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ABSTRACT

Arabidopsis, miR402 that is encoded within the first

intron of a protein-coding gene At1g77230, is in-

duced by heat stress. Its upregulation correlates with

splicing inhibition and intronic proximal polyA site

selection. It suggests that miR402 is not processed

from an intron, but rather from a shorter transcript

after selection of the proximal polyA site within this

intron. Recently, introns and active 5′ splice sites

(5′ss’) have been shown to stimulate the accumu-

lation of miRNAs encoded within the first exons of

intron-containing MIR genes. In contrast, we have

observed the opposite effect of splicing inhibition

on intronic miR402 production. Transient expression

experiments performed in tobacco leaves revealed

a significant accumulation of the intronic mature

miR402 when the 5′ss of the miR402-hosting intron

was inactivated. In contrast, when the miR402 stem-

loop structure was moved into the first exon, mu-

tation of the first-intron 5′ss resulted in a decrease

in the miRNA level. Thus, the 5′ss controls the ef-

ficiency of miRNA biogenesis. We also show that

the SERRATE protein (a key component of the plant

microprocessor) colocalizes and interacts with sev-

eral U1 snRNP auxiliary proteins. We postulate that

SERRATE-spliceosome connections have a direct ef-

fect on miRNA maturation.

INTRODUCTION

MicroRNAs (miRNAs) are short, single stranded, non-
coding RNAs that act at the post-transcriptional level lead-
ing to mRNA cleavage and degradation or translational re-
pression by base pairing to their targetmRNAs (1–3). These
small RNAs can be considered a quick reaction force that
allows rapid developmental changes and responses to envi-
ronmental cues (4–10). Consequently, prompt and ef�cient
miRNA action requires the existence of many regulatory
mechanisms that �ne-tune their levels in response to cellu-
lar needs. However, the mechanism of plant miRNA pro-
duction still remains unclear.
In contrast to mammalian cells, plant miRNA biogen-

esis occurs primarily in the nucleus (11). Plant primary
transcripts of MIR genes (pri-miRNAs) are synthesized
by RNA polymerase II and thus contain caps and polyA
tails (12). Processing of pri-miRNA to mature miRNA is
performed by an RNase III ribonuclease, DICER-LIKE1
(DCL1), which is assisted primarily by HYPONASTIC
LEAVES 1 (HYL1) and SERRATE (SE), the protein
involved in miRNA biogenesis and pre-mRNA splicing
(13–17). Recently, additional players involved in miRNA
maturation have been discovered, from which several af-
fect miRNA accumulation additionally via regulation of
pri-miRNA splicing ef�ciency (18–26). These are: HOS5,
RS40/RS41, STA1 and GRP7 (18,27,28). Thus, the struc-
ture ofMIR genes is an important factor that facilitates the
complex regulation of miRNA production (29–33).
In accordance with the latest scienti�c reports, from

75 Arabidopsis thaliana MIR gene structures characterized
thus far, 46 encode independent transcription units and ap-

*To whom correspondence should be addressed. Tel: +48 61 829 5756; Fax: +48 61 829 5949; Email: zofszwey@amu.edu.pl
Correspondence may also be addressed to Artur Jarmolowski. Tel: +48 61 829 5959; Fax: +48 61 829 5949; Email: artjarmo@amu.edu.pl
†These authors contributed equally to the paper as �rst authors.

C© The Author(s) 2016. Published by Oxford University Press on behalf of Nucleic Acids Research.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by-nc/4.0/), which

permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact

journals.permissions@oup.com

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/n
a
r/a

rtic
le

/4
5
/5

/2
7
5
7
/2

9
6
5
6
4
6
 b

y
 U

.S
. D

e
p
a
rtm

e
n
t o

f J
u
s
tic

e
 u

s
e
r o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



2758 Nucleic Acids Research, 2017, Vol. 45, No. 5

proximately half of them contain introns (34–36). Another
29 miRNAs are located within the introns of other genes
that encode protein-coding or non-coding RNAs (37,38).
Both pri-miRNAs and miRNA-hosting pre-mRNAs un-
dergo constitutive and alternative splicing.Moreover, many
alternative polyadenylation signals have been identi�ed
in Arabidopsis pri-miRNAs (35,36). In fact, these post-
trascriptional events have been already reported to regu-
late miRNA biogenesis. For exonic MIR161, MIR163 and
MIR172a pri-miRNAs (each containing one intron), splic-
ing stimulates mature miRNA production and the recog-
nition of active 5′ splice sites (5′ss) (located downstream
of the miRNA stem-loop structure) by U1 snRNP is cru-
cial for the stimulation of miRNA biogenesis (29,30). These
results suggest the existence of communication between
the spliceosome and the plant microprocessor in the case
of miRNAs located within the upstream exons of intron-
containing genes. However, the key players in this crosstalk
and the effects of these interactions on miRNAs present in
introns remain unknown.
Reports concerning intronic miRNAs focus primarily on

the mechanism of their biogenesis in humans and animals.
Knockdown of a U1 snRNP-speci�c protein reduced the
level of miR211 (39). In addition, the production of miR25,
miR93 and miR106b was signi�cantly affected by non-
canonical splicing events, alternative transcription start site
and polyadenylation site selection (40,41). These results
suggest that intronic miRNAmaturation, at least in human
and animal cells, can be regulated at different levels of tran-
scriptional and co-transcriptional processing of their host
pre-mRNAs and pri-miRNAs.
In contrast, information regarding intronic miRNA bio-

genesis in plants is scarce. In 2008, possible mechanisms of
intronic miRNA biogenesis were proposed that assumed ei-
ther cooperation or competition between the plant micro-
processor and the spliceosome (37). The later model of in-
tronic miR400 maturation assumed that heat stress activa-
tion of the alternative 5′ss, which was downstream of the
miRNA stem-loop structure, resulted in lower levels of ma-
ture miRNA (38). This observation posited that plant in-
tronic miRNAs are produced ef�ciently from spliced-out
introns. Another speci�c class of miRNAs produced from
introns are mirtrons, of which the maturation in animals
does not require the nuclear step of miRNA biogenesis; in-
stead, their precursors are products of spliceosome activity.
In plants, 5 and 18 mirtron-like intervening sequences have
been identi�ed thus far in A. thaliana and Oryza sativa, re-
spectively, using bioinformatics tools (42,43). However, the
mechanism of their maturation comprising the involvement
of the spliceosome and the microprocessor has still yet to
be uncovered. The complex structure of plant MIR genes
suggests that intronic miRNA biogenesis is affected by the
interplay between different RNA metabolism machineries
already at the primary transcript level similar to that in an-
imals.
The results presented in this study show that SE, a

key component of the plant microprocessor interacts with
U1 snRNP auxiliary proteins, supporting the importance
of SE–spliceosome communication in the regulation of
miRNAbiogenesis. For at least two intronicmiRNAs, splic-
ing inhibition lead to strong upregulation of their levels. In-

terestingly, we discovered that the translocation of the in-
tronic miR402 stem-loop structure into the upstream exon
downregulated miRNA production when the 5′ss was inac-
tivated. These results show that the position of the miRNA
hairpin with regard to the 5′ss strongly affects miRNAmat-
uration. The presented results show novel mechanisms of
regulating plantmiRNAbiogenesis and targetmRNA level.

