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ABSTRACT

MicroRNAs are a class of small regulatory RNAs that
are generated from primary miRNA (pri-miRNA) tran-
scripts with a stem-loop structure. Accuracy of the
processing of pri-miRNA into mature miRNA in plants
can be enhanced by SERRATE (SE) and HYPONAS-
TIC LEAVES 1 (HYL1). HYL1 activity is regulated by
the FIERY2 (FRY2)/RNA polymerase Il C-terminal do-
main phosphatase-like 1 (CPL1). Here, we discover
that HIGH OSMOTIC STRESS GENE EXPRESSION 5
(HOS5) and two serine/arginine-rich splicing factors
RS40 and RS41, previously shown to be involved in
pre-mRNA splicing, affect the biogenesis of a sub-
set of miRNA. These proteins are required for cor-
rect miRNA strand selection and the maintenance of
miRNA levels. FRY2 dephosphorylates HOS5 whose
phosphorylation status affects its subnuclear local-
ization. HOS5 and the RS proteins bind both intron-
less and intron-containing pri-miRNAs. Importantly,
all of these splicing-related factors directly interact
with both HYL1 and SE in nuclear splicing speck-
les. Our results indicate that these splicing factors
are directly involved in the biogenesis of a group of
miRNA.

INTRODUCTION

MicroRNAs, one of the small molecule RNA families, play
critical roles in gene regulation in insects, plants and ani-
mals (1). After being transcribed by RNA polymerase II,
primary miRNAs (pri-miRNAs) are processed into precur-
sor miRNAs (pre-miRNAs) with a hairpin structure (2).
Subsequently, pre-miRNAs are cut into miRNA/miRNA*
duplexes and the miRNAs are then loaded into an Arg-
onaut protein to guide the cleavage of target transcripts
or to inhibit translation. In animals, pri-miRNAs are pro-
cessed by RNase I1I Drosha into pre-miRNAs that are then
cleaved into mature miRNAs by Dicer, another class of

RNase III (3.4). Plants, however, lack Drosha homologs
and instead use a single RNase 111, DCL1 (Dicer-like 1) for
both steps to generate miRNAs (5,6).

The efficient and accurate generation of miRNA requires
a miRNA-processing complex that includes a dsRNA-
binding protein, HYPONASTIC LEAVES 1 (HYLI); a
zinc finger protein, SERRATE (SE); a G-patch domain-
containing protein, TOUGH (TGH); and DCL1 (7-13).
The balance of phosphorylation status of HYL1, which
is regulated by the RNA polymerase II (RNPII) C-
terminal domain (CTD) phosphatase FRY2 (also known
as CPL1), is important for the accuracy of miRNA bio-
genesis (14). HEN1 performs the 2’-O-methylation of the
miRNA/miRNA* duplex that is critical for its matura-
tion and degradation (15,16). Several other components,
such as cap-binding proteins CBP§O/ABH1 and CBP20,
the hydroxyproline-rich glycoprotein SICKLE (SIC), RNA
binding protein MOS2, NOT2, PRLI1, the DNA binding
protein CDC5 and kinase RACK1 also have functions in
miRNA processing (17-24). Most miRNA processing mu-
tants of Arabidopsis have morphological or developmental
defects, but others were found to have an altered sensitivity
to stress; for example, hyll, se-1, abhl and sic-1 mutants are
sensitive to salt stress and the stress hormone abscisic acid
(ABA) (17,25-27).

Previous studies suggest that miRNA and mRNA pro-
cessing may be closely related, as suggested by the involve-
ment of the CBP80/ABHI1 and CBP20 in both processes.
Recent evidence adds components of RNA splicing to the
interplay too. For instance, alternative splicing events have
been found in SE mutants (28,29). STABILIZED1 (STA1),
which is required for pre-mRNA splicing, is also involved in
miRNA biogenesis (30,31) and AtGRP7, a protein involved
in pre-mRNA processing, affects miRNA processing (32).
Introns were also found to enhance the levels of miR163 in
Arabidopsis (33,34). However, how splicing affects miRNA
processing remains unclear.

We recently reported that HOSS, a RNA-binding protein
with heterogeneous nuclear ribonucleoprotein (hnRNP)
K homology (KH) domains, and two serine-arginine-rich
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(SR) protein splicing factors, RS40 and RS41, are involved
in pre-mRNA splicing. Here, we found that these proteins
also participate in miRNA biogenesis. They all interact
with microprocessor core proteins HYL1 and SE in co-
immunoprecipitation (Co-IP), co-localization and bimolec-
ular fluorescence complementation (BiFC) assays. HOSS,
RS40 and RS41 proteins bind pri-miRNA in vivo. Using
miRNA (miRNA-seq) and mRNA sequencing (RNA-seq),
we found that not only the expression of many miRNAs was
affected in /hos5, rs40 and rs41 mutants, but the efficiency
of miRNA cleavage was also affected. The transcript level
of miRNA target genes changed accordingly to the level of
disturbance to the miRNA in mutants. Together with other
recent studies, our work establishes a direct link between
mRNA splicing and miRNA biogenesis.

MATERIALS AND METHODS
Plant Materials

Arabidopsis thaliana plants were grown either in soil in a
growth room or on Murashige and Skoog (MS) medium
plates (solidified with 0.6% agar for horizontally placed
plates and 1.2% agar for vertically placed plates) in a growth
chamber at 21 £ 1°C on a 16/8 h of light/dark cycle. hos5—
1 and fry2-1 mutants in the C24 background have previ-
ously been described (35,36). hos5—-2 (SALK _095666), rs40—
1 (WiscDsLox382G12) and rs4/-1 (SAIL_64_C03) are T-
DNA insertion lines. 4 hos5 rs40 rs41 triple mutant was
generated by crossing hos5-2, rs40—-1 and rs41-1. HOSS5 OX
C24 and HOSS5 OX fry2—1 were transgenic plants overex-
pressing the FLAG-tagged HOSS in the C24 (wild-type)
and the fry2—I1 mutant background, respectively.

