM ABA for various time periods. Each lane contained 12 ug of total RNA. 55 rRNA was used as a loading
control. The expression level of miR159 was normalized to that of 55 rRNA. The miRNA level at O time was set as 1. Numbers between the

panels indicate the relative expression levels compared with 0 time. Signals were measured by Phosphorimager. (F) qRT-PCR analysis of

MYB33 transcript levels. One-day-old seedlings were incubated in liquid MS medium with 100 uM ABA for various time periods. MYB33

transcript levels normalized to ACTIN transcript levels.
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Yamaguchi-Shinozaki and Shinozaki 1993b). Next, we
analyzed CBP20 and CBP80 protein levels in transgenic
seedlings treated with ABA or NaCl. We found that
CBP20-6MYC and 3HA-CBPS80 levels were increased by
ABA but not by NaCl (Fig. 4A, Supplementary Fig. S4).
More induction was seen with 3HA-CBP80 upon longer
exposure to ABA (Fig. 4B). Upon treating plants with
MGI132, a 26S proteasome inhibitor, CBP80 levels
increased 2-fold compared with mock control (Fig. 4A).
To test whether this increase of CBP20 and/or CBP80 was a
consequence of enhanced stability by ABA treatment, we
performed a protein decay experiment in the presence of
cycloheximide (CHX) which blocks new protein synthesis.

We determined the time course of CBP20 and CBP80
levels after CHX treatment. CBP80 showed a half-life of
about 6 h, which was prolonged to >12h in the presence of
ABA (Fig. 4D). CBP20 showed a longer half-life of about
12h and was also stabilized by ABA (Fig. 4D). This result
showed that CBP20 and CBP80 are stabilized by ABA by
a post-translational mechanism.

Because expression levels of certain miRNAs are
increased by abiotic stress (Sunkar et al. 2004) and CBP20
and CBP80 appear to regulate miRNA levels, we hypo-
thesized that the increase in CBP80 protein levels by
abiotic stress such as ABA treatment may, in turn, facilitate
miRNA accumulation. To test this hypothesis, we investi-
gated miR159 whose expression level is controlled by ABA
(Reyes and Chua 2007). Fig. 4E confirms a previous report
that miR159 levels were indeed induced by ABA. In
contrast, this ABA induction of miR159 levels was largely
suppressed in the ¢hp80 mutant (Fig. 4E). One target of
miR159 is MYB33 which encodes a positive regulator
of ABA response. We performed quantitiative reverse
transcription-PCR (qQRT-PCR) using RNA samples from
1-day-old seedlings after ABA treatment to determine
MYB33 transcript levels. Compared with the WT, the
decline of MYB33 transcript levels was much weaker in
¢bp80, consistent with the decreased miR159 which targets
MYB33 transcripts (Fig. 4F). The higher M YB33 transcript
levels could account, in part, for the ABA hypersensitivity
of the ¢hp80 mutant as compared with the WT.

Genetic interaction of CBP20/80 and other miRNA
regulators

Mutant plants of hyll, dcll and se have serrated leaves,
and seedlings of these mutants are hypersensitive to ABA.
These shared morphological phenotypes are paralleled by
similar alterations in miRNAs. This is not surprising since it
has been reported that HYL1, DCL1 and SE together
function as a macromolecular complex (Yang et al. 2006,
Fang and Spector 2007, Fujioka et al. 2007, Song et al.
2007).

Similar to se-2 and hyll-2, mutant plants of cbp20
and chp80 also have serrated leaves, display ABA hyper-
sensitivity and, as shown here, are involved in miRNA
biogenesis. To examine possible genetic interactions
amongst these loci, we generated several combinations of
double mutants by genetic crosses.

CBP20 and CBP80 have been reported to form a
heterodimeric complex which functions in diverse aspects of
RNA metabolism. Because miRNA expression levels still
remained high in each single mutant of ¢hp20 and cbp80
compared with se, which shows embryonic lethality (Lobbes
et al. 2006), we suspected that CBP20 and CBP80 might be
functionally redundant. Using a transient expression system
in tobacco, we detected a strong interaction between CBP20
and CBP80, confirming their heterodimeric association
(data not shown). Therefore, each mutation may not show
severe development defects as seen in se-2 or dcll-9.

