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ABSTRACT

The intron-lariat spliceosome (ILS) complex is highly
conserved among eukaryotes, and its disassem-
bly marks the end of a canonical splicing cycle.
In this study, we show that two conserved disas-
sembly factors of the ILS complex, Increased Level
of Polyploidy1-1D (ILP1) and NTC-Related protein 1
(NTR1), positively regulate microRNA (miRNA) bio-
genesis by facilitating transcriptional elongation of
MIRNA (MIR) genes in Arabidopsis thaliana. ILP1
and NTR1 formed a stable complex and co-regulated
alternative splicing of more than a hundred genes
across the Arabidopsis genome, including some pri-
mary transcripts of miRNAs (pri-miRNAs). Intrigu-
ingly, pri-miRNAs, regardless of having introns or
not, were globally down-regulated when the ILP1 or
NTR1 function was compromised. ILP1 and NTR1 in-
teracted with core miRNA processing proteins Dicer-
like 1 and Serrate, and were required for proper RNA
polymerase Il occupancy at elongated regions of VIR
chromatin, without affecting either /IR promoter ac-
tivity or pri-miRNA decay. Our results provide further
insights into the regulatory role of spliceosomal ma-
chineries in the biogenesis of miRNAs.

INTRODUCTION

MiRNAs are a class of endogenous small non-coding
RNAs that predominantly mediate post-transcriptional
gene silencing (PTGS). Similar to messenger RNA
(mRNA), canonical MIR genes are transcribed by DNA-
dependent RNA polymerase I (Pol II), and undergo

a series of co-transcriptional modifications including
5" capping and 3’ polyadenylation and/or splicing (1).
Primary transcripts of miRNAs (pri-miRNAs) are folded
into stem-loop structures with imperfect complementarity
at the stem regions, features that are recognized by the
RNase IIT enzyme DICER in animals and Dicer-like 1
(DCL1) in plants (2). Plant miRNA/miRNA* duplexes are
methylated by HUA Enhancer 1 (HEN1), and one of the
strands is selectively incorporated into Argonaute (AGO)
proteins to guide PTGS (3,4).

Steady levels of intracellular miRNAs are controlled
by multiple mechanisms including transcription, process-
ing and stability (5). In addition to the core compo-
nents of miRNA metabolic and action pathways (Pol
II, DCLI, HENI and AGOIl), more than a dozen
accessory/regulatory proteins affecting miRNA abundance
have been identified over the last decade, revealing the com-
plexity of miRNA homeostasis (6). Importantly, several
proteins show dual effects on MIR gene transcription and
pri-miRNA processing, suggesting a tight coupling between
the two processes. In fact, DCL1 is recruited to MIR loci
in a pri-miRNA dependent manner (7). Moreover, a num-
ber of genes linked to spliceosomal function affect miRINA
biogenesis, including Tough (TGH), Stabilized 1 (STAI),
Thoc 2 (THO?2), Sickle (SIC), Debranching RNA Lariats 1
(DBR1), Glycine-rich RNA-binding Protein 7 (GRP7), Mod-
ifier of sncl;2 (MOS2), High Osmotic Stress Gene Expres-
sion 5 (HOSS), Small 1 (SMAI) (8-16), as well as multi-
ple members of the MOS4-associated complex (MAC, also
known as the Nineteen Complex [NTC]) (17-20). More-
over, alternative splicing (AS) of pri-miRNAs has been re-
ported to affect DCLI1 processing efficiency (21,22). Yet,
our knowledge of the regulation of miRNA biogenesis by
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spliceosome-associated proteins remains limited and am-
biguous.

The intron-lariat spliceosome (ILS) complex is evolution-
arily conserved among eukaryotes (23). In the last stage of a
canonical spliceosome cycle, the ILS complex is dismantled
by the DEAH-box-containing RNA helicase PRP43, which
facilitates the recycling of splicing factors and degradation
of intron lariats (24,25). The Arabidopsis genome encodes
two putative PRP43 proteins, At3g62310 and At2g47250,
hereafter referred to as PRP43a and PRP43Db, respectively.
In budding yeast (Saccharomyces cerevisiae), NTC-related
protein 1 (NTR1) and NTR2 function as key co-factors of
PRP43 (26). While NTR1 is highly conserved among eu-
karyotes, NTR2 appears absent in mammals and plants.
Instead, the human C20RF3 protein interacts with both
hPRP43 and NTRI1/TFIP11, and depletion of C2ORF3
causes splicing defects (27). However, little is known about
the plant ILS complex. In Arabidopsis, the C2ORF3 ho-
molog, Increased Level of Polyploidy1-1D (ILP1), interacts
with NTR1/Spliceosomal Timekeeper Locus 1 (STIPL1)
and regulates AS of a subset of genes (28-30).

Through a candidate gene-based approach, here we show
that ILP1 dysfunction results in reduced levels of miRNAs,
trans-acting small interfering RNAs (ta-siRNAs) and a sub-
set of heterochromatin-associated siRNAs (hc-siRNAs).
Our data suggest that ILP1, NTR1, PRP8 and PRP43 are
likely components of the ~660 kDa plant ILS complex.
The ilpl-1 and ntrl-I mutants had many shared defects
in plant morphology, gene expression, splicing, and small
RNA biogenesis. RNA-seq data showed that pri-miRNAs,
regardless of having introns or not, were globally decreased
in abundance in ilp/-1 and ntri-1. In contrast, ILP1 and
NTRI1 did not affect the transcription levels of protein cod-
ing genes with splicing defects in cognate mutant. Mech-
anistically, ILP1 and NTR1 interacted with DCL1 and
SE, and promoted transcriptional elongation of MIR genes
without affecting transcription initiation. These results sug-
gest dual functions of ILP1 and NTR1 in regulating MIR
gene transcription and splicing.