Vector construction

The cDNA of HOSS5, RS40, RS41, HYLI and SE were
amplified by RT-PCR and cloned into pENTR /D/TOPO
(Invitrogen) to generate entry clones. For BiFC assays, all
entry clones were transferred to the destination vectors
nEYFP/pUGW?2 and cEYFP/pUGW?2 by LR recombina-
tion (37). For protein dephosphorylation assays, the en-
try clones of HOSS5, RS40 and RS41 were introduced into
pEarleyGate202 (38). For Co-IP, HYLI was inserted into
pEarleyGate 202 and HOS5, RS40 and RS41 were trans-
formed into pEarleyGate 203. For subcellular localization
detecting by fluorescent protein, HOSS5 was inserted into
pEarleyGate 101 and HYLI was transformed into pEarley-
Gate 101 and pGWB554 (39).

RNA analysis

For miRNA analyses, 12-day-old seedlings were ground in
liquid nitrogen and total RNA was isolated by using Pure-
Link Plant RNA Reagent (Ambion). Reverse transcription
(RT) was performed by stem-loop RT using NCode EX-
PRESS SYBR GreenER miRNA qRT-PCR Kit (Invitro-
gen) as described (40). For mRNA analyses, total RNAs
were extracted from 12-day-old seedlings using the R Neasy
Plant Mini Kit (Qiagen), and the first-strand cDNAs were
reverse transcribed by SuperScript III (Invitrogen). Quan-
titative RT-PCR was performed using the Applied Biosys-
tems 7900HT Fast Real-Time polymerase chain reaction

(PCR) system. UBQ3 and ACT2 were used as internal con-
trols. Primers used are listed in Supplemental Table S6.

RNA sequencing and data analysis

RNA-seq libraries were constructed using the Illumina
Whole Transcriptome Analysis Kit for mRNA-seq and the
TruSeq Small RNA Sample Preparation Kit for miRNA-
seq following the standard protocol (Illumina, HiSeq sys-
tem) and sequenced on the HiSeq platform to generate high-
quality single-end reads of 101 nucleotides (some with 85 nt
due to machine failure) in length.

For microRNA sequencing, the software FastQc was
used for evaluating the quality of the sequencing reads. The
adaptor sequences were removed from the raw reads by Cu-
tadapt. Bowtie was used to align the reads against the Ara-
bidopsis genome sequences (downloaded from TAIR10) al-
lowing 2 nt mismatches and the annotated miRNAs were
obtained from the miRBASE database. miRNAs reads in
a sample were normalized by the total reads of the sample.
DEGseq was used to identify miRNAs with differential ex-
pressions. Fisher’s Exact Test applied in the DEGseq was
used to test for the significance for differentially expressed
miRNAs (41).

TopHat (42) was used to align mRNA-seq reads
against the Arabidopsis genome sequences and anno-
tated gene models (downloaded from TAIR10, http://www.
arabidopsis.org/) with default parameters. Genes with dif-
ferential expression were identified by using the Cufflinks
software (43).

To evaluate the accuracy of miRNA processing, the
miRNA* regions of pri-miRNAs in the Arabidopsis
genome were annotated based on the mature miRNA an-
notation, followed by reads counting of the miRNA and
miRNA*. Three parameters were used to evaluate process-
ing accuracy: (i) the absolute expression level of miRNA*,
which was used to determine the change in the expression
level of miRNA* in the mutant relative to that in the wild-
type, (ii) the expression ratio of miRNA /miRNA* in a given
sample, which was used to estimate the relative expression
of miIRNA¥* in that sample and (iii) the coverage of miRNA
across the pri-miRNA loci in the genome as shown by In-
tegrative Genomics Viewer (IGV) browser, which was used
to illustrate the cleavage accuracy.

In vivo pri-miRNA binding assay

Five grams of fresh leaves per sample from seedlings at
the rosette stage were harvested and protein-RNA was
crosslinked by adding 1% formaldehyde and vacuumed for
15 min. The crosslink was stopped by adding 125 mM
glycine and incubating for 5 min. Leaves were ground and
resuspended in lysis buffer (100 mM KCI; 10 mM HEPES;
5 mM ethylenediaminetetraacetic acid (EDTA); 10% Glyc-
erol; 0.1% NP-40; 200U/mL RNasin; 2 mM Ribonucleo-
side Vanadyl Complexes; 2 mM PMSF; 10 wl/ml protease
inhibitor (PI, Sigma P9599)). RNA-IP was performed us-
ing anti-FLAG M2 beads with IgG beads as a control. Af-
ter washing five times, the protein on the crosslinked com-
plex was digested by proteinase K and the RNA was ex-
tracted with phenol-chloroform-isoamyl alcohol. Follow-


http://www.arabidopsis.org/

ing RT, real-time quantitative PCR was performed and the
ACT?2 gene was used as a control.

Analysis of mRNA stability

Ten-day-old whole seedlings of HOS5 OX in C24 and HOSS
OX in fry2-1 were incubated in half of the MS liquid
medium containing 200 pM actinomycin D for 0, 4 and 8
h. Samples were harvested and total RNAs were extracted,
followed by RT and real-time quantitative PCR as described
above.

Protein analysis

For protein phosphorylation assays, total protein extracts
were resuspended in lysis buffer (50 mM Tris—HCI (pH 7.9),
120 mM NaCl, 2 mM MgCl,, 0.1% Triton X-100, 1 mM
dithiothreitol (DTT), 2 mM PMSEF, 1x PIs (Sigma P9599),
10% Glycerol). The samples were aliquoted for control and
CIP treatments (4 and 8 h, respectively). All samples were
loaded onto a Phos-tag polyacrylamide gel electrophore-
sis (PAGE) gel or regular PAGE gel and transferred to
polyvinylidene fluoride (PVDF) membranes. Signals were
detected by the anti-FLAG M2 antibody.

Protein Co-IP, BiFC and co-localization assays were per-
formed in protoplasts. Arabidopsis protoplasts were iso-
lated and a polyethylene glycol (PEG)-mediated trans-
formation was performed by standard protocols. Briefly,
cell walls were removed using fungal cellulase R10 and
macerozyme R10, resulting in the release of protoplasts.
Constructs were transformed into protoplasts by PEG-
calcium transfection. After 16 h of incubation at room tem-
perature, cells were harvested for further analysis as de-
scribed below.