However, the phenotype of the homozygous double
mutant chp20/cbp80 was almost identical to that of each
single mutant [Fig. 5A(c)]. Consistent with this morpho-
logical phenotype, reduction of miRNA levels in the ¢bp20/
c¢bp80 double mutant was similar to that in each single
mutant (Fig. 5C). The miRNA phenotype of chp20 can
be rescued by expression of a 35S::CBP20 transgene
(cbp20+35S::CBP20, Papp et al. 2004). This comple-
mentation was specific, as the same transgene could not
complement the miRNA-deficient phenotype of ¢hpS80
[Fig. SA(1)]. Notwithstanding their non-redundant func-
tions, CBP20 and CBPS80 appear to be non-essential genes
in Arabidopsis. This observation is consistent with previous
reports that yeast mutants deficient in homologous cap-
binding proteins CBClp (CBP80) and CBC2 (CBP20) are
still viable (Chen and Dieckmann 1994, Izaurralde et al.
1994).

To assess the epistasis relationships of ¢bp20, cbp80
and se, chp20+35S::CBP20 was crossed to se-2 (Papp et al.
2004, Grigg et al. 2005). Although the overall se-2
phenotype was not altered by ¢bp20+35S::CBP20, the
frequency of upward curling leaves was reduced and WT
leaf size was recovered in se-2/chp20+35S::CBP20
[Fig. SA(h)]. The presence of the same antibiotic resistance
marker in plants overexpressing 3HA-CBPS0 and in the
se-2 mutant prevented us from generateing se-2/35S::3HA-
CBPS80. We therefore introduced 35S::3HA-CBPS80 into
mutant plants of se-I, a weak se allele, by direct
transformation. Plants of se-1/35S::3HA-CBP80 showed
a similar phenotype to that of se-/ (data not shown).

Next, we introduced 35S::SE into abhl-7 in Col
(Prigge et al. 2001, Kuhn et al. 2007). The two alleles of
abhl (abhl-2 and abhl-7) are both null and have the same
morphological and molecular phenotype (data not shown).
Notably, 35S.::SE significantly recovered the leaf serra-
tion phenotype of abhl-7 [Fig. 5A(e)]. Along with this
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Fig. 5 Morphological and molecular analyses. (A) Comparison of leaf phenotype in single and double mutants. Images were taken with
45-day-old plants. Scale bars equal 1cm. (B) Analyses of miR159, miR164 and miR167 levels in single and double mutants and
overexpression plants. Each lane contained 12 pg of total RNA. Consistent results were obtained from three independent experiments.
(C) The effect of CBP80 overexpression on miRNA levels in se-T and hyl71-2. Each lane contained 12 pg of total RNA, and rRNAs were

used as a loading control.

phenotypic complementation of abhl-7/35S::SE, expres-
sion levels of miR164 were higher than those in chp80,
although not as high as WT levels (Fig. 5B). These results
suggest that 35S::SE alters the expression of miR164 target
transcripts whose expression is also affected by c¢bp80,
resulting in the partial recovery of the ¢hpS80 phenotype.
In addition, miR159 and miR167 expression decreased
more in the ¢bp80/se-1 double mutant than that in the
cbp80 single mutant (Fig. 5B), although no apparent
difference was seen in their morphological phenotype
[Fig. 5SA(1)]. Our results suggest that CBP20 and CBP80
also function in a pathway mediated by SE; however, these
two proteins have a function in miRNA biogenesis
independent of SE.

Yang et al. (2006) have reported that hyll-2/se-1
double mutants are embryonic lethal, suggesting that
HYLI and SERRATE may act synergistically to control

the same genetic pathway. To test for epistasis between hy//
and cbp80, we crossed hyl1-2 to cbp80 to generate the chp80/
hyll-2 double mutant. We found that the c¢hp80/hyli-2
double mutant had a similar phenotype to the hyll-2 single
mutant (data not shown), although the double mutant
plants showed weak fertility, producing only a few seed at
maturation. Interestingly, the cup-shaped leaf phenotype
of hyll-2 was rescued by 35S::3HA-CBP80, and hyll-2/
35S::3HA-CBPS80 plants showed only mild alteration in leaf
shape compared with hyll-2 plants [Fig. 5A(k)]. This
phenotypic compensation was paralleled by a slight eleva-
tion of miR159 and miR167 expression levels in hyll-2/
358::3HA-CBPS0 (Fig. 5C).