MATERIALS AND METHODS

Plant material

Arabidopsis thaliana (wild-type, se-1 and se-2 (44,45)

seeds were strati�ed on solid 1
2

MS (Murashige and
Skoog, Sigma-Aldrich) medium supplemented with 1%
agar (Sigma-Aldrich) for 3 days at 4◦C and then trans-
ferred to 22◦C. Seedlings were grown for 14 days (16/8 h
light/dark, 70% humidity, 150–200 �mol m-2 s-1 photon
�ux density).
For heat treatment, 2-week-old seedlings were exposed to

37◦C and plants were collected at the indicated times. Plant
material for the abiotic stress analyses was prepared as pre-
viously described (9).
The half-life of pri-miR402 was determined as previously

described (46) with the following modi�cations. Arabidop-

sis 17-day-old seedlings grown on solid 1
2
MSmedium were

exposed to 37◦C for 2 h, then transferred into incubation
buffer (1 mM Pipes pH 6.25, 1 mM sodium citrate, 1 mM
KCl, 15 mM sucrose) and swirled at 30 rpm at 22◦C for 30
min. Next, 3′-deoxyadenosine (cordycepin; C3394; Sigma
Aldrich) was added to a �nal concentration of 0.6mM (time
0) and tissue samples were collected after 20, 40, 60 and 80
min of incubation.
To obtain 35-day-old A. thaliana Col-0 wild-type plants,

seeds after 3-day strati�cation were grown at 22◦C (16/8 h
light/dark, 50–60% humidity, 150–200 �mol m-2 s-1 photon
�ux density) in Jiffy-7 pots (Jiffy).
Nicotiana benthamiana plants were grown for 6 weeks

at 25◦C (16/8 h light/dark, 50% humidity, 150–200 �mol
m-2 s-1 photon �ux density).

Construct preparation

For miR402-hosting gene construct preparation, the ge-
nomic sequence ofAt1g77230was ampli�ed (from genomic
DNA isolated using a DNeasy Plant Mini Kit, Qiagen) and
cloned into the pENTR/D-TOPO plasmid (ThermoFisher
Scienti�c) using NotI and AscI restriction sites. The mu-
tagenesis of identi�ed splice sites was performed using a
QuikChange® II Site-Directed Mutagenesis Kit (Agilent
Technologies). To obtain expression in plants, At1g77230
gene versions were cloned into the pMDC32 Gateway bi-
nary vector (47) using Gateway LRClonase II EnzymeMix
(ThermoFisher Scienti�c).
For the promoter in�uence analysis, the modi�ed

pMDC99 Gateway binary vectors (47) were prepared, car-
rying native At1g77230, ACT2 (At3g8780) and GAPDH
(At1g13440) promoter regions, representing sequences lo-
cated ∼1500, ∼2000 and ∼2000 bp upstream of the
At1g77230, At3g8780 and At1g13440 TSSs, respectively.
The ampli�ed fragments were cloned upstream of the
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pMDC99 attR1 sequence using the combination of HindIII
and AscI restriction sites. Next, the At1g77230 gene ver-
sions with active (native) and inactivated (�5′ss) the �rst-
intron constitutive 5′ss were cloned into prepared binary
vectors using Gateway LR Clonase II Enzyme Mix (Ther-
moFisher Scienti�c).
To change the location of the miR402 stem-loop struc-

ture, the hairpin was removed using a three-step polymerase
chain reaction (PCR) approach (step 1: ampli�cation of the
1–400 nt fragment; step 2: ampli�cation of the 710–3649 nt
fragment; step 3: ampli�cation of the 1–3649 nt fragment
based on a template consisting of the mixed PCR products
from steps 1 and 2). Then, pre-miR402 was ampli�ed in-
dependently using speci�c primers. Next, the miR402 stem-
loop structure was cloned into the �rst exon using the MfeI
restriction site. To insert the pre-miR402 into the second in-
tron, the three-step PCR approach was used based on the
template without the miR402 hairpin (step 1: ampli�cation
of the 1–1211 nt fragment; 2: ampli�cation of the 1212–3649
nt fragment; step 3: ampli�cation of the 1–3649 nt fragment
based on a template consisting of the pre-miR402 and PCR
products of steps 1 and 2). To obtain expression in plants,
At1g77230 gene versions were cloned into the pMDC32
Gateway binary vector (47) using Gateway LR Clonase II
Enzyme Mix (ThermoFisher Scienti�c).
To analyze protein interactions in yeast cells,

pGADT7 (with a Gal4 activation domain) and pG-
BKT7 (with a Gal4 binding domain) cloning vectors
were used (Clontech). The coding sequences (CDS) of SE
(At2g27100), AtU1A (At2g47580), AtU1C (At4g03120),
AtU1-70K (At3g50670), AtPRP39a (At1g04080), At-
PRP39b (At5g46400), AtPRP40a (At1g44910), At-
PRP40b (At3g19670), AtLUC7a (At3g03340), AtLUC7b
(At5g17440) and AtLUC7rl (At5g51410) were ampli�ed
using cDNA template prepared from 35-day-old rosette
leaves.
For protein pull-down assay constructs encoding the

MBP-SE, MBP-GFP and Tetratricopeptide repeat (TPR)
domain of SGT1 were used (17). AtPRP39b, AtPRP40a,
AtPRP40b and AtLUC7rl coding sequences cloned into
pGBKT7 were used as the templates for in vitro translation.
For microscopic analyses, coding sequences of the

studied proteins (all mentioned above and AtCBP20
(At5g44200)) were �rst cloned into pENTR/D-TOPO
(ThermoFisher Scienti�c) using topoisomerase I-based 5-
min directional ligation or NotI and AscI restriction sites.
Next, Gateway LRClonase II EnzymeMix (ThermoFisher
Scienti�c) was used to generate expression clones based on
destination plasmids with the GFP or the tagRFP sequence
under control of theUBQ10 promoter. For constructs mim-
icking SE in the se-2 and se-1mutants, stop codons were in-
serted after nucleotide 2043 (using a QuikChange® II Site-
Directed Mutagenesis Kit; Agilent Technologies) and nu-
cleotide 2103 of SE CDS, respectively.
All of the constructs and mutations were con�rmed by

DNA sequencing. The oligonucleotide sequences are listed
in Supplementary Table S1.

Transient expression in N. benthamiana leaves

Agroin�ltration was performed as previously described
(29). For the determination of pri-miR402 half-life 72 hours
after agroin�ltration small discs (5 mm diameter) were col-
lected (n = 100) and placed in a square Petri dish contain-
ing 30 ml of incubation buffer (1 mM Pipes pH 6.25, 1 mM
sodium citrate, 1 mMKCl, 15 mM sucrose). After 30 min of
swirling at 30 rpm 3′-deoxyadenosine (cordycepin; C3394;
Sigma Aldrich) was added to a �nal concentration of 0.6
mM (time 0), and tissue samples were collected after 30, 60,
120 and 180 min of incubation.

RNA isolation and cDNA preparation

Total RNA for cDNA preparation was isolated using a
Direct-zol™ RNA Mini Prep Kit (Zymo Research) and
treated with Turbo DNase I (ThermoFisher Scienti�c). For
analyses of the At1g77230 transcript expression levels, RT
reactions were prepared with the use of SuperScript III Re-
verse Transcriptase (ThermoFisher Scienti�c), oligo-dT(18)
primer (ThermoFisher Scienti�c) and 1 �g (for miR402
transcript half-life measurements) or 3 �g of total DNase-
treated RNA.
FormaturemiRNAanalyses, RT reactionswere prepared

using MultiScribe™ Reverse Transcriptase (ThermoFisher
Scienti�c), 10 ng of total DNase-treated RNA and 5× RT
primer speci�c for each miRNA or U6 snRNA used as a
reference (ThermoFisher Scienti�c).