For co-immunoprecipitation assay, the above cells were
resuspended in IP buffer (100 mM KCI; 10 mM HEPES;
2 mM EDTA; 10% Glycerol; 0.1% NP-40; 2 mM PMSF;
1x PIs). After centrifugation, the supernatants were trans-
ferred to new tubes. The samples were precleaned by adding
normal IgG-conjugated beads and then divided into two
groups. IgG beads and M2 beads were then added into
the respective groups. After 3 h of incubation, the beads
were washed five times with the lysis buffer. All samples
were loaded to Sodium dodecyl sulphate-polyacrylamide
gel electrophoresis (SDS-PAGE) gels and transferred to
PVDF membranes. Signals were detected by anti-FLAG
M2 and anti-c-Myc antibodies.

For BiFC and co-localization assays, cells were sus-
pended in WI buffer (4 mM MES (pH 5.7), 0.5 M mannitol,
20 mM KClI). Signals of fluorescent proteins were detected
with a LSM 710 inverted confocal microscope (Carl Zeiss).

GUS staining

Promoters of RS40 and RS41 (1.6 Kb) were amplified from
genomic DNA of Arabidopsis (ecotype Columbia) and lig-
ated to the pENTR vector. The promoters were cloned into
the destination vector pMDC162 and then transformed
into the Agrobacterium tumefaciens strain GV3101. Trans-
genic plants were generated by flower dipping and screened
on the MS selection medium. For B-glucuronidase (GUS)
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analysis, samples from different stages of seedlings and dif-
ferent parts of adult plants were immersed in GUS stain-
ing buffer at 37°C overnight and then destained with 75%
ethanol.

RESULTS
HOSS is dephosphorylated by FRY2

We recently showed that the KH-domain RNA-binding
protein HOSS interacts with the RNA polymerase 11 CTD
phosphatase-like protein FIERY2 (FRY2)/CPLI1 and that
the localization of HOSS was altered in the fry2 mutant (44).
Since FRY?2 is a phosphatase, a logical hypothesis for the
relevance of this interaction would be that FRY?2 dephos-
phorylates HOSS and that the phosphorylation status of
HOSS determines its subnuclear localization. To test this
hypothesis, we constructed a binary vector of FLAG-tagged
HOSS5 and transformed it into Arabidopsis wild-type (eco-
type C24) and the fry2—1 mutant. The T, generation of the
transgenic plants, named as HOS5 OX C24 and HOS5 OX
fry2—1, respectively, were obtained. Using Phos-tag, a com-
pound that decreases the mobility of phosphorylated pro-
teins in polyacrylamide gels (45), we conducted western blot
analyses with crude proteins extracted from the transgenic
plants.

As shown in Figure 1A, there were two bands of HOSS
on the Phos-tag gel: the upper band likely represents the
phosphorylated form (HOS5-P) and the lower band the un-
phosphorylated form. To verify that the two bands differ
in their phosphorylation status, whole protein extract from
the HOSS5 OX fry2—1 plants was treated with CIP (Alkaline
Phosphatase, Calf Intestinal) for 4 or 8 h before being sub-
jected to electrophoresis on Phos-tag or non-Phos-tag gels.
The amount of protein in the non Phos-tag control gel was
not significantly affected by CIP treatments, however, the
amount of the protein in the upper bands of the Phos-tag
gel decreased, while that in the corresponding lower bands
increased (Figure 1A), confirming that the upper band is
indeed phosphorylated HOSS.

Compared with HOSS OX C24 plants, the amount of
phosphorylated HOSS relative to unphosphorylated HOSS
in the HOS5 OX firy2—1 increased significantly (Figure 1A).
Interestingly, the level of total HOSS protein (both phos-
phorylated and unphosphorylated) was also higher in
HOSS5 OX fry2—1 plants than in HOSS OX C24 plants, as in-
dicated by western blot analyses of these samples subjected
to non-Phos-tag gel electrophoresis (Figure 1A). This in-
creased level of the HOSS protein in HOSS OX fiy2—1 rela-
tive to HOSS OX C24 plants could have resulted from tran-
scriptional, post-transcriptional or post-translational regu-
lation of the HOSS gene or the protein.

To understand the possible cause for the enhanced accu-
mulation of the HOSS5 protein in the fry2—/ mutant back-
ground, we first examined the RNA level of the HOSS gene
in transgenic plants and control plants. The transcript level
of HOSS5 was higher in fry2—1 than in the wild-type C24
(Supplementary Figure S1A). In the two transgenic plants,
the transcript levels of both the endogenous HOSS5 gene
and the transgenic HOSS5 gene were higher in HOSS OX
Jfry2—I than in HOSS OX C24 (Supplementary Figure S1B).
Since the level of HOS5 mRNA (Supplementary Figure
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Figure 1. HOSS is dephosphorylated by FRY2. (A) Phosphorylation status of HOSS is controlled by FRY2. Left panels: proteins were extracted from
12-day-old HOSS OX C24 and HOSS5 OX fry2—1 seedlings and separated on SDS-PAGE gel containing Phos-tag. The phosphorylated (HOS5-P) and
unphosphorylated (HOS5) bands of HOSS were detected by anti-FLAG antibody (Phos-tag a-FLAG). Proteins separated on regular SDS-PAGE gel were
used as a loading control (a-FLAG). Right panels: proteins were extracted from 12-day-old HOSS5 OX fip2—1 seedlings and treated with calf intestinal
alkaline phosphatase (CIP) for 0, 4 and 8 h. HOSS proteins were detected as described above. Ponc.S, Ponceau S staining was used as a loading control.
(B) Phosphorylation status of HOS5 under ABA treatment. HOS5 OX C24 plant seedlings were treated with ABA for 0 (CK) or 3 h (ABA). Proteins
were extracted and separated on Phos-tag SDS-PAGE (upper panel) or on regular SDA-PAGE (lower panel) gels and detected as described in (A). (C)
Mis-localization of HOSS in fiy2—1 was rescued by the protein kinase inhibitor staurosporine. Left panels, GFP signals; middle panels, bright field images;
right panels, merged images. HOSS5 OX C24 and HOS5 OX fiy2—-1, flag-tagged HOS5 was over-expressed in the wild-type (C24) and in the firy2—/ mutant,
respectively; HOSS in C24, GFP-tagged HOSS was transiently expressed in C24 protoplasts; HOSS in fiy2—1, GFP-tagged HOSS5 was transiently expressed
in fry2—1 protoplasts; HOSS in fry2—1 Staurosporine, GFP-tagged HOS5 was transiently expressed in fiy2—I protoplasts with staurosporine treatment.
Scale bars = 5 pm.