Collectively, our results on morphological and mole-
cular analyses suggest that CBP20, CBPS80, SE and HYLI
are required at the same step but with overlapping function
in the same pathway.
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Discussion

The nuclear CBPs CBP20 and CBP80 form a hetero-
dimeric complex to bind to the 5 cap structure of nascent
mRNAs transcribed by Pol II, stimulating pre-mRNA
splicing (Ohno et al. 1987, Izaurralde et al. 1994, Lewis et al.
1996), polyadenylation (Flaherty et al. 1997) and nuclear
RNA export (Izaurralde et al. 2002). In this study, we found
that CBP20 and CBPS80 are also required for miRNA
biogenesis since in ¢hbp20 and c¢hbp80 mutants miRNA
expression levels were reduced along with an accumulation
of pri-miRNAs, and levels of the corresponding target
transcripts of miRNAs were elevated.

The simplest explanation is that CBC binds to the 5
cap structure of pri-miRNA transcripts and facilitates their
processing to generate mature miRNAs. To date,
Arabidopsis has been found to have several CBPs such as
CUMI (elF4E1), elFiso4E, elFiso4E-like and a novel CBP
identified by their sequence similarity and affinity to the cap
structure (Browning 1996, Ruud et al. 1998, Yoshii et al.
2004). As pri-miRNA transcripts are spliced and capped
like mRNA transcripts, these other CBPs, like CBP20 and
CBP80, also could bind to pri-miRNA transcripts and have
a general effect on miRNA biogenesis. To address this issue,
we investigated miRNA transcript levels in cuml! and cum?2
(eIF4G) (Supplementary Fig. S2). No change of miRNA
expression levels was detected in these mutants, confirming
that the miRNA decrease in chp20 and cbp80 does not
reflect an indirect consequence of the same effect from the
structural location. However, the absence of an obvious
mutant phenotype of cuml and elF(iso)4E may be due to
their overlapping functions in a pathway. It would be
interesting to analyze triple or quadruple mutants in future
studies to elucidate further the role of CBPs in miRNA
biogenesis.

To uncover the biochemical role of CBP20 and CBP80
in miRNA biogenesis, we proposed several hypotheses
based on their known function in other organisms, e.g. yeast
and mammals. As these proteins have been shown to
function in mRNA turnover by external factors, we first
suspected that deficiencies in the function of these genes
may destabilize mRNA and possibly pri-miRNA tran-
scripts, resulting in their rapid turnover (Chen et al. 1994,
Das et al. 2000). However, there was no apparent difference
in the decay rate of Expansin-Likel (EXPLI) transcripts
between ¢bp20/80 mutants and the WT, excluding this
possibility of altered mRNA stability in the mutants
(Supplementary Fig. S3). In fact, this is consistent with
our finding that pri-miRNA levels increased, rather than
decreased, in chp20 and chbpS80.

It has also been suggested that CBP20 and CBP80 may
modulate another(s) protein, leading to changes in the level
of transcripts encoding these proteins (Hugouvieux et al.

2001). CBP20 expression is highly reduced in a yeast strain
carrying the null allele of CBPS80 (Shen et al. 2000). This
observation suggests that protein interaction with CBP80
may modulate the stability of its partners. In addition to
CBP20, some RNA-binding proteins that function in
mRNA splicing may also interact with CBP80. It has
been previously suggested that the large Drosha-containing
complex has a function in other RNA processing pathways,
because this complex included proteins known to be
involved in splicing (Gregory et al. 2004). Also, it has
been suggested that CBC has a role in co-transcriptional
spliceosome assembly and splicing (Gornemann et al. 2005).
Recently, two groups also reported that CBP20 and CBP80
function in miRNA processing and pre-mRNA splicing
(Gregory et al. 2008, Laubinger et al. 2008). Laubinger et al.
showed that ¢bp20/80 reduced splicing efficiency in intron-
containing pri-miRNAs by tiling assay, suggesting that
CBC facilitates the loading of the miRNA processing
machinery onto pri-miRNA, in analogy with its role in
recruiting the splicing commitment complex onto pre-
mRNAs. Interestingly, we found that in chp20 and chp80
mutants, the splicing pattern of transcripts for one of the
SR proteins which was required for splicing was changed
(data not shown). Further experiments should address the
role of splicing factor in miRNA generation.