MATERIALS AND METHODS
Plant materials

All the plant materials used in this study were in the
Columbia (Col) background except for ago4-1, which was
in the Landsberg erecta-0 (Ler-0) background. The T-
DNA insertion mutants including ilp/-1 (SALK_030650C),
ntri-1 (SALK_073187C), hyll-2 (SALK_064863), se-
2 (SAIL_44_G12), dcll-9 (CS3828), ago4-1 (CS6364),
agol-36 (Salk_087076) and prr9-1 (SALK_007551C) were
obtained from the Arabidopsis Biological Resources
Center (ABRC) (https://abrc.osu.edu). Additionally, mu-
tants tocl-2 (31) and ccal-1 Ihy-20 (32), and transgenic
reporter lines p35S:: MIR172b (33), pMIRI67a::GUS (20),
pMIRI72b::GUS (19), pCCAIL::LUC and pTOCI::LUC
(34) were used in this study. Other transgenic plants,
including  p35S::NTRI-10xMYC, pILPI::ILPI-GFP,
p35S8::PRP43b-3xFLAG and  p35S::amiR-LUC +
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p35S::LUC, were obtained by the floral dip method
(35). Double mutants and introduction of transgene re-
porters into respective genotypes were generated by genetic
crossing and characterized by genotyping in the F2 or F3
generation.

Antibodies and DNA /LNA oligos

All antibodies, polymerase chain reaction (PCR) primers
and Northern probes used in this study are listed in Sup-
plementary Table S1.

Plasmid construction

To construct pILPI::ILPI-GFP, the ILPI gene fragment
(without stop codon) along with ~1.5 kb of the up-
stream sequence were amplified and sub-cloned into the
pENTR-D/TOPO entry vector (Thermo Fisher Scien-
tific Inc.). The resultant plasmids were cloned into the
pMDC204 destination vector via LR recombination. To
construct p35S:: PRP43b-3xFLAG, the PRP43b coding se-
quence (CDS) (without stop codon) was sub-cloned into
the pENTRI1A, and then transferred to p35SC3F (a modi-
fied pEarleygate100 vector with 3x FLAG tag downstream
of the Gateway cassette) via LR recombination. To con-
struct p35S::NTRI-10xMYC, the NTR1 CDS (without
stop codon) was PCR amplified and directly cloned into
pGWB520 using the EcoR V and Pac I restriction sites.
To construct p35S::amiR-LUC + p35S.: LUC, the luciferase
(LUC) CDS was amplified from pGreenll 0800-LUC and
cloned into pCAMBIA1301 vector using the restriction
sites Nco I and BstP I to produce pCAMBIAI301-LUC.
The amiR-LUC + tNOS (NOS Terminator, tNOS) sequence
was synthesized de novo and cloned into pCAMBIA1301-
LUC using the Kpn I and Hind III sites. At last, the whole
amiR-LUC-tNOS + p35S::LUC fragment was digested
with Kpn I and Sal I restriction endonucleases, and inserted
into pCHF3 to produce p35S::amiR-LUC + p35S::LUC.
To construct bimolecular fluorescence complementation
(BiFC) vectors, the respective CDS sequences were PCR
amplified and cloned into pXY 103 (containing N-terminal
half of yellow fluorescent protein [nYFP]) and/or pXY 104
(containing C-terminal half of YFP [cYFP]) using Kpn
I and Sal I (for ILP1 and NTR1) or Kpn I and Xba I
(for DCLI1, HYLI, and SE) sites. To construct PRP43b-
c¢YFP, cYFP was PCR amplified and digested using Pac
I and Sac I restriction endonucleases, and then inserted
into pGWB520 to generate pPGWB-cYFP. Then, pENTR-
PRP43b was transferred into pGWB-cYFP via LR recom-
bination.

GUS staining and LUC detection

Three-week-old transgenic seedlings in Col-0 or the ilpl-
1 mutant background were subjected to B-glucuronidase
(GUS) staining, as described previously (36). To determine
LUC activity, seedlings were sprayed with a solution con-
taining 300 wg/ml luciferin and 0.1% Triton X-100, and in-
cubated in the dark for 10 min. Luminescence was moni-
tored by the Tanon 5200 chemiluminescent imaging system
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(Tanon Science & Technology Co Ltd., Shanghai, China).
To analyze circadian rhythms, seedlings were entrained un-
der long-day conditions for 6 days and then transferred to
constant light for luminescence measurements according to
previous work (37).

RNA analysis

Quantitative real-time PCR (qPCR), small RNA North-
ern blot hybridization and RNA immunoprecipitation as-
says were performed as described previously (8). RNA
half-life analysis was performed according to Lidder et al.
(38). Briefly, the fifth to eighth leaves harvested from 1-
month-old dcll-7 and dcll-7 ilpl-1 plants were transferred
to a culture dish containing half-strength Murashige and
Skoog (1/2 MS) medium. After a 30-min incubation, 3’-
deoxyadenosine (Cordycepin, Sigma) was added to a final
concentration of 0.6 mM. Samples were collected at indi-
cated time points, and the decay rate of pri-miRNAs and
mRNAs was analyzed by qPCR.