S1B) correlated with the level of protein expression (Fig-
ure 1A) in the two transgenic plant lines, we posited that the
expression of HOSS was regulated transcriptionally or post-
transcriptionally rather than post-translationally. Since the
endogenous HOSS5 promoter and the promoter for HOS5
overexpression (i.e. cauliflower mosaic virus 35S) are very
different and may be regulated differently, yet both endoge-
nous HOSS5 and transgenic HOSS transcripts accumulated
similarly, we reasoned that the HOS5 transcript may have
altered stability in the fry2 mutant background. After treat-
ment with the transcription inhibitor actinomycin D for 0, 4
and 8 h, the transcript levels of HOSS5 in the two transgenic
lines were examined by quantitative real-time PCR. As can
be seen in Supplementary Figure S1C, the transgenic HOS5
mRNA degraded more rapidly in HOS5 OX C24 than in
HOSS5 OX fry2-1, whereas the degradation rate of a refer-
ence gene ACT2 was similar between samples (Supplemen-
tary Figure S1D). Thus, the higher level of HOSS protein in
HOSS5 OX fry2—1 may mainly result from an increased sta-
bility of HOSS transcripts in the fry2 mutant background.

Since the hos5 mutant is hypersensitive to the stress hor-
mone ABA (35), we also examined the phosphorylation
level of HOSS under ABA (200 wM ABA, 3 h) treatment.
Results showed that the ratio of phosphorylated to unphos-
phorylated HOSS and the total amount of the protein in-
creased in response to ABA treatment (Figure 1B).

Given that HOSS was dephosphorylated by FRY?2 and
that we previously observed an altered localization of HOSS
in the fry2 mutant (44), we next asked whether the phos-
phorylation status of HOSS5 would affect its localization.
We fused in frame green fluorescent protein (GFP) with
HOSS at its C-terminus and transiently expressed the con-
struct into C24 and the fry2—1 mutant protoplasts by us-
ing a PEG-mediated method (46). Transformed fry2—1 cells
were divided into two aliquots, one with and one without
treatment of staurosporine, a protein kinase inhibitor. Af-
ter 16 h of incubation in a growth chamber, GFP signals
were examined under a ZEISS LSM710 inverted confocal
microscope. HOSS5 was localized in the nuclear speckles in
C24 (upper panels, Figure 1C) but was diffused throughout
the nucleoplasm in the fry2—I mutant (middle panels, Fig-
ure 1C), similar to what we previously reported (44). Strik-
ingly, the localization pattern of HOSS in the fry2—1 mu-
tant was completely rescued by being treated with 1 pM
of staurosporine. Taken together, these data demonstrated
that FRY2 could dephosphorylate HOS5 and that phos-
phorylation status may affect the subnuclear localization of
HOSS.

In our previous study, we found that HOS5 and FRY2
also interacted with two splicing factors, RS40 and RS41,
and that these two splicing factors played important roles in
pre-mRNA splicing. To address whether FRY2 could also
dephosphorylate these two splicing factors, we made plant
binary vectors by fusing the FLAG tag at the C-termini
of RS40 and RS41 and transformed these constructs re-
spectively into wild-type and fry2—1 mutant plants to gen-
erate stable transgenic plants. The phosphorylation status
of RS40 and RS41 were examined in T, transgenic plants
by western blot analysis of the phosphorylated proteins on
the Phos-tag gel and the total proteins on the non-Phos-tag
PAGE gel as a control. RS40 and RS41 were similarly phos-
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phorylated and little difference in the phosphorylation level
was apparent between the C24 and firy2—1 plants (Supple-
mentary Figure S2A). It is thus likely that FRY2 is not the
major phosphatase that dephosphorylates RS40 and RS41.

FRY?2 has been demonstrated as a regulator of miRNA
processing by balancing the phosphorylation level of HYL1
(14). We asked whether FRY?2 also affects HYLI localiza-
tion as it does on HOSS. A construct of HYL1 fused with
GFP was transiently expressed in C24 and fry2-I proto-
plasts. Half of the fry2—1 transformed cells were treated with
staurosporine. After incubation for 16 h, GFP signals were
examined in about 200 cells for each treatment, and the im-
ages of the representative cells are shown in Supplementary
Figure S2B. In C24 cells, HYL1-GFP signals could be seen
in the entire nuclei but were more concentrated in two to
three nuclear bodies (Supplementary Figure S2B). In fry2—
1, however, the number of nuclear bodies with HYL1-GFP
within the cells decreased (Supplementary Figure S2B and
C). Interestingly, staurosporine treatment of fiy2—1 cells res-
cued the number of HYL1-GFP-containing nuclear bodies
to the wild-type level. The difference between the wild-type
C24 and fry2—1 in the number of HYL1-GFP-containing
bodies was statistically significant (Supplementary Figure
S2C). These data indicated that, like HOSS, the phosphory-
lation level of HYL1 might also affect its subnuclear local-
ization. This observation is consistent with the observation
that HYL1 phosphorylation status affects the formation of
HYLI1-containing nuclear bodies (14).

HOSS, RS40 and RS41 interact with HYL1 and SE in splic-
ing speckles

The above data suggest that there is a certain similar-
ity in the regulation of HOS5 and HYL1 by FRY?2. This
prompted us to investigate whether HOSS5, RS40 and RS41
physically associate with HYLI1. After co-transforming
FLAG-tagged HYL1 with c-Myc-tagged HOSS, RS40 and
RS41 into Arabidopsis protoplast cells, we performed Co-
IP using anti-FLAG M; beads. All three proteins, HOSS,
RS40 and RS41, were pulled down by HYL1 (Figure 2A),
indicating that HYL1 interacts with these proteins in vivo.