RT-qPCR

RT-qPCR was performed with Power SYBR® Green PCR
MasterMix (ThermoFisher Scienti�c) using a 7900HTFast
Real-Time PCR System (ThermoFisher Scienti�c) as pre-
viously described (48). The ampli�cation ef�ciency of each
primer pair (�nal concentration, 200 nM each) was calcu-
lated by making 10-fold dilution series of the mix of tem-
plates, calculating a linear regression based on the data
points and estimating the ef�ciency from the line slope.
In addition, the dissociation curve was always analyzed to
exclude the possibility of multiple products ampli�cation.
Only primer pairs with the highest, almost equal ef�ciency
(max. difference of 2% was approved) and with only one
peak visible on the dissociation curve were used for anal-
ysis. To avoid any ambiguity the RT-qPCR products were
sequenced to con�rm that only the isoform of interest was
ampli�ed.
Expression levels were calculated using the relative

quanti�cation (2-�Ct), while the fold change was calcu-
lated using the 2-��Ct method. The mRNA fragments
of glyceraldehyde-3-phosphate dehydrogenase (GAPDH,
At1g13440), and HYGROMYCIN (ACI22368) were am-
pli�ed and detected simultaneously as reference genes for
A. thaliana and N. benthamiana, respectively. To estimate
the splicing ef�ciency, all events identi�ed within the an-
alyzed intron were summed and treated as 100%, and the
contribution of fully spliced and unspliced isoformswas cal-
culated. To determine statistical signi�cance each individ-
ual isoform was analyzed in the sample of interest against
the control sample (or other relevant sample as indicated
in the �gure legend). To calculate the level of At1g77230
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transcripts terminated at the proximal polyA site, the re-
sults obtained with the use of primers anchored to the �rst
exon of At1g77230 were diminished by the expression level
of transcripts ended at the distal polyA sites. Next the ratio
of polyA site selection was calculated and statistical signif-
icance was determined for each individual isoform against
the control sample. For evaluation of the pri-miR402 stabil-
ity the levels of the analyzed transcripts were plotted against
time. Next, the linear regression was applied to calculate the
half-life of transcripts.
Each RT-qPCRwas performed independently for at least

three biological replicates. All results were analyzed us-
ing SDS 2.4 software (ThermoFisher Scienti�c). Error bars
were calculated using the SD Function in Microsoft Excel
software. The statistical signi�cance of the results presented
was estimated using Student’s t-test or ANOVA followed by
the Tukey’s test (for the studies of an in�uence of se-1 and
se-2 on miRNA biogenesis) at three signi�cance levels: *P
< 0.05, **P < 0.01 and ***P < 0.001.
RT-qPCR analyses of mature miRNA expression levels

were performed according to the TaqMan® MicroRNA
& Non-coding RNA Assay (ThermoFisher Scienti�c) us-
ing TaqMan® Universal Master Mix II with UNG (Ther-
moFisher Scienti�c), TaqMan® probes and primers spe-
ci�c for mature miRNAs and internal reference genes (U6
snRNA (At3g14735) and HYGROMYCIN (ACI22368))
for A. thaliana and N. benthamiana, respectively.
All oligonucleotide sequences used for RT-qPCR experi-

ments are listed in Supplementary Table S1.

3′ RACE

Total RNA isolated with the use of a Direct-zol™ RNA
Mini Prep Kit (Zymo Research) was treated with Turbo
DNase I (ThermoFisher Scienti�c) and used for cDNA
template preparation according to the manufacturer’s in-
structions (SMARTer RACE cDNA Ampli�cation Kit
(Clontech)). PCR reactions were performed using the Ad-
vantage 2 PCR Enzyme System (Clontech). The primer se-
quences are listed in Supplementary Table S1. Next, the
PCR products were cloned into the pGEM T-Easy vector
(Promega) and sequenced. Identi�ed alternative polyadeny-
lation sites are listed in Table 1.

RNA isolation and northern hybridization of mature miR402

Total RNA was isolated with TRIzol reagent (Ther-
moFisher Scienti�c). Northern experiments were per-
formed as previously described (31).

Yeast two-hybrid analysis

The yeast two-hybrid (YTH) experiments were performed
using the Matchmaker GAL4-based two-hybrid system
(Clontech) according to the manufacturer’s protocol. Sac-
charomyces cerevisiae strain Y2HGold was cotransformed
with 700 ng of each plasmid encoding BD- and AD-fusion
proteins according to the manufacturer’s protocol, and
spread on an SD/-Leu/-Trp selective medium (-LT). To
test for protein interactions, the cells were then transferred
to SD-Leu-Trp-His-Ade (-LTHA) and SD-Leu-Trp-His-
Ade+X-�-Gal+Aureobasidin A (-LTHA+X-�-Gal+Aur)

plates and grown for three days at 28◦C. The experiments
were performed in three replicates.

Protein pull-down assay

Assays were performed as previously described (17). The
overexpression of SE and GFP (as a negative control)
fused with maltose-binding protein (MBP) was performed
in Escherichia coli strain BL21(DE3)RIL as follows: cells
were grown for 16 h at 20◦C (MBP-SE) or 2 h at 37◦C
(MBP-GFP) after induction by 0.4 mM isopropyl �-D-1-
thiogalactopyranoside, then harvested and sonicated (15
cycles of 30 s ON and 30 s OFF using a Bioruptor Plus,
Diagenode) in MBP buffer (20 mM Tris–HCl, 0.2 MNaCl,
1 mM ethylenediaminetetraacetic acid (EDTA) and Com-
plete Mini EDTA-free protease inhibitor tablets (Roche),
pH 7.4). After sonication, lysates were centrifuged for 15
min at 14 000 × g at 4◦C and the supernatants containing
the protein extract were collected. AtPRP39b, AtPRP40a,
AtPRP40b, AtLUC7rl and TPR domain of the SGT1 pro-
tein were obtained by in vitro translation (TNT T7 Coupled
Wheat Germ Extract System (Promega)) in the presence of
[35S]-methionine (Hartmann Analytic GmbH).
For pull-down experiments, MBP-SE and MBP-GFP

from bacterial lysates were bound to amylose beads (New
England Biolabs), washed three times with MBP buffer (20
mM Tris–HCl, 0.2 mM NaCl, 1 mM EDTA and Complete
Mini EDTA-free protease inhibitors tablets (Roche), pH
7.4) and incubated with labeled AtPRP39b, AtPRP40a, At-
PRP40b, AtLUC7rl and TPR domain of SGT1 in phos-
phate buffer (28 mM NaH2PO4, 72 mM Na2HPO4, 250
mM KCl and 0.5% Triton X-100) for 2 h at 4◦C. Next, the
beads were washed four times with phosphate buffer and
the protein complexes were eluted with 10 mM maltose.
The labeled proteins were separated in 14% sodium dode-
cyl sulphate-polyacrylamide gel and detected with an image
analyzer (FLA-5000 (Fuji�lm)). To verify that an equiva-
lent amount of the MBP-SE and MBP-GFP proteins was
bound to the beads, samples of the MBP proteins bound
on the amylose beads were diluted hundred times andWest-
ern blot was performed with the use of anti-MBP (Sigma-
Aldrich, M6295, 1:10 000) and anti-rat (Merck Millipore,
AP136P, 1:10 000) antibodies.