Deep sequencing

To sequence small RNAs, total RNA was extracted from
inflorescence tissues. Small RNA libraries were constructed
using the TruSeq Small RNA Library Preparation Kit,
and single-end sequencing was performed to produce 50-
bp reads (SES0) using the Illumina Hiseq 2500 plat-
form (Novogene, Beijing, China). DEGseq was used for dif-
ferential miRNA expression based on a modified miRNA
annotation file, which combined miRNAs with identical
sequences (39). The accuracy of miRNA processing was
determined as described previously (40). Determination
of 24-nt hc-siRNA clusters and expression analysis were
performed as previously described (41). For mRNA se-
quencing, total RNA was isolated from 7-day-old seedlings
grown under constant white light. Oligo(dT) purification
was performed to yield poly(A)+ RNA, which was sub-
ject to strand-specific mRNA library construction. Paired-
end sequencing was performed to produce 2 x 150-bp
reads using the Illumina Hiseq X Ten platform (Novo-
gene, Beijing, China). Differential gene expression was per-
formed using the DESeq2 software, and AS events were
detected with rMATS (42,43). Nucleotides frequency anal-
ysis was calculated by the WebLogo application (http://
weblogo.threeplusone.com) (44). Sequences around 5" and
3’ splice sites were extracted from the TAIR 10 genome, and
those around branch-point sites were obtained from the
ERISdb database (http://lemur.amu.edu.pl/share/ERISdb/
home.html) (45). Intergenic pri-miRNAs with FPKM>1
in at least one sample were used for differential expression
analysis (46).

Gel filtration

For gel filtration, 500 pl of soluble proteins extracted from
inflorescence tissues using the protein extraction buffer
(10% glycerol, 50 mM Tris—HCI [pH 8.0], 5 mM MgCl,, 150
mM NacCl, 0.25% NP-40 and 2 mM Dithiothreitol [DTT])
were loaded on a Superdex 200 10/300 GL column (GE

Healthcare). Gel filtration was performed on an AKTA sys-
tem at a rate of 0.5 ml/min. Samples were collected at 1 min
intervals and divided into two aliquots for protein and RNA
assays.

Protein—protein interactions

Co-immunoprecipitation (co-IP) assays were performed us-
ing either stably transformed Arabidopsis plants or tran-
siently transformed Nicotiana benthamiana leaves express-
ing the respective proteins, as described previously (8). Pro-
tein extracts prepared from pistils (In our hands, endoge-
nous DCLI1 is hardly to be detected in other tissues but
can be robustly detected in pistils by Western blot.) of
pILPI1::ILPI-GFP or p35S::GFP transgenic plants were
subjected to mass spectrometry (Mass-Spec) to identify
ILPI-interacting proteins and to determine interactions be-
tween ILP1 and core processing proteins (DCLI1, SE and
HYL1). Inflorescence tissues were used for testing the in-
teraction among ILS proteins. For Mass-Spec identification
of ILP1 interacting proteins, ILP1-GFP and GFP control
proteins were immunoprecipitated by GFP-trap beads. The
immunoprecipitated proteins were subjected to in-gel di-
gestion with trypsin. The resulting peptides were extracted
twice with 30% acetonitrile, vacuum-dried and dissolved
in 1% formic acid prior to Mass-Spec analysis. Mass-Spec
analysis and raw data processing were performed as de-
scribed previously (47). For BiFC assays, paired cYFP and
nYFP fusion proteins were co-expressed in N. benthamiana
leaves or Arabidopsis protoplasts (8,48). BiFC signals were
excited at 488 nm and detected with a narrow barrier (493—
525 nm; BA493-525) under a confocal microscope (Leica
SPg).

Chromatin immunoprecipitation (ChIP) assay

The 3-week-old seedlings from indicated genotypes were
subjected to ChIP as previously described (49). Precipitated
DNAs were used for qPCR analysis, and Pol IT occupancy
was calculated as percentage of input.

RESULTS
ILP1 promotes both miRNA and siRNA accumulation

To identify novel components in miRNA biogenesis in Ara-
bidopsis, we systematically mined candidate genes based
on a number of selection criteria, including phylogenetic
conservation, nuclear localization and/or mutant pheno-
type. Homozygous genotypes of T-DNA insertion mu-
tants obtained from ABRC were identified by genotyping.
Mutants showing multiple developmental defects, which
are common and necessary, though not sufficient, fea-
tures of miRNA-pathway defective mutants (50), were fur-
ther screened by small RNA Northern blot analysis us-
ing miR167 and miR159 as dual reporters. A mutant
(SALK_030650C / ilpi-1, defective in the ILPI gene) show-
ing a significant reduction in the accumulation of both re-
porter miRNAs was studied in detail.

Morphological analysis revealed that the ilp/-1 mutant
exhibited pleiotropic phenotypes including short root, de-
layed growth, altered leaf shape, late flowering, abnormal
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silique phyllotaxy and abscisic acid (ABA) hypersensitivity
(Figure 1A and Supplementary Figure S1A—C). Examina-
tion of additional miRNAs in inflorescences and leaves con-
firmed a role of ILP1 in the miRNA pathway (Figure 1B
and Supplementary Figure S1D). Since target cleavage is a
major mode of miRNA action in plants (51), we monitored
the transcript levels of several miRNA targets by gPCR us-
ing primers spanning cleavage sites. The levels of 7asiRNA
precursor RNA 2 (TAS2), Phavoluta (PHV), Heme Activa-
tor Protein Homolog 2B (HAP2B), Target Of EAT 2 (TOE2)
and TOE3 were moderately increased in ilp/-1 compared
with the wild-type plant (WT; Col-0) (Supplementary Fig-
ure S1E). Next, we conducted a small RNA-seq assay using
ilpl1-1 and Col-0 inflorescences (two biological replicates),
and detected a global reduction of miRNAs in ilp/-1 rela-
tive to WT (Figure 1C and Supplementary Table S2). Also
of note was that ILP1 ablation did not affect the accuracy
of miRNA processing (Supplementary Figure S1F).