To examine whether the HYL1 protein co-localized
with HOS5, RS40 and RS41, we made constructs of
HYL1-mRFP, HOS5-GFP, RS40-GFP and RS41-GFP.
The HYL1-mRFP plasmid was co-transformed with each
of the other plasmids into protoplasts. Consistent with
previous studies, HYL1 was particularly accumulated in
miRNA processing bodies (8) and HOS5 was found in splic-
ing speckles (44) (Supplementary Figure S3A—-C). The two
splicing factors, RS40 and RS41, were also localized in the
nuclei; yellow signals represent the overlapping localization
of HYL1 and the other proteins (Supplementary Figure
S3A-C).

We verified the results of Co-IP and co-localization stud-
ies by performing BiFC assays using the N-terminus of
YFP (N-YFP) and the C-terminus of YFP (C-YFP) fused
to these proteins; these constructs were then transferred
into Arabidopsis protoplasts. After 16 h of incubation, the
samples were examined for YFP signals under a confocal
microscope. We found that HYLI1 interacts with HOSS,
RS40 and RS41 in vivo, and the interaction occurred in
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Figure 2. HOSS, RS40 and RS41 interact with HYL1 and SE invivo. (A) Co-IP of HYL1 with HOSS, RS40 and RS41. The plasmids for HYL1-FLAG,
HOS5-Myc, RS40-Myc and RS41-Myc fusion protein were transiently expressed in Arabidopsis protoplasts. Proteins were immunoprecipitated from total
protein extracts with anti-FLAG M2 beads (IgG used as control) and analyzed by immunoblots with anti-FLAG M2 antibody to detect HYL1-FLAG
and anti-Myc antibody to detect HOSS5, RS40 and RS41. (B-G) Co-localization of BiFC signals with the splicing speckle marker CypRS64. Plasmids of
CypRS64-mRFP and BiFC combinations of plasmids HYL1-HOSS (B), HYL1-RS40 (C), HYL1-RS41 (D), SE-HOSS (E), SE-RS40 (F) or SE-RS41 (G).
BiFC (left), CypRS64 (middle) and merged (right) signals are shown. Scale bars = 1 pm.

nuclear speckles (Supplementary Figure S3D). To confirm
that these speckles were splicing speckles, we monitor the
splicing speckles marker CypRS64-mRFP (44,47) for co-
localization with the BiFC signals. Indeed, the interacting
signals of HYL1 and HOSS co-localized with the splicing
speckle marker (Figure 2B). Similarly, both HYL1-RS40
and HYL1-RS41 BiFC signals co-localized with CypRS64-
mRFP signals (Figure 2C and D). In summary, HYL1 in-
teracts with HOSS5, RS40 and RS41 in splicing speckles.
Since HYLI1 interacts with another important compo-
nent of miRNA processing complex, SE (12), we hypoth-
esized that SE might interplay with HOSS5 and the two
splicing factors. These proteins were tagged with N-YFP

and introduced with C-YFP tagged SE into protoplasts to
perform BiFC assays. We observed that SE interacts with
HOSS, RS40 and RS41. Furthermore, the patterns of inter-
action sites were similar to those with HYL1 (Supplemen-
tary Figure S3E). The co-localization of the BiFC signals
with the CryRS64-mRFP signals indicated that these were
also the nuclear splicing speckles (Figure 2E-G). Therefore,
HOSS, RS40 and RS41 also interact with SE in vivo in splic-
ing speckles.



HOSS, RS40 and RS41 are required for miRNA biogenesis

Given that the three pre-mRNA splicing-related pro-
teins HOSS5, RS40 and RS41 interact with three impor-
tant miRNA biogenesis proteins, namely, HYLI, SE and
FRY2/CPLI1, we asked whether HOSS, RS40 and RS41
are involved in miRNA processing. Due to the high homol-
ogy and redundancy between the RS40 and RS41 proteins,
we used the rs40 rs41 double mutant (44) to investigate the
impacts of these proteins on miRNA expression. We per-
formed miRNA-sequencing (miRNA-seq) with the hos5—1,
the rs40 rs41 double mutant and the wild-types C24 and
Columbia (Col) seedlings using the Illumina Hi-seq plat-
form. The quality scores of the sequencing reads were quite
high (Supplementary Figure S4A-D).

It has been suggested that mutations of FRY2 and HYLI
lead to misprocessing of miRNA, as represented by in-
correct strand selection (i.e. an aberrant accumulation of
the miRNA passenger/complementary strand, miRNA*)
(14). To establish whether this misprocessing occurred in the
hos5—1 and rs40 rs41 mutants, we aligned the sequencing
reads to each miRNA locus (total 270 annotated miRNA
loci from the miRBASE database) and found that the
number of misprocessed reads that were mapped to the
‘miRNA* strand of pre-miRNA was greater in the /0s5—
1 mutant. In total, 29 miRNA loci accumulated more
‘miRNA* reads (mutant/wild-type > 1.5x at the expres-
sion level) in the Aos5—I mutant and 9 miRNA loci in
the rs40 rs41 mutant (Figure 3A and Supplementary Ta-
bles S1 and S2). Of the loci identified by miRNA-seq,
many were shared by the two mutants. We checked the
miRNA and miRNA* levels in three loci by stem-loop
real-time RT-PCR miRNA assays (40). Using the ratio of
miRNA/miRNA* to represent the efficiency of miRNA
processing, we found that the miRNA processing efficien-
cies of three selected miRNAs, miR162a, miR391 and
miR 169a, were significantly reduced in hos5—1 and rs40 rs41
mutants (Figure 3B-E). As shown by IGV browsers (Fig-
ure 3F and G), the expression level of miR162* increased
significantly in hos5 and rs40 rs41 mutants relative to that in
the corresponding wild-types. A similar accumulation of the
passenger strands of four other representative loci, miR 170,
miR173-5p, miR825 and miR830 was also confirmed in
these mutants (Supplementary Figure S4E-H).

Next, we examined whether HOSS affects the expression
of mature miRNA. By comparing the read counts at the 270
miRNA loci between mutants and the wild-type, we iden-
tified 73 and 47 miRNA that were differentially expressed
(P-value < 0.01), accounting for 27.0 and 17.4% of the total
miRNA in /os5—1 and rs40 rs41 mutants, respectively (Fig-
ure 4A, Supplementary Tables S3 and S4). Among these dif-
ferentially regulated miRNAs, 34 were shared by both mu-
tants (Figure 4B). The expression levels of three of these
miRNAs, miR399, miR390 and miR827, were visualized
as examples by IGV browser (Figure 4C-E) and were vali-
dated by stem-loop real-time RT-PCR miRNA assays (Fig-
ure 4F-H).