Mesophyll protoplast transfection

The fusion constructs used for protein localization and
FRET-FLIM analyses were introduced into A. thaliana
wild-type Col-0 protoplasts isolated from rosette leaves of
plants grown for 3–4 weeks at 20–22◦C (16/8 h light/dark,
50–60% humidity, 150–200 �mol m-2 s-1 photon �ux den-
sity). Leaves prepared by the Tape-Arabidopsis Sandwich
method (49) were soaked in 20 ml of the enzyme solu-
tion (1% (w/v) Cellulase Onozuka R10 from Trichoderma
viride (Serva; 1 U/mg) and 0.2% (w/v) Macerozyme R-
10 from Rhizopus sp. (Serva) dissolved in mannitol so-
lution (0.4 M mannitol, 20 mM KCl and 20 mM 2-[N-
morpholino]ethanesulfonic acid (MES) pH 5.7)), supple-
mented with CaCl2 to a �nal concentration of 10 mM in a
Petri dish and incubated on a platform shaker (40-60 rpm)
for 30 min at room temperature (50). Protoplasts were then
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Table 1. Identi�ed alternative polyadenylation sites of At1g77230 transcripts

No. Name

Position (from the 5′ end of
At1g77230 transcript) in
nucleotides

Sequence of the identi�ed
polyadenylation cleavage site (bold)

1 proximal polyA site 974 AAGTGAATT
2 distal polyA site 1 1756 TAATGAACC
3 distal polyA site 2 1889 TTTCCAGTA

collected by centrifugation for 3 min at 200 × g, washed
three times in W5 solution (154 mMNaCl, 125 mMCaCl2,
5 mMKCl and 2 mMMES pH 5.7) and resuspended in 1.2
ml of MMg solution (0.2 M mannitol, 15 mM MgCl2 and
4 mM MES pH 5.7).
Samples (200 �l) of the protoplast suspension were trans-

ferred into round-bottom tubes containing 5 �g of plasmid
DNA (5 �g of each plasmid in the case of cotransfection),
and 220 �l of PEG/Ca2+ solution (40% (w/v) polyethylene
glycol 4000 (PEG, Sigma-Aldrich), 0.2Mmannitol and 100
mMCa(NO3)2) was then added. The suspension was mixed
well and incubated for 5 min at room temperature, and 800
�l of W5 solution was added to stop the transfection pro-
cess. The protoplasts were collected by centrifugation for 3
min at 200× g, washed inW5 solution, resuspended in 1 ml
of W5 solution containing 1 mM glucose and incubated for
7 h in the dark at 22◦C before imaging and FRET-FLIM
measurements.

Imaging

The subcellular localization of proteins was examined
with a confocal scanning microscope (Nikon A1Rsi) using
40×/1.25 and 60×/1.20 water-immersion objectives. Exci-
tation was achieved with an argon laser at 488 nm (GFP)
and with a diode laser at 561 nm (tagRFP). Fluorescence
was observed using the emission spectrum range of 525/50
nm (GFP) and 595/50 (tagRFP). Images were prepared us-
ing Fiji software (51).

FRET-FLIM

FRET-FLIM was performed on a PicoHarp300-Dual
Channel SPAD system (PicoQuant) in combination with
Nikon A1Rsi microscope and on Leica TCS SP5 X scan
head coupled to internal Hybrid (HyD) detector (Becker &
Hickl). The excitation pulses were generated by a Picosec-
ond Pulsed Diode Laser LDH-D-C-485 (PicoQuant) and
supercontinuum tunable white light laser (488 nm), result-
ing in excitation pulses of 100 ps at a repetition of 40 MHz.
60×/1.20 water-immersion and 63×/1.20 water-immersion
objectives were used. Images with a frame size of 128 × 128
pixels were acquired, and the average count rate was around
104 photons per second for an acquisition time of ±60 s.
From the time resolved �uorescence intensity images, the
�uorescence decay curves were calculated per pixel and �t-
ted with double-exponential decay model using the Sym-
PhoTime 64 (PicoQuant) and the SPCImage 3.10 software
(Becker&Hickl). The �tting procedurewas performedwith-
out �xing any parameters. Several cells (n > 10) for each
sample were analyzed and Student’s t-test was used to de-
termine statistical signi�cance of differences between sam-

ples (*P< 0.001). Error bars represent standard error of the
mean (SEM) (52).

RESULTS

Stress-induced miR402 accumulation correlates with splic-
ing inhibition of the miRNA-hosting intron and proximal
polyadenylation site selection

To reveal the mechanism of plant intronic miRNA biogen-
esis, we selected miR402, which is located within the �rst
intron of the At1g77230 gene encoding a tetratricopeptide
repeat-rich protein of unknown function (Figure 1A). Ma-
ture miR402 has been shown to be responsive to many envi-
ronmental cues such as cold, heat, salinity, ABA treatment
and dehydration (7,53). These �ndings prompted us to per-
form a deeper analysis of miR402 biogenesis regulation un-
der different stress conditions.
First, the effect of heat stress on miR402 maturation was

con�rmed. A. thaliana 2-week-old seedlings were subjected
to 37◦C for 0.5, 2, 6 and 12 h.RT-qPCRanalysis showed up-
regulation of pri-miR402 and mature miR402 levels after at
least 2 h of heat treatment (Figure 1B and Supplementary
Figure S1A). We also discovered that high temperature in-
hibited the splicing of the miR402-carrying intron (Figure
1C), but we observed no changes of the splicing of the ar-
bitrarily selected At1g77230 intron no. four that does not
carry any miRNA (Supplementary Figure S1B). Thus, heat
stress clearly does not affect the splicing ef�ciency of all in-
trons of the miR402 host gene. Furthermore, we identi�ed
three alternative polyA sites in At1g77230 transcripts in the
following regions using the 3′ RACE approach: (i) within
the �rst intron downstream of pre-miR402 (subsequently
called the proximal polyA site), and (ii) in the last exon (two
polyA sites subsequently called distal polyA sites) (Table 1).
These polyA sites were also found in Direct RNA Sequenc-
ing data provided by others (54). Interestingly, the use of
the proximal polyA site increased signi�cantly upon heat
stress (Figure 1D). Additionally, miR402 is known to tar-
get the mRNAofDEMETER-LIKE PROTEIN 3 (DML3,
At4g34060) (55). RT-qPCR analyses of the DML3 tran-
script level showed its signi�cant downregulation after at
least 2 h of heat stress, which was consistent with miR402
induction (Figure 1E and B; Supplementary Figure S1A).

To exclude the possibility that the elevated levels of pri-
miR402 and mature miR402 were caused by higher precur-
sor stability after heat stress, A. thaliana seedlings were ad-
ditionally treated with cordycepin to inhibit transcription
and the pri-miR402 half-life was determined. Notably, no
signi�cant changes in the stability of the precursors ter-
minated at both proximal and distal polyA sites were ob-
served between stressed and non-stressed plants (Supple-
mentary Figure S2). This shows that the over-accumulation
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Figure 1. Heat-inducedmiR402 accumulation correlates with the inhibition ofmiRNA-carrying intron splicing and higher selection of proximal polyadeny-
lation site. (A) Structure of At1g77230, hosting pre-miR402 within the �rst intron. Boxes represent exons (protein-coding sequence marked in gray, UTRs
in white), and lines depict introns. RT-qPCR analysis of (B) the pri-miR402 (upper panel) and miR402 (lower panel) levels, (C) miR402-carrying intron
splicing ef�ciency, (D) the proximal and distal polyA site usage and (E) DML3 expression levels in control and heat stress conditions. Arrows in the upper
parts of the panels with the At1g77230 gene scheme depict the primers used (B–D). Error bars indicate SD (n = 3), and the asterisk indicates a signi�cant
difference between the sample and control (*P < 0.05; **P < 0.01; white stars––for spliced or proximal polyA isoforms; black stars––for unspliced and
distal polyA isoforms (C-D)).
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of miR402 in heat stress as compared to the level observed
in control plants is not the result of changed pri-miR402
stability.
Moreover, treatments with other selected abiotic stress

factors including salinity, mild and severe drought showed
the same correlations between the miR402 and pri-miR402
levels, miRNA-carrying intron splicing ef�ciency and prox-
imal polyadenylation site selection (Supplementary Figure
S1C–E).