Additionally, the amount of miR822, which depends on
DCL4 (52), was decreased in ilpl-1 (Figure 1B), suggest-
ing that ILP1 affects multiple small RNA pathways. We
thus investigated the effect of ilp/-1 on the accumulation
of other types of siRNAs, including a DCL2-dependent
siRNA (IR71), two DCL3-dependent hc-siRNAs (siR02
and siR1003), and two DCLI1-/DCL4- dependent ta-
siRNAs (siR255 and ASRP1511) (8). Results showed that
the accumulation of all examined siRNAs was greatly re-
duced in the ilpl-1 mutant plants, except for siR02, which
only showed a moderate reduction (Figure 1B). Introduc-
tion of /LPI fused to GFP under the control of its native
promoter (pILP1::ILPI-GFP) into ilpI-1 fully rescued the
developmental defects and restored the expression of small
RNAs (Figure 1A and B). Nevertheless, small RNA-seq
data revealed that 24-nt hc-siRNAs are less significantly af-
fected by the ILP1 dysfunction as compared to miRNAs
(Supplementary Figure S1G and Table S2). We thus chose
to focus on miRNA in this study.

ILP1 interacts with the disassembly factors of the ILS com-
plex, NTR1 and PRP43

To investigate how ILP1 regulates miRNA biogenesis
and plant development, we immunoprecipitated ILP1-GFP
from the ilpl-1+pILPI::ILPI-GFP transgenic plants, fol-
lowed by Mass-spec analysis. Consistent with recent pub-
lished data (29), NTR 1 was the strongest hit among all can-
didate interacting proteins (Table 1). Notably, PRP43a and
additional spliceosome components, especially several U5
small nuclear ribonucleoproteins (snRNPs), were also re-
trieved from our Mass-Spec assay (Table 1). To validate
these data, we introduced the p35S.:: PRP43b-3xFLAG con-
struct into the p/LPI::I1LPI-GFP transgenic background.
Transgenic plants effectively expressing both PRP43b-
3xFLAG and ILP1-GFP were selected and crossed with
a p35S::NTR-10xMYC transgenic plant. The resultant F1
plants were used for size exclusion chromatography and
in vivo co-1P assays. Proteins including ILP1-GFP, NTR1-
10xMYC and endogenous PRPS, a central component of
U5 snRNP, co-migrated at ~660 kDa (Figure 2A). By con-
trast, PRP43b-3xFLAG not only existed in the ~660 kDa
region, but was also present in lower molecular weight re-
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gions. Additionally, U5 and U6 small nuclear RNAs (snR-
NAs), but not Ul snRNA, peaked at ~660 kDa regions,
consistent with the fact that U5 and U6 are components
of the ILS complex (53). Moreover, the abundance of U6,
but not that of U4 and U5 snRNAs, was increased in the
ilp1-1 and ntrl-1 mutants, possibly due to defects in snRNA
recycling (Supplementary Figure S2C). Nevertheless, it has
been reported that NTR1 interacts with U1 and U4, in ad-
dition to U2, US and U6, as revealed by RNA immunopre-
cipitation followed by reverse-transcription PCR (RT-PCR)
detection (29), implicating that NTR1 and ILP1 may have
broader functions during splicing.

Next, we investigated their interactions by reciprocal im-
munoprecipitation. As shown in Figure 2C and D, both
NTRI1 and ILP1 effectively captured each other as well as
PRP43b and PRP8. By contrast, PRP43b successfully cap-
tured NTR1 but barely ILP1 and PRP8 (Figure 2E). Im-
portantly, a high salt (500 mM) wash only slightly weakened
these interactions but did not abolish them completely, in-
dicating a stable association among these proteins. Consid-
ering a high affinity between NTR1 and ILP1 and a broader
distribution of PRP43b (Table 1 and Figure 2A), it is pos-
sible that NTR1 bridges the interaction between ILP1 and
PRP43, while only a sub-proportion of PRP43 is in com-
plex with NTR1 and ILP1. To test this possibility, spatial
proximities among these proteins were tested by BiFC as-
says via transient expression of paired split-YFP fusion pro-
teins in Arabidopsis protoplasts. LUC was co-expressed as a
control of transfection efficiency. We found that the NTR 1-
nYFP/ILP1-cYFP pair produced both the brightest fluo-
rescence and the highest positive rate (41.4%, n = 99 pro-
toplasts). In sharp contrast, in the ILP1-nYFP/PRP43b-
cYFP pair, only few protoplasts (1.4%, n = 144) gave weak
fluorescence. The NTR1-nYFP/PRP43b-cYFP pair was
between the two in terms of both fluorescence intensity and
positive rate (14.7%, n = 88) (Figure 2B and Supplemen-
tary Figure S2A). Similar results were obtained when co-
expressed in N. benthamiana leaves (Supplementary Figure
S2B). Taken together, these data suggested that ILP1 and
PRP43b may be relatively distant in space, and/or that their
interaction is transient.