To confirm that the above miRNA phenotypes in the
hos5—1 and the rs40 rs41 mutants were caused by HOSS,
RS40 and RS41, we analyzed the miRNA/miRNA* ratios
and mature miRNA expression levels in HOSS + hos5—1
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(the complementation line of the hos5—I mutant) as well
as rs40 and rs41 mutants, which were used as single gene
complementation lines of the rs40-rs41 double mutant. As
shown in Supplementary Figure S5, the miRNA/miRNA*
ratios and mature miRNA levels were restored close to the
wild-type levels by wild-type HOSS5, RS40 and RS41 in the
mutants.

We further examined the accuracy of miR NAs cleavage in
hos5—1 and rs40 rs41 mutants. Results showed that 12 miR-
NAs were mis-cleaved in the hos5—1 mutant, but none were
found mis-cleaved in the rs40 rs41 mutant, indicating that
HOSS has additional roles in the accurate processing of a
subset of miRNAs. The miRNA reads at all the twelve loci
were aligned against these loci and visualized by the IGV
browser, which showed that some of these miRNAs were
from non-miRNA-coding regions in the s0s5 mutant (Sup-
plementary Figure S6, Table S5). Considering the inaccu-
racy of miRNA processing in hos5—1 but not in the rs40
rs41 mutant, and that HOSS and HYL1 could but RS40
and RS41 could not be dephosphorylated by FRY 2, we pro-
pose that HOSS ensures the accuracy of miRNA process-
ing, likely by working together with FRY2 and HYL1.

Given the defects in miRNA biogenesis and expression
in hos5—1 and rs40 rs4l mutants, we examined expres-
sion levels of miRNA biogenesis-related genes in these mu-
tants. Compared to the wild-type, these mutants had a
higher expression level of FRY2, lower expression levels of
SE, CBP20 and HENI and a similar expression level of
ABHI/CBPS80 (Supplementary Figure S7).

pri-miRNA splicing and expression as affected by HOSS5,
RS40 and RS41

We investigated whether HOSS, RS40 and RS41 are in-
volved in pri-miRNA splicing. A previous study reported
12 intron-containing miRNA genes (48). Using RT-PCR,
we checked the splicing of these intron-containing miRNA
genes. Whereas most of these miRNA genes did not have
significant change in the intron splicing (data not shown),
introns in pri-miRNA 156a and pri-miRNA 157¢ were sig-
nificantly retained in so0s5 and rs40 rs41 mutants compared
with the wild-type (Figure 5A). This finding suggested that
HOSS, RS40 and RS41 may participate in the splicing
of these pre-miRNAs. Furthermore, the levels of mature
miRNA 156a and 157¢ were downregulated in these mu-
tants (Figure 5B), suggesting that abnormal processing of
pre-miRNA 156a and 157c may affect their mature miRNA
expression. Nonetheless, for the other pri-miRNA whose
splicing was not affected, there was no consistent pattern
of miRNA expression among these mutants. In fact, either
increased, decreased or unchanged levels of mature miRNA
could be found in the /os5 or rs40 rs41 mutants relative to
the wild-type (Supplementary Tables S3 and S4).

RS40 and RS41 are predominantly expressed in roots

The general expression of the RS40 and RS41 genes in dif-
ferent parts of the plant was reported in an early study
(49) yet their expression at the tissue level had been un-
known. To examine the expression pattern of RS40 and
RS41 genes, we conducted promoter reporter assays. Con-
structs consisting of the 1.5-kb promoter regions upstream
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of the ATG start codon of RS40 and RS41 fused to the
B-glucuronidase (GUS) reporter gene were transformed
into Col-0 plants. GUS expression was stained in these
transgenic lines. In 5-day-old seedlings expressing RS40
promoter-GUS, a strong GUS signal was predominantly
detected in roots (Figure 6A). Increased expression of the
gene was evident particularly at the root apical meristem
and shoot apical meristem compared to other parts of the
root and shoot (Figure 6B and C). The expression pattern of
8-day-old seedlings (Figure 6D) is similar to that of 5-day-
old seedlings (Figure 6A). GUS expression was seen in root
hairs, root vascular tissues, root tip, leaf primordia and lat-
eral root primordia (Figure 6E-H). In 14-day-old seedlings,
the GUS signal remained strong in root and leaf promordia
(Figure 61 and J). The expression pattern of RS4/ was sim-

ilar to that of RS40, as shown for seedlings of 5-day old
(Figure 6K-M), 8-day-old (Figure 6N-R) and 14-day-old
(Figure 6S and T) seedlings. In adult plants, both RS40 and
RS41 were expressed strongly in flowers, especially in pol-
lens and stigmas. No GUS signals were detected in stems
and seeds (Supplementary Figure S8).

The hos5 rs40 rs41 mutant is hypersensitive to auxin and has
higher levels of miR160 and miR167

Despite the importance of their roles in RNA processing
and gene regulation, our previous studies found only rela-
tively mild stress-related phenotypes of the fiy2, hos5, rs40
and rs41 single mutants (35,36,44). For this reason, we gen-
erated a hos5 rs40 rs41 triple mutant. Based on the ex-
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Figure 6. Expression patterns of RS40 and RS4/ in seedlings. (A-J) RS40 promoter-GUS activities in seedlings. (A-C) Five-day-old seedlings. Whole
seedling (A), primary root tip (B) and leaf primordium (C). (D-H) Eight-day-old seedlings. Whole seedling (D), lateral root (E), primary root tip (F), leaf pri-
mordium (G) and emerging lateral root (H). (I and J) Fourteen-day-old seedlings. Whole seedling (I) and leaf primordium (J). (K-T) RS4/ promoter-GUS
activities in seedlings. (K-M) Five-day-old seedling. Whole seedling (K), primary root tip (L) and leaf primordium (M). (N-R) Eight-day-old seedlings.
Whole seedlings (N), lateral root (O), leaf primordium (P) and emerging lateral root (Q and R). (S and T) Fourteen-day-old seedlings. Whole seedling (S)

and leaf primordium (T).