Active 5′ splice site and proximal polyA site selection control
miR402 accumulation

To investigate the mechanism of miR402 biogenesis regu-
lation, the genomic sequence of At1g77230 was cloned and
expressed under the control of the strong 35S promoter inN.
benthamiana leaves, since a null mutant of the Arabidopsis
At1g77230 gene is not available. First, the effect of miRNA-
containing intron 5′ss inactivation on the miRNA level was
determined (Figure 2A). This mutation resulted in the ma-
ture miR402 upregulation (Figure 2B and Supplementary
Figure S3A). Accordingly to the previously published re-
sults (29,30), to exclude the possibility that this observa-
tion is caused by the strong 35S promoter, we tested three
additional promoter sequences: (i) the native At1g77230
promoter, (ii) the At3g18780 (ACT2) promoter (pACT2)
and (iii) the At1g13440 (GAPDH) promoter (pGAPDH).
Expression driven by the native At1g77230 promoter re-
sulted in the barely detectablematuremiR402 level (Supple-
mentary Figure S3B). However, regardless other promoters
used (pACT2, pGAPDH), themature miR402 level was up-
regulated upon inactivation of the constitutive 5′ss of the
miRNA-containing intron (�5′ss), as it was observed in the
case of the 35S promoter (Figure 2B; Supplementary Figure
S3A and B). Therefore, the 35S promoter-driven constructs
were used in all subsequent experiments. To rule out the
possibility that the oligoU tract that replaced the original
5′ss sequence of the �rst intron of the At1g77230 gene may
induce some unspeci�c protein binding, mutations that in-
activated only two, three or four nucleotides of the 5′ss were
introduced (Supplementary Figure S3C). Similar to themu-
tation introducing an oligoU stretch, upregulation of the
mature miR402 was observed in all 5′ss inactivation vari-
ants, excluding the effect of the mutation-type engineered
(Supplementary Figure S3C).
In the analyzed At1g77230 gene variants with the mu-

tated strong constitutive 5′ss we observed the activation of
a weak cryptic 5′ss (cry5′ss) undetected in A. thaliana, and
located downstream of the miR402 hairpin. Thus, to test
the role of this cry5′ss and the miRNA-hosting intron 3′ss
in miR402 biogenesis additional constructs were prepared
with mutated: (i) the cryptic 5′ss (�cry5′ss), (ii) 3′ss (�3′ss),
(iii) both 5′ and 3′ss (�(5′ss+3′ss)), (iv) �(cry5′ss+3′ss), (v)
�(5′ss+cry5′ss) and (vi) �(5′ss+cry5′ss+3′ss) (Figure 2A).
Inactivation of the constitutive 5′ss in all tested constructs,
next to upregulation of mature miR402 level, resulted in the
increased level of pri-miR402 (Figure 2B and Supplemen-
tary Figure S3A) and caused almost total abolishment of
At1g77230 �rst intron splicing (Figure 2C). Inactivation of
the cryptic 5′ss had no effect on miR402 biogenesis (Figure
2B–D; Supplementary Figure S3A). Additionally, we still

noticed the presence of spliced transcripts when the 3′ss was
mutated (Figure 2C) due to the activation of a cryptic 3′ss
located 14 nt downstream from the constitutive 3′ss (Sup-
plementary Figure S4A). After inactivation of both, consti-
tutive and cryptic 3′ss (�(3′ss+cry3′ss)), 23% of the spliced
isoform was observed, which was caused by another new
cryptic 3′ss selection (located 9 nt downstream of the �rst
cryptic 3′ss) (Supplementary Figure S4C). However, the in-
�uence of the constitutive 3′ss and cryptic 3′ss on miR402
biogenesis was minor in tested conditions (Supplementary
Figure S4B).
The analysis of the polyadenylation isoform levels

showed that the inhibition of splicing after constitutive
5′ss inactivation correlated with a signi�cant increase in in-
tronic proximal polyA site selection (Figure 2D and Supple-
mentary Figure S4D), similarly to the polyA site selection
shown in the stress experiments in A. thaliana. Moreover,
these results were not the effect of higher precursor stability
after 5′ss inactivation, since no signi�cant changes were ob-
served in the half-life of the pri-miR402 ended at both proxi-
mal and distal polyA sites and produced from the constructs
with active and inactivated 5′ splice sites (Supplementary
Figure S5).

miRNA biogenesis ef�ciency is dependent on the pre-miRNA
location within its host gene

Previously published results showed that the downstream
active 5′ss stimulates the biogenesis of at least three exonic
miRNAs: miR161, miR163 and miR172a (29,30). These
results are in contrast to our experiments on the intronic
miR402, for which the activity of the upstream 5′ss was
found to downregulate the level of this miRNA.
To demonstrate that the position of miRNA stem-loop

structure relative to 5′ss is pivotal for this effect, the
miR402 hairpin was moved from the �rst intron (wild-type
At1g77230 gene––Variant A) into the �rst exon (Variant B)
or into the second intron (Variant C) of the miR402 host
gene (Figure 3A). In all cases, two versions of each construct
were prepared, one with the native �rst intron 5′ss (native)
and another with the inactivated �rst intron 5′ss (�5′ss). All
constructs were transiently expressed in tobacco leaves. RT-
qPCR analysis revealed the pri-miR402 level upregulation
in the case of variants A andBwith the inactivated 5′ss (Fig-
ure 3B upper panel). The level of the pri-miR402 located
within the second intron did not change when the �rst in-
tron 5′ss was mutated (Variant C in Figure 3B upper panel).
Moreover, after inactivation of the 5′ss, the level of mature
miR402 increased in Variant A (with the miR402 hairpin
present in the �rst intron) and decreased when the miRNA
stem-loop structure was moved to the upstream exon (Vari-
ant B) (Figure 3B lower panel). The inactivation of 5′ss led
to �rst intron splicing inhibition and preferential proximal
polyA site selection (Figure 3C and D). We excluded the in-
�uence of precursor stability on the miR402 level after 5′ss
inactivation for Variant A (Supplementary Figure S5). No-
tably, in the case of Variant B, an even-longer half-life of
the transcripts polyadenylated at the proximal polyA site
was detectedwhen the 5′ss wasmutated; this correlatedwith
the decreased level of miR402 (Figure 3B, lower panel; Sup-
plementary Figure S5A and B). Furthermore, the miR402
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Figure 2. Active 5′ss and proximal polyA site selection control miR402 accumulation. (A) The scheme of the At1g77230 gene construct with mutations
inactivating 5′, 3′ and cryptic 5′ss depicted in the frame. Blue and red letters indicate nucleotides before and after mutagenesis, respectively. Capital letters
indicate exon sequences. (B) The pri-miR402 (upper panel) and mature miR402 (lower panel) levels measured using RT-qPCR and northern blot (U6 used
as a loading control), respectively. Numbers below the blot image are relative intensities of the miRNA bands. Mock represents the sample of Nicotiana
leaves in�ltrated only with buffer (negative control). RT-qPCR analysis of (C) the miR402-bearing intron splicing ef�ciency and (D) the proximal and
distal polyA site usage. Arrows in the upper parts of the panels with the At1g77230 gene scheme depict the primers used (B–D). �5′ss, �cry5′ss and �3′ss:
mutations inactivating 5′, cryptic 5′ and 3′ splice site, respectively (A–D). Error bars indicate the SD (n = 3), and asterisks indicate a signi�cant difference
between the sample and control (*P < 0.05; **P < 0.01; white stars––for spliced or proximal polyA isoforms; black stars––for unspliced and distal polyA
isoforms (C-D)).
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Figure 3. The ef�ciency of miRNA biogenesis depends on the pre-miR402 location within its host gene. (A) The scheme of the At1g77230 gene construct
variants: A (wild-type), B (the miR402 stem-loop moved into the �rst exon) and C (the miR402 hairpin moved into the second intron). (B) The pri-miR402
(upper panel) and mature miR402 (lower panel) levels measured using RT-qPCR and northern blot (U6 was used as a loading control), respectively.
Numbers below the blot image are relative intensities of the miRNA bands. Mock represents the sample of Nicotiana leaves in�ltrated only with buffer
(negative control). RT-qPCRanalysis of (C) theAt1g77230 �rst intron splicing ef�ciency, (D) the proximal and distal polyA site selection and (E)At1g77230
second intron splicing ef�ciency. Arrows in the upper parts of the panels with the At1g77230 gene scheme depict the primers used (B–E). Native and �5′ss
mean active and inactivated miR402-carrying intron 5′ss, respectively. Error bars indicate SD (n= 3), and asterisks indicate a signi�cant difference between
the sample and control (*P< 0.05; **P< 0.01; white stars––for spliced or proximal polyA isoforms; black stars––for unspliced and distal polyA isoforms
(C-D)).
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originating from the second intron was barely detectable re-
gardless of the presence of functional or inactive �rst intron
5′ss, whereas the second intronwas always ef�ciently spliced
(Figure 3B, lower panel and E).
To conclude, the results presented revealed also that the

position of the miRNA stem-loop relative to the proximal
5′ss determines miRNA biogenesis ef�ciency. Although the
same proximal polyA site was preferentially selected in both
A and B variants with an inactivated 5′ss, this selection did
not affect the direction of the miRNA level change. The
almost complete abolishment of miR402 production when
pre-miR402 was moved to the second intron (Variant C),
accompanied by ef�cient splicing of this intron, suggests
that biogenesis from a spliced-out intron is not possible at
least in the case of miR402.