Our co-immunoprecipitation results provide evidence
for the participation of CBP20 and CBPS0 in pri-miRNA
processing. Interestingly, CBP20 and CBP80 expression
levels were increased after ABA treatment, although their
transcript levels remained unaffected. In contrast to the
WT, miR159 which negatively regulates ABA responses
during seed germination, failed to accumulate in chp20 and
c¢bp80 upon ABA treatment. Consequently, transcripts
encoding two positive regulators of ABA responses (Reyes
and Chua 2007), MYB33 and MYBIOI, were not down-
regulated by miR159 in these two mutants. The elevated
MYB33 and MYBI0] transcripts and therefore presumably
protein levels may explain in part the ABA hypersensitivity
of ¢bp20 and cbp80 mutants. When plants are subject to
stress conditions, ABA accumulates and levels of some
proteins such as CBP20 and CBP80 are increased, gene-
rating more miR159, which mediates degradation of
transcripts encoding positive regulators of ABA. This is
supported by the notion that plants expressing 35S.:
miR159a-1 and 35S::miR159a-3 show hyposensitivity to
ABA (Reyes and Chua 2007). However, we cannot exclude
that the two CBP proteins can also function in additional
sites of the ABA signaling cascade since in chp80, the
AtPP2C transcript, which encodes an ABA-negative
regulator, was also reduced (Hugouvieux et al. 2001).

It has been proposed that miRNAs are regulated in
a developmental and spatial manner and that different
regulators of miRNA are needed at different stages.
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Probably, CBP20 and CBPS80 activities are needed as a
negative regulator of ABA through miR159 accumulation
in certain developmental stages such as germination.
However, it should be noted that CBP20 and CBP80 are
not the only regulators in ABA responses to generate
miRNAs because miR159 levels eventually increased in
these mutants (Supplementart Fig. S1). Based on our
genetic analysis, SERRATE and HYLI are strong candi-
dates because mutants deficient in these proteins also
display ABA hypersensitivity.

Because miRNA generation appears to follow a similar
regulatory mechanism of mRNA transcription, there is
increasing evidence that miRNA genes and the correspond-
ing protein-coding genes are similarly regulated through
shared motifs in their promoter regions under stress
conditions such as UV-B treatment (Zhou et al. 2007).
Along with other reports, our findings identify new
components in miRNA biogenesis. Our work may provide
new directions to understanding how miRNAs are gener-
ated and which factors are implicated in their regulation to
mediate diverse biological processes such as development,
cell proliferation and differentiation.

Materials and Methods

Plant material and growth conditions

All Arabidopsis thaliana lines used were in the Columbia-0
(Col) ecotype. abhl-2, referred to as chp80 herein, was obtained
from Dr. R. Amasino (Bezzera et al. 2004). chp20 and
¢bp20+35S::CBP20 seeds were obtained from Dr. C. Koncz
(Papp et al. 2004). abhl-7 was an allele of abhl originally isolated
in the C24 background. This mutant abhl-7 was crossed twice to
Col and the homozygous line was used for this work (Kuhn et al.
2007). Seeds were stratified on 0.65% phytoagar containing
half-strength Murashige and Skoog (MS) medium for 18d before
being transferred to a greenhouse under similar conditions (22°C,
16/8 h photoperiod cycle). For genetic crosses, se-1, se-2, 35S::SE,
¢hbp20, cbp20+35S::CBP20, abhl-2 (chp80) and hyll-2 were used
(Prigge et al. 2001, Lu and Fedoroff 2004, Papp et al. 2004, Grigg
et al. 2005). Homozygous F, progeny from crosses were obtained
using appropriate selective agents: hygromycin (Sigma, St Louis,
MO, USA), Basta and/or kanamycin in combination. To generate
complementary lines, 35S::CBP20-6 M YC and 35S::3HA-CBPS80
were transformed into c¢hp20 and abhl-7 mutant plants, respec-
tively, with Agrobacterium tumefaciens using the floral dip method
(Clough and Bent 1998). Transgenic plants of abhl-7/35S::SE,
se-1/35S::3HA-CBP80  and  hyll-2/35S::3HA-CBP80  were
obtained in a similar manner.