ILP1 and NTR1 act in the same or similar biological path-
way(s)

Previously, examination of 144 selected AS events has
shown that ILP1 and NTR1 affect the splicing of a sub-
set of AS sites (29). To gain a global view of how ILP1
and NTRI1 regulate gene expression and splicing, we con-
ducted a strand-specific RNA-seq analysis. To avoid poten-
tial effects of altered circadian rhythm (Figure 4C, see be-
low), we used 7-day-old seedlings of Col-0, ilpI-1 and ntrl-
1 grown under constant white light. Principal components
analysis (PCA) did not separate ilpI-1 and ntri-1 in the first
component, which explained 61.84% of the variation, sug-
gesting similar changes in global gene expression in ilpl-
1 and ntrl-1 (Figure 3A). Compared with the WT, 1249
and 865 differentially expressed genes (DEGs; llog, FCl >
1, P < 0.05, negative binomial distribution model test with
DESeq?2) were identified in the ilp/-1 and ntri-1 mutants,
respectively. Among these genes, 496 (P < 2.2 x 1071;
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Table 1. List of potential ILP1 interacting proteins related to splicing as identified by Mass-Spec analysis

ILP1-GFP GFP
Gene ID Gene name Function Coz;‘)a ge PL;:It?::s Cm;t:/:)a ge PL;:It?clll:s
GFP 30.56 8 32.94 11
AT5G08550 |ILP1 Disassembly Proteins |41.96 41 0 0
AT1G17070 |[NTR1 Disassembly Proteins |39.93 37 0 0
AT3G62310 |PRP43a Disassembly Proteins |5.79 3 0 0
AT1G80070 |PRP8a U5 snRNP 4.15 11 0 0
AT1G06220 [GFA1 U5 snRNP 10.33 10 0 0
AT1G20960 [EMB1507/Brr2 U5 snRNP 4.1 8 0.32 1
AT4G03430 [STA1 U5 snRNP 3.6 3 0 0
AT2G43770 [SNRNP40/Cwf17 |U5 snRNP 8.21 1 0 0
AT5G64270 |atSAP155 17S U2 snRNP 3.86 4 0 0
AT3G55220 |atSAP130b 17S U2 snRNP 1.4 1 0 0
AT5G41770 |SYF3 NTC 2.27 2 0 0
AT1G09770 [CDC5 NTC 0.95 1 0 0
AT4G21110 |AtBud31 NTC-associated 6.21 1 0 0
AT1G76300 |atSmD3-a Sm core proteins 7.81 1 0 0
AT2G18740 |atSmE-b Sm core proteins 14.1 1 0 0
AT2G47640 |atSmD2-a Sm core proteins 11.01 1 0 0
AT2G27100 |SERRATE miRNA biogensis 1.81 1 0 0

ILP1-GFP and GFP were used as bait proteins. Known ILS components, the hPRP43-interacting proteins (27) and, known miRNA pathway proteins are

indicated in bold, italic and underlined font, respectively.

Fisher’s exact test) were either up- or down-regulated in
both mutants, with only three genes up-regulated in ntri-
1 but down-regulated in ilp/-1 and none vice versa (Figure
3B and C; Supplementary Tables S3 and 4). Next, we iden-
tified AS events by TMATS (42), and determined that re-
tained introns (RI) were the most frequently affected AS
type in both mutants (Supplementary Figure S3A-B and
Table S5). Approximately 50% of the significantly affected
RI events (and 43% for all AS types) were shared between
ilpl-1 and ntrl-1 (P < 2.2 x 10~'°; Fisher’s exact test) (Fig-
ure 3D; Supplementary Tables S6 and 7). The above data
suggested that ILP1 and NTR1 probably function in the
same complex. If so, we predicted that for those RI sites
with significant defects in only one mutant (i.e. significant in
ilpl-1 but not in ntri-1, or vice versa), they should be more
affected in the other mutant than all RI controls. Indeed,
for RI introns only significantly affected in ntri-1, we ob-
served a remarkable trend toward having lower FDR scores
(for false discovery rates) in ilpl-1 (Supplementary Figure
S3C). The same held true for vice versa (Supplementary Fig-
ure S3D). Taken together, our data supported the interac-
tion between ILP1 and NTR1 and their shared function in
regulation of AS. Representative loci representing different
types of AS, including a core circadian gene LH Y, were val-
idated by RT-PCR (Figure 3E and F). Results showed a ten-
dency of combined AS types (e.g. retained introns plus al-

ternative 3’ splice sites [RI+3’SS] or retained introns plus
alternative 5 splice sites [RI+5'SS]) affected by ILP1 and
NTRI1 (Supplementary Figure S3E). Notably, NTR1 and
ILPI also affected the splicing of some pri-miRNAs but not
that of Serrate (SE) dependent pre-mRNAs (Figure 3G and
Supplementary Figure S3F) (54).

In general, introns are either constitutively or alterna-
tively spliced in wild-type plants. We found that all ILP1
and NTR1 dependent introns were AS introns according to
the TAIR10 annotation. To further explore whether ILP1
and NTR1 dependent introns share any common features,
we focused on the analysis of those with intron retention
defects in both mutants (i.e. ILP1 and NTR 1-dependent RI
introns). We found that these R1I introns used essentially the
same set of cis-elements as non-affected RI introns (Supple-
mentary Figure S3G), had no preference on neither the lo-
cations within host genes, nor the selection of host genes in
terms of the total number of introns (Supplementary Fig-
ure S3H and I). Although ILP1 and NTR1 dependent RI
introns were markedly longer than all introns and all AS in-
trons, they did not differ from all RI introns characterized
by rMATS (Supplementary Figure S37J).