SERRATE interacts with U1 snRNP auxiliary proteins

Our results point to the important role of the 5′ss in
miRNA production. Therefore, all known U1 snRNP com-
ponents were tested for functional connections with SE
(At2g27100). A. thaliana orthologs of human and/or yeast
U1 snRNP proteins were selected based on experimental
data and bioinformatic predictions (56–63). Next, the cod-
ing sequences of these proteins were cloned to perform
YTH experiments. Among the U1 snRNP components,
four auxiliary proteins were found to interact with SE: At-
PRP39b (At5g46400), AtPRP40a (At1g44910), AtPRP40b
(At3g19670) and AtLUC7rl (At5g51410) (weakly) (Sup-
plementary Figure S6A). Then, the in vitro pull-down as-
say performed with SE fused to the MBP and [35S]-Met-
labeled selected U1 snRNP proteins con�rmed the iden-
ti�ed interactions (Figure 4A; Supplementary Figure S6B
and C). To determine whether SE and its U1 snRNP part-
ners also colocalized in plant cells, SE fused with GFP
and one of the interacting U1 snRNP proteins in combi-
nation with tagRFP (tRFP) were coexpressed in Arabidop-
sis protoplasts. We found perfect colocalization of SE and
AtPRP39b, AtPRP40a, AtPRP40b and AtLUC7rl (Fig-
ure 4B). Next, Förster resonance energy transfer (FRET)
analyzed by Fluorescence Lifetime Imaging Microscopy
(FLIM) was performed to test if all interactions detected
in YTH and in vitro are also taking place in plant proto-
plasts. FRET-FLIM analysis allows to quantify and visual-
ize direct protein interactions, because FRET can only take
place at the nanometer regime. The results con�rmed the
binding of SE to the four U1 snRNP auxiliary proteins in
the plant cell by the observation of donor (GFP-tagged SE)
�uorescence lifetime changes in presence of acceptor pro-
tein (AtPRP39b-tRFP, AtPRP40a-tRFP, AtPRP40b-tRFP
or AtLUC7rl-tRFP) (Figure 5A and C). AtPRP39a-tRFP
(which did not interact with SE in YTH) was used as a neg-
ative control in these experiments.

Two unstructured regions from the N- and C- termini of SER-
RATE interact with U1 snRNP auxiliary proteins

To determine which part of SE is involved in the inter-
actions with the U1 snRNP proteins, the following con-
structs were prepared and used inYTH experiments: (i) full-
lengthCDS (SE), and two truncated variants without (ii) N-
terminal (SE�N) or (iii) C-terminal (SE�C) unstructured

tails (Figure 5A) (64). We found that only the AtLUC7rl
protein was able to interact weakly with SERRATE lacking
the N-terminus (Figure 5B). Both SE terminal fragments
were required for interactions with all otherU1 snRNP pro-
teins tested. Surprisingly, the confocal microscopy colocal-
ization experiments revealed that the N-truncated variant
of SE still colocalized with the U1 snRNP auxiliary pro-
teins studied in the cell nucleus (Supplementary Figures
S7A and 8A), whereas the deletion of the SE C-terminal
tail resulted in the loss of its colocalization with AtPRP39b-
tRFP and AtPRP40b-tRFP (Supplementary Figures S7B).
FRET-FLIM analyses con�rmed the YTH observations on
SE terminal region requirements for direct interaction with
U1 snRNP auxiliary proteins in live protoplasts (Figure
5C). AtCBP20 was used as a positive control, since we have
previously shown that the core part of SE is suf�cient for the
CBC binding and we found its perfect colocalization with
the SE variants studied (Supplementary Figure S8B) (17).
These results additionally show that SE-AtPRP39b and SE-
AtPRP40b interactions are necessary for each partner to be
targeted into the same nuclear foci.
To exclude the possibility that N- and C-termini must

be accompanied by the SE core part to interact with the
U1 snRNP partners, SE N- and C-tails were fused to GFP
(SE N-GFP-SE C) (Figure 5A) and used in FRET-FLIM
experiments. The presence of both SE unstructured frag-
ments was suf�cient for interactions with AtPRP40a-tRFP,
AtPRP40b-tRFP and AtLUC7rl-tRFP (Figure 5C). Al-
though the N- and C-terminal regions of the SE protein
were suf�cient for the colocalization with all proteins stud-
ied inArabidopsis nuclei (Supplementary Figures S8 and 9),
they did not interact directly with AtPRP39b (Figure 5C).

The interactions between SE and U1 snRNP auxiliary pro-
teins affect miRNA biogenesis

The experiments presented thus far suggest that SE-U1
snRNP auxiliary protein interactions may stimulate micro-
processor activity when the miRNA stem-loop structure is
located between the 5′ end of the pri-miRNA and the 5′ss
but inhibit its action when the miRNA hairpin is located
downstream of the 5′ss. To support these assumptions, we
used two viable hypomorphic mutants, se-1 and se-2, that
lack 20 and 40 amino acid residues, respectively, from the C-
terminus (44,45). Although the levels of many miRNAs are
changed in both these mutants, the SE C-terminus is not re-
quired for binding coremicroprocessor components (DCL1
and HYL1) (36,45,64–66). Thus, FRET-FLIM analyses
were performed to determine whether these truncated SE
proteins still form a complex with the U1 snRNP aux-
iliary proteins identi�ed as SE partners. The SE version
corresponding to se-1 colocalized and interacted with At-
PRP40a, AtPRP40b andAtLUC7rl, but the variant present
in the se-2 mutant plants was no longer able to bind to any
of the tested U1 snRNP auxiliary proteins (Figure 6A and
Supplementary Figure S10). Thus, in the se-2 plants, there is
no communication between SE and its U1 snRNP partners,
however this SE variant still interacts with AtCBC (Figure
6A).