pression patterns of HOSS5, RS40 and RS41, we expected
that the triple mutant might have some phenotypes in the
roots at the seedling stage. Indeed, we noticed that the triple
mutants appeared to have slightly more lateral roots, im-
plicating an altered auxin physiology. We tested the auxin
response of the triple mutant by transferring 5-day-old
seedlings to auxin-containing MS medium. As shown in

Figure 7A, on MS medium without auxin, both the lat-
eral root numbers and average length were slightly higher
in h0s5 rs40 rs41 than in the wild-type. In the presence of 10
nM indole acetic acid (IAA) the difference became signif-
icant. After the plates were placed horizontally for 2 days,
the root tips of the triple mutants showed more dramatic
root-curling than those of the wild-type (Figure 7B), indi-
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Figure 7. hos5 rs40 rs41 is hypersensitive to auxin. (A) Lateral root and root curling phenotypes of hos5 rs40 rs41 mutant seedlings. Five-day-old Col
(wild-type) and hos5 rs40 rs41 seedlings were transferred from MS media to MS media or MS media supplemented with 10 nM IAA and plates were placed
vertically. Photos were taken 7 days after transfer. (B) Enlarged image of roots on 10 nM IAA plate shows the root curling phenotype of the triple mutant
after the plate being placed horizontally for 2 days. (C) Root gravitropism phenotype of hos5 rs40 rs41 mutant seedlings. Five-day-old Col and /os5 rs40
rs41 seedlings were transferred to the MS agar plate and then reoriented by 90°. The picture was taken 12 h after reorientation. (D) Quantitative data of
auxin response in the /os5 rs40 rs41 triple mutant. Five-day-old Col and hos5 rs40 rs41 seedlings were transferred from MS-agar medium to MS medium
containing 0, 10 and 100 nM IAA. Lateral root length was measured 7 days after the transfer. Data are means and standard errors (n = 20). Asterisks
indicate a significant difference between the indicated samples (7-test, **P < 0.01). (E) The angle of root curvature of seedlings shown in (C). Data represent
the mean and standard error (n = 20). Triple-M, the hos5 rs40 rs41 triple mutant. (F) The relative expression level of miRNA in the wild-type (Col) and
hos5 rs40 rs41 seedlings, measured by microRNA stem-loop quantitative RT-PCR. Error bars represent the standard deviation (n = 6). Asterisks indicate
a significant difference between the indicated samples (z-test, **P < 0.01).



cating an increased gravitropic response of the triple mu-
tant. Thus, we tested the gravitropic response in the triple
mutant by growing seedlings on vertically oriented plates
and then reorienting the plates by 90°. The angle of root
curvature was recorded 12 h after the reorientation. Roots
of the hos5 rs40 rs41 triple mutant almost fully reoriented
to the new gravity direction, while the roots of wild-type
seedlings responded to gravity more slowly (Figure 7C and
E). This indicates a stronger gravity response and likely in-
creased sensitivity to auxin in the triple mutants compared
to the wild-type. Quantitative measurements of total lateral
root length and fresh weight of wild-type and triple mu-
tant under IAA treatments indicated that the /os5 rs40 rs41
triple mutant had significantly increased total lateral root
length and fresh weight compared with the wild-type (Fig-
ure 7D and Supplementary Figure S9A), consistent with an
increased sensitivity of the triple mutant to auxin.

To explore the molecular mechanisms for the increased
auxin response in the mutant, we checked the level of auxin-
related miRNAs, such as miR160 and miR167, in the mu-
tant. As shown in Figure 7F, the expression levels of these
microRNAs increased in hos5 rs40 rs41. In contrast, their
targeted genes including, A RF6, ARFS, ARFI10, ARF16 and
ARFI17, are repressed in the triple mutant (Supplementary
Figure S9B). Consistent with a higher level of miR160,
the phenotypes of the triple mutant (Figure 7A) resembled
those of plants overexpressing miRNA 160 (50).

HOSS, RS40 and RS41 bind pri-miRNA in vivo

To further understand the mechanisms of the HOSS regu-
lation of miRNA biogenesis, we performed RNA-IP to test
if HOSS, RS40 and RS41 can directly bind to pri-miRNA
in vivo. Seedlings of four transgenic plant lines, HOSS
OX C24, HOSS OX fry2—1, RS40 OX C24 and RS41 OX
C24, were harvested and subjected to cross-link by using
formaldehyde. Anti-FLAG M; beads were used to precip-
itate protein—RNA complexes. pri-miRNAs were detected
by real-time RT-PCR and ACT?2 was used as a negative con-
trol. We included pri-miRNAs for miR 160 and miR 167 that
regulate auxin responses (see above) in the investigation.
As shown in Figure 8, pri-miRNA160a, pri-miRNA167a
and pri-miRNAS827 were enriched by immunoprecipitation
in HOS5 OX C24. Notably, none of the three pri-miRNAs
could be enriched in HOSS5 OX frry2—1, indicating that the
pri-miRNA binding activity of HOSS requires FRY2, likely
via the FRY2-regulated phosphorylation status of HOSS.
In RS40 OX C24 and RS41 OX C24, all three pri-miRNAs
were enriched, demonstrating that both splicing factors,
RS40 and RS41, can bind these pri-miRNAs in vivo.