NTRI1 is involved in small RNA biogenesis

If the ILS complex plays a role in small RNA biogenesis,
we expected that the loss of function of NTR1 should also
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reduce the steady levels of small RNAs. We identified a T-
DNA insertion mutant of NTRI (SALK_073187C, ntrl-
1), which morphologically resembled ilpI-1 (Figure 4A;
Supplementary Figures SIC and 4B). The ntri-1 mutant
showed decreased expression of miRNAs, ta-siRNAs and
hc-siRNAs comparable to those observed in ilp/-1 (Fig-
ure 4B). Introduction of p35S::NTRI-10xM YC into ntri-
1 fully rescued the morphological phenotype and miRNA
levels (Supplementary Figure S4A and C). Strikingly, the
ilpl-1 ntrl-1 double mutant appeared embryonic lethal
(Supplementary Figure S4D), indicating a synergistic in-
teraction between these two proteins, albeit that ILP1 and
NTRI1 probably worked together as a complex.

Since the ntrl-I mutant has a long circadian period
(30), we examined whether ILP1 ablation causes altered
circadian rhythm. We introduced the pCCAI::LUC and
pTOCI::LUC reporter constructs into the ilp/-/ mutant.
Similar to ntrl-1, ilpl-1 showed a longer circadian period
than the WT control (Figure 4C). Since both ilp/-1 and
ntrl-1 exhibited altered circadian rhythms, we next inves-
tigated whether disruptions of normal circadian rhythm af-
fect miRINA biogenesis. As shown in Figure 4D, the ilpI-1
and ntrl-1 mutants consistently showed reduced miRNA
levels under both constant light and 16-hr light, whereas
mutations in the core circadian pathway genes (PRRY,
TOCI,CCAl and LHY) (55) did not cause obvious changes
in miRNA abundance. Thus, ILP1 and NTR1 regulated
miRNA biogenesis independent of their roles in circadian
rhythm regulation.

ILP1 and NTR1 promote pri-miRNA accumulation

To determine which step(s) of the small RNA pathways
is ILP1/NTRI involved in, we first investigated whether
ILP1 and NTR modulate the expression and/or splicing
of genes involved in the small RNA biogenesis and action
pathways. RNA-seq data suggested that neither the expres-
sion levels nor the splicing patterns of known small RNA
pathway genes were significantly affected in ilp/-1 or ntrl-
1, except for AGOI10, which had intron retention defects
(Supplementary Figure SSA-C, Supplementary Tables S5
and 8). However, global reduction of miRNAs in ilpI-1 is
unlikely due to mis-splicing of AGOI10, because AGO10 is
specifically associated with miR165/166 and promotes their
degradation (56). Transcript levels of eight miRNA bio-
genesis pathway genes (DCL1, Hyponastic Leaves 1/ HYLI,
SE, SIC, TGH, STAI, Dawdle/ DDL and HENI) were vali-
dated by qPCR (Supplementary Figure S5D). We also mon-
itored the protein levels of three core pri-miRNA process-
ing members (DCLI1, HYL1 and SE) and two small RNA
effector proteins (AGO1 and AGO4). The result showed
that all were unaffected in either mutant, except for AGO1,
which showed a slight reduction (Supplementary Figure
S5E). Reduced AGO1 abundance is consistent with reduced
miRNA levels in ilpl-1 and ntrl-1, as AGO1 and miRNAs
are known to be co-stabilized (57,58).

Mature miRNAs are mainly processed from pri-miRNAs
by DCLI. In principle, the levels of pri-miRNAs would
be reduced in mutants defective in miRNA transcription
but increased in mutants defective in miRNA processing.
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Results of qPCR analysis revealed a significant reduction of
all six tested pri-miRNAs in both ilp-1 and ntrl-1 mutants
(Figure 5A and B). To minimize the effect of processing, we
crossed ilpl-1 with dcll-7 ; dcll-7 is a hypomorphic allele of
DCLI characterized by impaired miRNA processing (59).
Since homozygous dcll-7 plants are female sterile (60), we
generated the dcl/l-7 ilp1-1 double mutant in the F2 siblings
by genotyping. dcll-7 ilpl-1 was morphologically similar to
dcll-7 , but with a more severe phenotype (Supplementary
Figure S5F). Although the impairment of miRNA process-
ing in dcll-7 resulted in a dramatic over-accumulation of
five tested pri-miRNAs, their expression levels were consis-
tently lower in dcll-7 ilpl-1 than those in dcll-7 (Supple-
mentary Figure S5G).

To gain a genome-wide view of ILP1 and NTR1 in reg-
ulating pri-miRNA expression, we analyzed the expres-
sion levels of 41 intergenic pri-miRNAs with FPKM > 1
in at least one biological samples in our RNA-seq data.
The results showed that pri-miRNAs were globally down-
regulated in ilpI-1 and ntri-1, with a significant correlation
between the two mutants (Figure SC and Supplementary
Table S9). A number of pri-miRNAs are known to have
one or more introns, and these introns may impact tran-
scription elongation and/or DCLI1 processing (21,22,61).
Although ILP1 and NTRI1 affected the splicing of some
pri-miRNAs, no obvious differences were detected between
intron-containing and intronless pri-miRNAs (Figure 5C).
In contrast, we found five out of seven expressed 74S
genes were moderately up-regulated in both ilpl-1 and ntri-
1 (Supplementary Figure SSH and Table S10). Thus, de-
creased ta-siRNA levels in ilp/-1 and ntri-1 are not due
to reduced TAS gene expression, but more likely a conse-
quence of compromised miRNA biogenesis (Figure 1B and
Figure 4B). Elevated expression of TA.S genes are consistent
with their roles as miRNA targets. However, we didn’t see
a trend toward up-regulation of miRNA targets at global
level (Supplementary Figures S5I and Table S11). NTR1
was previously reported to promote transcription elonga-
tion of protein coding genes harboring NTR1-dependent
splicing sites (61). To test this, 141 genes with shared AS
defects in both ilpl-1 and ntri-1 were selected for analy-
sis. To our surprise, no significant changes in gene expres-
sion were observed in either mutant (Supplementary Figure
S5J), implicating that there might be no correlation between
ILP1/NTRI1 dependent splicing and gene expression.