Next, the levels of intronic miR402 and exonic miR163
(At1g66725) (located downstream and upstream of the 5′ss,
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Figure 4. SE interacts with U1 snRNP auxiliary proteins. (A) Analyses of interactions between SE and AtPRP39b, AtPRP40a, AtPRP40b and AtLUC7rl
by in vitro pull-down assay. MBP: maltose-binding protein; GFP was used as a negative control; inputs represent one-twentieth of the samples used in the
experiment. (B) Colocalization analyses of SE and its U1 snRNP interactors in Arabidopsis thaliana protoplasts. tRFP, tagRFP; R, Pearson’s correlation
coef�cient; M1 and M2, Manders’ overlap coef�cients. Insets represent a magni�ed view of a representative nucleus for each sample. Scale bars = 10 �m.
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Figure 5. Unstructured SE termini are responsible for the interaction with U1 snRNP auxiliary proteins. (A) Schematic structure of the SE variants used
in the study. Numbers above the scheme indicate amino acids of the protein (64). (B) YTH analyses of interactions between SE in full-length (SE) or
mutated forms (SE�N and SE�C) and AtPRP39b, AtPRP40a, AtPRP40b and AtLUC7rl. AD, Gal4 activation domain; BD, Gal4 binding domain; L,
Leu; T, Trp; H, His; A, Ade; Aur, Aureobasidin A. (C) FRET-FLIM analyses of protein interactions between SE and its U1 snRNP partners inArabidopsis
thaliana protoplasts. Donor, GFP fused to SE in full length (SE) or mutated forms (SE�N, SE�C and SE N-GFP-SE C); Acceptor, tagRFP (tRFP) fused
to AtPRP39b, AtPRP40a, AtPRP40b, AtLUC7rl, AtPRP39a or AtCBP20; Fluorescence lifetime, lifetime of the donor molecule measured in picoseconds
(ps). Error bars indicate the SEM (standard error of the mean, n> 10), and the asterisk indicates a signi�cant difference between the sample in the presence
and absence of an acceptor (*P < 0.001).
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Figure 6. SE is a key protein connecting the microprocessor and the spliceosome in the plant cell. (A, upper panel) Schematic structure of the SE variants
used in the study, corresponding to the full length protein (SE) and its variants in se-1 and se-2mutant plants (44,45). Numbers above the scheme indicate
the amino acids of the protein (64). (A, lower panel) FRET-FLIM analyses of interactions between SE variants and U1 snRNP proteins in Arabidopsis
thaliana protoplasts. Donor, GFP fused to full-length SE (SE) or to the mutated forms (SE�702-720 and SE�681-720); Acceptor, tagRFP (tRFP) fused
to AtPRP39b, AtPRP40a, AtPRP40b, AtLUC7rl or AtCBP20; Fluorescence lifetime, lifetime of the donor molecule measured in picoseconds (ps). Error
bars indicate the SEM (n > 10), and the asterisk indicates a signi�cant difference between the sample in the presence and absence of an acceptor (*P <

0.001). RT-qPCR analysis of (B) the mature miR402 and miR163 levels and (C) splicing ef�ciency of the miR402-hosting intron and theMIR163 intron,
respectively, in the se-1 and se-2 mutants and wild-type plants. (B and C) Error bars indicate SD (n = 3), and asterisks indicate a signi�cant difference
between the samples and control (*P < 0.05; **P < 0.01; ***P < 0.001).
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respectively) were compared in both se mutants to test the
effect of the presence (se-1) and the loss (se-2) of SE-U1
snRNP communication on the miRNA biogenesis. As ex-
pected, the level of mature miR402 was downregulated in
se-1 compared to the wt plants due to the less-ef�cient
miRNA biogenesis (44) (Figure 6B). Although in se-2 (sim-
ilar to the se-1 mutant), the microprocessor activity is also
impaired (45), a higher level of miR402 was observed when
compared to se-1 plants (Figure 6B). This was correlated
with the stronger splicing inhibition of themiRNA-carrying
intron in se-2 as compared to the se-1 (Figure 6C). These re-
sults were accompanied by the upregulated and unchanged
pri-miR402 levels in the se-1 (36) and se-2 (Supplementary
Figure S11A) mutants, respectively. Notably, the loss of SE-
U1 snRNP auxiliary protein communication had the op-
posite effect on miR163 production. In se-2 mutant plants,
the splicing of the pre-miR163-downstream intron was the
most inhibited and the lowest level of mature miRNA was
detected (Figure 6B andC). The level of pri-miR163was not
affected in either se-1 (36) or se-2 mutants as compared to
wild-type plants (Supplementary Figure S11A). This data
indicated that the SE-U1 snRNP interactions are responsi-
ble for the regulation of splicing-related miRNA biogenesis.
The lack of interactions between SE and U1 snRNP auxil-
iary proteins in the se-2mutant resulted in themost-severely
inhibited splicing of the miR402-carrying intron, thus al-
lowing more mature miR402 to accumulate. In contrast,
the biogenesis of exonic miR163 was the most impaired in
the se-2mutant; this was correlated with the decreased level
of splicing of the pre-miRNA-downstream intron (Figure
6). Moreover, the maturation of two other miRNAs (in-
tronic miR1888a that is located within the �rst intron of
At5g21100, and exonic miR171b which is encoded by an
intron-containing MIR171b (At1g11735)) is regulated by
the similar mechanism. The higher splicing inhibition of
the miRNA-carrying intron in se-2 plants was accompa-
nied by miR1888a level upregulation as compared to the
level detected in the se-1 mutant (Supplementary Figure
S11B). For the exonic miR171b, we also observed splicing
inhibition in se-2 plants, which was correlated with even
stronger miR171b level downregulation than in the se-1
mutant (Supplementary Figure S11C). As in the case of
miR163 and miR402, we did not observe any changes in
the pri-miR1888a and pri-miR171b levels in se-2 (Supple-
mentary Figure S11B and C); however, both analyzed pri-
miRNAs were upregulated in the se-1 mutant (36).
Thus, to conclude, the deleted part of the SE protein in

the se-2 mutant is mostly responsible for the interaction of
SE with U1 snRNP partners and its presence stimulates ex-
onic miRNA production and inhibits intronic miRNA bio-
genesis (at least in the cases of the miRNAs tested).

DISCUSSION

5′ splice site affects the biogenesis of miRNAs encoded by
intron-containing genes

The data presented in this study and in our previous pa-
per demonstrate that the active 5′ss in�uences the biogene-
sis of plant miRNAs derived from intron-containing genes
(29). The 5′ss located downstream of the miRNA stem-loop

structure stimulates mature miRNA production. In con-
trast, for at least two studied intronicmiRNAs (miR402 and
miR1888a), ef�cient splicing of the miRNA-hosting intron
had an inhibitory effect on mature miRNA production.
However, when the intronic pre-miR402 was moved to the
upstream exon, the active 5′ss enhanced miRNA matura-
tion, as has been shown for the biogenesis of exonicmiR163,
miR161 and miR172a (29,30). Thus, the stimulatory or in-
hibitory effect of the 5′ss on miRNA accumulation clearly
depends on the reciprocal spatial relation between the po-
sitions of the miRNA stem-loop structure and the nearest
active 5′ss and is not in�uenced by the precursor stability.

The in�uence of splicing on miRNA production de-
scribed here can explain the changes in intronic miR402
levels upon various stress treatments. The level of mature
miR402 was elevated primarily under the analyzed stress
conditions compared to the control. This increase corre-
lated with the lower splicing ef�ciency of the miRNA-
carrying intron and might be caused by stress-induced
modulation of protein–protein and RNA–protein interac-
tion stability and/or secondary and tertiary RNA structure
changes (67,68). Additionally, the transcription rate might
play a role in the regulation of splicing, polyadenylation
and (ultimately) the level of miRNA precursor. Indeed, the
in�uence of transcription elongation rate on splicing and
vice versa has been reported (69–71). Moreover, a broad
transcriptional response of pri-miRNAs has already been
detected for common climate change-related stresses, like
drought, heat and salinity (9). Interestingly, no changes in
At1g77230 fourth intron splicing ef�ciency were observed
in any of the stresses studied. Therefore, a mechanism ex-
ists that differently affects At1g77230 intron splicing under
stress conditions.
Notably, not all intronic miRNAs are upregulated un-

der stress treatment. For example, the level of miR400 de-
creased under various conditions, that seems to correlate
with the splicing inhibition of an miRNA-carrying intron
(9,38). Thus, we can conclude, that the interplay between
splicing and intronic miRNA production can be also af-
fected differently by additional factors of transcriptional
and/or post-transcriptional regulation. However, the splic-
ing ef�ciency clearly has a decisive role in the production of
either functional miR402 or mRNA of its host gene. There-
fore, this mechanism is signi�cant for gene expression regu-
lation.
In addition to the miR402-hosting intron splicing inhibi-