It should be pointed out that, we selected pri-miR160a
and pri-miR167a as targets, not only because they are
auxin-related pri-miRNAs, but also because they are
two different types of pri-miRNA. As tested before, pri-
miR160a contains one intron whereas pri-miR167a does
not have an intron (48). HOSS5, RS40 and RS41 can bind
both pri-miRNAs, suggesting that these proteins may affect
miRNA biogenesis independently of splicing.
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DISCUSSION

HOSS5, RS40 and RS41 play an important role in the splic-
ing of a subset of pre-mRNA (44). In this study, we demon-
strated that these proteins are also involved in miRNA bio-
genesis, with their loss of function resulting in altered ac-
cumulation of many miRNA (Figure 4). Inaccurate strand
selection also occurred in certain miRNA loci (Figure 3).
Our previous study revealed that all of these proteins inter-
act with FRY2 (44), which is also involved in miRNA bio-
genesis by regulating HYL1 phosphorylation (14). In this
study, we demonstrated that HOSS is dephosphorylated by
FRY?2 (Figure 1). Importantly, we found that the subnuclear
localization of both HOS5 and HYLI is regulated by the
phosphorylation status of these proteins. In the fry2 mu-
tant, HOSS became more diffuse and was found in far fewer
nuclear speckles than in the wild-type (Figure 1). Similarly,
fewer HYL1 nuclear bodies were found in the fry2 mutant
(Supplementary Figure S2B and S2C). In both cases, treat-
ment with the protein kinase inhibitor strauosphorine re-
stored the wild-type localization of HOSS and HYLI in
the firy2 mutant. Recent studies have implicated that correct
subcellular localization of HYLI1 protein or its truncated
dsRNA-binding domains correlated with their function in
miRNA biogenesis (9,51). Thus, it is likely that the changed
subnuclear localization of miRNA biogenesis-related pro-
teins in fry2 may have a major impact on the functions of
these proteins in miRNA biogenesis.

The fact that HOSS5, RS40, RS40 and FRY?2 interact in
the nuclear splicing speckles and affect pre-mRNA splicing
(44) raises an intriguing question regarding the relationship
between splicing and miRNA biogenesis. Using affinity pu-
rification and fractionation, components of the spliceosome
and the Microprocessor in mammalian cells were found
to co-localize (52), suggesting a potential functional relat-
edness between the two processes. Indeed, several studies
have shown that splicing-related proteins or splicing factors
are involved in miRNA or siRNA biogenesis (29,53,54) al-
though the mechanism has been unclear. In principle, splic-
ing factors or splicing may affect miRNA biogenesis either
indirectly through regulating the expression or the splicing
of pri-mRNA biogenesis factors or intron-containing pri-
miRNAs, or directly by participating in miRNA biogenesis
independently of the splicing activity. Evidence for both di-
rect (53) and indirect (54) involvement of splicing factors in
small RNA biogenesis has been reported in other systems.
Here, we showed that Arabidopsis HOS5, RS40 and RS41
affects miRNA biogenesis. Our experimental evidence sug-
gests a direct role of these proteins in regulating the biogen-
esis of a subset of miRNA, although they may also play an
indirect role in the biogenesis of some other miRNA.

Unlike in animals, in which the majority of miRNA
genes are in introns, most Arabidopsis miRNA loci are en-
coded by independent transcription units. Although there
has been no systematic survey of the intron-containing
miRNA genes in Arabidopsis, examination of 20 miRNA
genes found that 12 have introns (48). In this study, we
found that 40s5 and the SR mutants had splicing defects
in processing certain intron-containing pri-miRNAs (Fig-
ure 5), yet there was no clear change in splicing for the other
intron-containing miRNA genes examined. There was no
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Figure 8. HOSS5, RS40 and RS41 bind to pri-miRNA in vivo. Four transgenic plants, HOS5 OX C24, HOS5 OX fry2—-1, RS40 OX C24 and RS41 OX
C24, were subject to RNA immunoprecipitation. The levels of pri-miRNA160a, pri-miRNA167a, pri-miRNA827 and ACT?2 in input fraction (input),
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consistent correlation between splicing defects and mature
miRNA levels. Furthermore, no obvious defects in the splic-
ing of major miRNA biogenesis genes were observed in the
mutants. The expression level of several miRNA biogenesis
genes including DCLI, SE, CBP20 and HENI was reduced
in the mutants, yet others showed no significant changes
(Supplementary Figure S7). Reduced expression of genes
such as DCLI may lead to reduced miRNA production.
Thus, these splicing-related proteins may play an indirect
role in regulating the biogenesis of some miRNA through
regulation of the splicing of miR NA biogenesis genes or pri-
miRNA or by regulating the expression of miRNA biogen-
esis genes.

Consistent with their role in regulating miRNA bio-
genesis, HOSS5, RS40 and RS41 all bind specifically to
pri-miRNA in vivo (Figure 8). Interestingly, the binding
of pri-miRNA by HOSS requires FRY2, as indicated by
the failed binding in the fry2 mutant background. In this
case, FRY2 may function either through dephosphorylat-
ing HOSS (Figure 1A) or by regulating the physical local-
ization or recruitment of HOSS as a result of the change in
its phosphorylation status (Figure 1C) (44), thereby affect-
ing the binding and subsequent processing of pri-miRNA.
These possibilities will have to be tested in future studies. It
should be noted that these pri-miRNAs that were bound by
HOSS and the SR proteins either contained introns (e.g. pri-
miR 160a) or did not (pri-miR167a). Thus, the pri-miRNA-
binding ability of HOSS5 and the SR proteins is independent
of the splicing process, pointing to a direct role of these pro-
teins in miRNA biogenesis.

The fact that all of these proteins (HOSS5, RS40 and
RS41) interact with the core miRNA biogenesis proteins
HYLI and SE in splicing speckles (Figure 2) also strongly
supports a direct role for splicing-related factors in the bio-
genesis of a relatively larger number of miRNA includ-
ing those that may be indirectly regulated by these splic-
ing related proteins. It is tempting to speculate that these
splicing-related proteins may be part of the plant Micro-
processor. Due to their RNA-binding ability, these splic-
ing factor proteins and the core miRNA biogenesis pro-
teins, such as HYL1 and SE, may promote each other’s
recruitment via common RNA structure recognition and
protein—protein interaction to the splicing/Microprocessor
sites; they may function independently, yet cooperatively,
both in pre-mRNA splicing and miRNA biogenesis of a
subset of transcripts.

Recently, increasing evidence suggests that miRNA pro-
cessing defects and mRNA processing defects may occur
concurrently in the same mutants (28,29,55), although the
detailed mechanism for the linkage remains incompletely
understood. Here, we have demonstrated that the three
splicing-related proteins HOSS5, RS40 and RS41 are directly
involved in miRNA biogenesis by binding pri-miRNA and
interacting with core miRNA biogenesis components. Fur-
ther investigation of the detailed mechanisms and functions
of these interactions will close the gap between splicing and
miRNA processing in the miRNA biogenesis models re-
cently proposed (14,56).
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