Reduced accumulation of pri-miRNAs in ilp/-1 and ntrl-
1 could also be due to accelerated degradation, as reported
in ddl and prll mutants (20,62). To test whether ILP1 and
NTRI influence the stability of pri-miRNAs, we evaluated
the effect of ILP1 or NTR1 dysfunction on the half-lives
of pri-miRNAs. The fifth and eighth leaves were collected
from 1-month-old dcll-7 and dcli-7 ilpl-1 (or dcll-7 ntri-
1) plants and transferred to 1/2 MS medium supplemented
with 0.6 mM cordycepin, a general transcription inhibitor
used widely in Arabidopsis research (38). Tissues were sam-
pled at the indicated time points, and levels of pri-miRNAs
and control mRNAs were monitored by qPCR. The results
showed that the decay rates of pri-miRNAs in dcll-7 ilpl-1
and dcll-7 ntr1-1 were comparable to those in dcll-7 (Figure
5D and Supplementary Figure S5K), indicating that ILP1
and NTR1 do not affect pri-miRNA decay.

The above results point to the likelihood that ILP1 and
NTR1 promote MIR gene expression. However, it is also
possible that they play a role in pri-miRNA processing. To
test this possibility, a LUC-based artificial miRNA reporter
line (p35S::amiR-LUC + p35S:: LUC) was generated, based
on a published design (63). In this reporter system, the
expression of amiR-LUC silences the expression of LUC,
resulting in weak luminescence. Two independent single-
copy transgenic lines were selected in the T2 generation and
crossed with ilpl-1 or se-1, which served as controls for im-
paired pri-miRNA processing. As expected, se-1 greatly di-
minished amiR-LUC expression and produced bright lumi-
nescence (Figure 5E). In sharp contrast, only weak lumines-
cence recovery and a slight reduction, if any, in amiR-LUC
expression was observed in ilpI-1 (Figure SE).

We also tested whether ILP1 is required for dicing body
(D-body) formation (64,65). We introduced the D-body re-
porter pHYLI:: HYLI-YFP into ilpl-1 by crossing, and D-
body numbers per cell were counted under a fluorescence
microscope. As shown in Figure SF and G, the distribution
of D-body number was comparable between ilp/-1 and WT
plants. Based on these observations, we conclude that ILP1
promotes MIR gene expression with little effect on either
processing or decay of pri-miRNAs.

ILP1 and NTR1 may facilitate Pol II transcription elonga-
tion at MIR loci

Given that pri-miRNA levels were globally reduced in ilp1-
1 and ntri-1, we surmised that ILP1 and NTR1 promote
MIR gene expression. Two MIR promoter reporter lines
(pMIRI167a::GUS and pMIR172b::GUS) (19,20) were indi-
vidually crossed with ilpI-1. The ilpI-1 and ILP1*/* proge-
nies harboring the respective reporter transgene were iden-
tified in the F2 generation. Lines homozygous for either
transgene were confirmed in the F3 generation and sub-
jected to GUS staining assay. Strikingly, neither promoter
reduced the expression of GUS in ilp/-1 as compared with
WT. For the pMIRI172b::GUS reporter, the GUS expres-
sion was increased when ILP1 was compromised (Figure
6A). We next measured the Pol IT occupancies at the MIR
loci by ChIP-PCR using an antibody directed against the
second largest subunit of Pol II, with Pol II_C1, an in-
tergenic locus with no Pol II occupancy, as a background
control (19). While no changes were detected at the pro-
moter regions and transcription start sites, significantly re-
duced occupancies of Pol II was observed at the down-
stream regions in the ilp/-1 and ntrl-1 mutants, suggesting
that ILP1 and NTR 1 may affect elongation rather than ini-
tiation of MIR gene transcription (Figure 6B and Supple-
mentary Figure S6A). We also measured Pol 11 occupancies
on GUS genes (nMIRI167a.::GUS) and several coding genes
harboring ILP1/NTR1-dependent AS introns. As shown in
Supplementary Figure S6B and C, ILP1 dysfunction did
not affect Pol IT occupancies in both upstream and down-
stream regions of these genes.

If TLP1 facilitated Pol II elongation at MIR genes, it
should also affect the elongation process of artificially in-
troduced miRNA driven by the constitutive 35S promoter.
We surmised that the weak effect of /LPI mutation on
the p35S::amiR-LUC + p35S::LUC reporter might be due
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to the use of a short hairpin construct, which diminished
the influence of transcription elongation. We then intro-
duced a p35S:: MIRI72b transgene, which contained a long
MIRI172b precursor RNA with three introns (33), into the
ilpI1-1 mutant background. We monitored the expression of
transgene-derived miR172 at young seedling stages, when
endogenous miR172 was expressed at non-detectable lev-
els (Supplementary Figure S6D) (66,67). The result showed
that transgene-derived miR 172b was expressed at lower lev-
els in ilpl-1 than that in the WT background (Supplemen-
tary Figure S6D and E).

To test whether ILP1 and/or NTR interacts with
Pol II, we extracted proteins from inflorescence tissues
of ilpl-1+pILPI1:-ILPI-GFP and ntrl-1+p35S::NTRI-

10xMYC transgenic plants, and performed co-IP us-
ing the GFP-trap and MYC-agarose beads, respectively.
PRPS8 (positive control) was readily detected in ILP1-GFP
and NTR1-10xMYC immunoprecipitates, and RPBI1 co-
immunoprecipitated with ILP1-GFP and NTR1-10xMYC,
albeit at low affinities (Figure 6C).