tion observed under the tested conditions, preferential selec-
tion of the intronic, proximal polyA site was also detected.
This effect is likely caused by the lack of ef�cient U1 snRNP
binding to the 5′ss and the consequent abolishment of the
U1 snRNP role in protecting pre-mRNAs from premature
cleavage and polyadenylation, as shown previously in HeLa
cells (72). Our transient expression experiments in tobacco
con�rmed the in�uence of the 5′ss activity on polyA site se-
lection. These results show that 5′ss inactivation stimulates
the use of the proximal polyadenylation site but does not
always result in upregulation of miR402. When the miR402
hairpin was located within the �rst intron, enhanced ma-
ture miRNA production was observed after 5′ss mutation,
whereas the relocation of the miR402 stem-loop to the up-
stream exon resulted in miR402 downregulation, despite ef-
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Figure 7. A model of the interplay between the microprocessor, 5′ss and U1 snRNP during biogenesis of selected intronic (A) and exonic (B) miRNA in
plants. Boxes represent exons, and lines depict introns. Light blue and red parts of the hairpin mark miRNA andmiRNA*, respectively. Thick arrows show
strong connections, while thin arrows show weak connections. The no-headed arrow points to the inhibitory effect. Open boxes mark proximal and distal
polyA sites (PAS). CBC: CAP-BINDING COMPLEX; SE: SERRATE; HYL1: HYPONASTIC LEAVES 1; DCL1: DICER-LIKE1.
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�cient selection of the same proximal polyA site in both
cases. This observation con�rmed the data concerning ex-
onic miR163 production, which showed that after 5′ss in-
activation, the proximal intronic polyA site was preferen-
tially selected, resulting in miRNA downregulation (29). In
both cases, intronic miR402 and exonic miR163 splicing in-
hibition led to the selection of alternative proximal polyA
sites and the generation of independent, shorter, intron-less
transcripts. These results indicated that the 5′ss and splicing
activity, not polyadenylation site selection, primarily deter-
mine miRNA biogenesis ef�ciency.
Interestingly, the pri-miR402 abundance increases in

both Variant A (the miR402 hairpin is located in the intron)
and B (the miR402 hairpin is located in the upstream exon)
when the 5′ss is inactivated. However, the level of mature
miR402 from Variant B but not A decreases upon inacti-
vation of the 5′ss. Since the transcript derived from Variant
A with the active 5′ss is ef�ciently spliced, the amount of
pri-miRNAmeasured by the amount of the unspliced tran-
script is very low.We postulate that this is the reason for the
high upregulation of the miR402 primary precursor level in
Variant A when the 5′ss is inactivated and splicing totally
inhibited. In Variant B, however, the miR402 biogenesis is
less ef�cient and less miR402 is accumulated after 5′ss inac-
tivation. The upregulated level of pri-miR402 in this case is
due to the less-ef�cient biogenesis of miR402 from variant
B transcripts. The upregulated pri-miRNA levels caused by
the impaired microprocessor activity have already been re-
ported for many miRNA biogenesis mutants; i.e. se-1, hyl1-
2, dcl1-7 and cbc (36). Thus, the increased pri-miR402 level
in Variant B after 5′ss mutation represents an unprocessed
precursor.

The crosstalk between CBC/microprocessor/U1 snRNP
plays a crucial role in regulating miRNA biogenesis

AtCBP20, AtCBP80 and SE are involved in both splicing
and miRNA biogenesis (15–17,73–74). However, the mech-
anism of this dual function of SE and AtCBC and the
identities of their interacting partners in the splicing ma-
chinery are unknown. Previously published data showed
that SE forms a complex with AtCBC and interacts with
DCL1, HYL1 and the majority of the recently identi-
�ed players in miRNA biogenesis (17,19,20,22,23,25,75).
Thus, SE is a good candidate for a key scaffold protein
involved in plant microprocessor and spliceosome com-
munication. The presented experiments provide clear evi-
dence for the direct interactions between SE and four aux-
iliary U1 snRNP proteins; i.e. AtPRP39b, AtPRP40a, At-
PRP40b and AtLUC7rl in vitro and in the plant cell. In-
terestingly, human and yeast orthologs of SE-identi�ed
spliceosome partners have been shown to interact with
other RNA metabolism machineries, including BP-binding
proteins (Msl5p, BBP, SF1), the cleavage factor Im com-
plex (CPSF6), the nuclear exosome targeting complex (ZC-
CHC8) and the exon junction complex (RNPS1) (76–80). In
addition, PRP40 interacts with the CTD domain of RNA
polymerase II (63,81,82). Thus, we suggest that AtPRP39b,
AtPRP40a, AtPRP40b and AtLUC7rl form a platform for
protein-protein interactions and, together with SE, are re-

sponsible for the crosstalk between the plant spliceosome
and the microprocessor.
In 2011, SE was shown to consist of the structured core

(interacting with HYL1) and two unstructured N- and C-
terminal fragments (64). The core part of SE interacts also
with AtCBC (17). Furthermore, direct binding of SE to
DCL1 requires its core fragment and the N-terminal un-
structured part that is also responsible for RNA binding
(66). The presented results indicate that both SE N- and
C- unstructured regions are involved in the interactions
with U1 snRNP auxiliary proteins and function as an an-
chor for their binding. However, these regions were not
suf�cient for AtPRP39b contact, which suggests that the
core part of SE and/or other U1 snRNP components must
be additionally present to enable the binding of this pro-
tein. We presume that four SE partners of U1 snRNP, and
their different requirements for these interactions stabilize
direct microprocessor-spliceosome communication. These
�ndings may also re�ect the special localization of these
auxiliary proteins within the U1 snRNP. Alternatively, our
observations may indicate the diversity of the U1 snRNP
composition itself (the high similarity of AtPRP40a andAt-
PRP40b proteins indicate that they could replace each other
within this complex) and in complexes with othermachiner-
ies depending on the RNA substrate and/or plant growth
conditions.
Based on our �ndings, we propose that the direct inter-

actions among the microprocessor, the 5′ss and the spliceo-
some in�uence selected intronic and exonicmiRNAbiogen-
esis (Figure 7). CBC binds to the cap of a primary tran-
script containing a miRNA stem-loop structure within the
�rst intron. Next, SE interacts with CBC and U1 snRNP
through the structured core and unstructured fragment, re-
spectively. As a result, SE has rather limited access to the
microprocessor complex located downstream of the 5′ss, en-
hancing splicing ef�ciency and impairing intronic miR402
and miR1888a production. Consequently, 5′ss inactivation
inhibits U1 snRNP binding, allows SE to fully participate
in microprocessor formation and pre-miRNA binding, and
leads to ef�cient miRNA production (Figure 7A). In the
case of exonic miR163 and miR171b, immediately after
CBC recruitment to the cap, the miRNA stem-loop struc-
ture is formed and microprocessor proteins, including SE,
bind to the hairpin. Next, U1 snRNP binding to the active
5′ss stabilizes SE interactions with other proteins involved
in miRNA biogenesis and enhances mature miRNA pro-
duction (Figure 7B). This model is strongly supported by
the stimulatory and inhibitory effects of SE - U1 snRNP in-
teraction impairment during analyzed intronic and exonic
miRNA biogenesis, respectively, in the se-2 mutant plants
(Figure 6 and Supplementary Figure S11). Thus, SE is a cru-
cial protein in spliceosome and plant microprocessor com-
munication. Moreover, SE-U1 snRNP interplay modulates
the processing of analyzed intron-containing pri-miRNAs,
and its stimulatory or inhibitory effect depends on the posi-
tion of the miRNA stem-loop structure relative to the clos-
est active 5′ss.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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