For ABA treatment, 5-day-old seedlings were incubated in
liquid MS medium with 100 uM ABA (Sigma) in ethanol or with
the same volume of ethanol as controls. These transgenic lines are
referred to as 35S::CBP20-6M YC and 35S::3HA-CBPS0 in this

paper.

Plasmid construction

Full-length cDNAs of CBP20 and CBP80 were amplified by
PCR and cloned into pENTR TOPO vector (Invitrogen, Carlsbad,
CA, USA). After verification by DNA sequencing, the cDNA

sequences were transferred into destination vector, pPBA-DC-3HA
or pBA-DC-6MYC carrying a cauliflower mosaic virus (CaMV)
35S promoter and a nopaline synthase poly(A) addition sequences,
by LR reaction according to the Gateway system (Invitrogen).

Analysis of gene expression

Total RNA was extracted from Arabidopsis seedlings by
Trizol reagent (Invitrogen). Low molecular weight RNAs were
analyzed according to Wang et al. (2004). Blots were hybridized
to *?P-radiolabeled oligonucleotide probes complementary to
the miRNAs. Specific primers for pri-miRNAs were described
previously (Yang et al. 2006). All experiments were repeated three
times. GUS expression was analyzed according to Jefferson et al.
(1987). Plants were incubated in 90% acetone at room temperature
for 10min and transferred to staining solution for 3h at 37°C.

Six-day-old seedlings were incubated in MS medium with
500 UM cordycepin (3'-deoxyadenosine; Sigma-Aldrich). Total
RNA was extracted from samples harvested at various time
points using Trizol reagent (Invitrogen). For RNA gel blot
analysis, 15ug of total RNA was fractionated on a 1.2% (w/v)
agarose gel and then transferred to a Hybond-N+ membrane.
DNA probes were labeled with [0->?P]JdCTP using the random
prime labeling system (GE Biosciences, Milwaukee, WI, USA).

Cycloheximide treatments

Six-day-old seedlings of transgenic Arabidopsis lines
(358::CBP20-6 M YC and 35S::3HA-CBPS80) were transferred to
liquid MS medium and treated with 100 pM CHX for 30 min
before addition of 100uM ABA (Sigma) or ethanol (mock
treatment). Treated seedlings were harvested at different time
points. Proteins were extracted for Western blot analyses using
anti-MYC or anti-HA antibodies [c-Myc (A-14) sc-789; HA probe
sc-7392, Santa Cruz Biotechnology, Santa Cruz, CA, USA].

Co-immunoprecipitation assay

Ten-day-old seedlings were used for co-immunoprecipitation
assay to detect CBP20/CBP80-associated pri-miRNAs. Protocols
provided by the manufacturer’s guide (Upstate) were used except
that 0.5U of SUPERaseIN RNase inhibitor (Ambion) was
included in all buffers. Antibodies against MYC, HA and
SERRATE were used for immunoprecipitation. RNAs associated
with immunoprecipitates were recovered using Trizol (Invitrogen).
Total RNA was used for reverse transcription after treatment
with DNase (TURBO DNA-free, Ambion, Austin, TX, USA).
Pri-miRNA transcripts were amplified by RT-PCR; 40 cycles
for pri-miR159a and 45 cycles for pri-miR162a, 166b, 168a and
172b. PCR products were resolved by gel electrophoresis and gels
were stained with ethidium bromide.

Supplementary data

Supplementary data are available at PCP online.
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