ILP1 and NTRI1 interact with pri-miRNA processing machin-
ery

We next investigated if ILP1 and NTR1 were associated
with the dicing machinery. BiFC assays in the tobacco
transient expression system revealed that ILP1 and NTR1
were in close proximity to DCL1 and SE, but not to
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HYLI, at sub-nuclear foci (Figure 6D). Taking advan-
tage of the available antibodies for DCL1, HYLI1 and
SE, we performed in vivo co-IP assays using pistil tissues
from ilpl+pILPI:: ILP1-GFP and ntri-1+p35S::NTRI-
10xMYC complementation plants. Consistent with the
BiFC results, DCL1 and SE, but not HYLI1, were co-
immunoprecipitated with both ILPI-GFP and NTRI-
10xMYC (Figure 6E and F). However, we were unable
to detect a robust association of ILP1-GFP or NTRI1-
10xMYC with MIR chromatin, which could be due to a
transient interaction between ILP1-GFP/NTR1-10xMYC
and MIR chromatins (Supplementary Figure S6F).

DISCUSSION

In this study, we showed that ILP1 and NTRI1, two key
co-factors of the ILS disassembly complex, positively reg-
ulated miRNA biogenesis. Based on our current data, we
favor a model in which ILP1 and NTR1 regulate miRNA
accumulation mainly by facilitating transcription elonga-
tion (Figure 7). This model is supported by several lines of
evidence presented in this study and a previous study (28).
First, ILP1 and/or NTR1 ablation reduced pri-miRNA lev-
els without changing their promoter activities and half-lives
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(Figure SA-D and Figure 6A). Second, ILP1 and NTRI1
directly or indirectly interacted with Pol II (Figure 6C).
Third, ILP1 and NTR1 were required for proper Pol II
occupancies at downstream regions but not promoter re-
gions of MIR genes (Figure 6B and Supplementary Figure
S6A-C). At last, NTR1 has been shown to colocalize with
Ser2-phosphorylated Pol I (29). Consistent with the model,
several metazoan splicing factors, including SC35, TAT-
SF1 and SKIP, have been reported to stimulate transcrip-
tion elongation through their interactions with PTEF-b, a
key elongation factor (68,69,70,71). Strikingly, for protein-
coding genes with AS defects in ilp/-1 and ntri-1, no dif-
ferential expression was detected in either mutant (Supple-
mentary Figure S5J), indicating that splicing and gene ex-
pression may be uncoupled activities of ILP1 and NTR1
for at least coding genes, or that the effect of splicing al-
teration on coding gene expression is too weak to be ob-
served. This observation is in contrast to a previous study
that NTR1 is required for proper transcription elongation
at alternative exons (61). Future studies with more careful
investigations will be required to clarify these discrepant ob-
servations. ILP1 and NTR1 also regulate AS of several pri-
miRNAs (Figure 3G). Considering that splicing affects pri-
miRNA processing and ILP1/NTR1 interact with DCL1
and SE (Figure 6D-F), it is possible that ILP1 and NTR1
also affect pri-miRNA processing. However, we believe that
this should not be the main underlying mechanism because
pri-miRNA levels were globally reduced in ilp/-1 and ntri-1
mutants, and ILP1 had little effect on amiR-LUC expres-
sion under the control of the constitutive 35S promoter
(Figure SA-C and E).

Not all pri-miRNAs have detectable introns, which raises
the question of how ILPl and NTRI1 globally regulate
miRNA biogenesis. It is possible that ILP1 and NTR1 are
recruited to MIR regions via interactions with miRNA-
specific factors such as DCL1 and SE. Consistent with this,
DCLI is reported to be associated with M7R chromatin (7).
Nevertheless, we only detect weak effect of ILP1 on the
p35S::amiR-LUC reporter. We hypothesized that the use
of a short hairpin construct may diminish the influence of
ILP1 on transcription elongation. Indeed, ILP1 reduced the
expression of exogenously introduced miR172b reporter,
which harbors a much longer precursor (p35S:: MIRI172b)
(33). Alternatively, pri-miRNAs splicing could be under-
estimated due to their low expression levels, and the total
number of intron-containing pri-miRNAs might be much
more than previously thought. In addition, it is possible
that spliceosomal factors may interact with weak intron
sites even without splicing. Consistent with this, it has been
reported that long non-coding RNAs are less efficiently
spliced than coding genes (72).

Several miRNA targets were moderately but significantly
up-regulated in both mutants by qPCR and five out of seven
TAS genes were up-regulated by RNA-seq (Supplementary
Figures S1E and 5H). However, we didn’t see any signif-
icant changes of miRNA targets at global level (Supple-
mentary Figure SS5I). In a recently published study, there
were also only few miRNA targets that were significantly
up-regulated in pp4r3a, a mutant with reduced miRNA lev-
els comparable to ILP1 or NTR1 dysfunction (46). In fact,
even in the core miRNA biogenesis and action pathway mu-
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tants background (e.g. dcll, agol, hyll and henl), only a
subset of miRNA targets were significantly up-regulated,
with the majority showing little to no changes (73,74). Con-
sidering many miRNAs are differentially expressed in dif-
ferently cell types, future investigations at single-cell level
may be applied to more accurately examine the impact of
miRNAs on their target genes’ expression.

Dismantling of the ILS complex, catalyzed by PRP43
and its cofactors, plays an essential role in recycling snR-
NAs and splicing factors. We showed that ILP1 and NTR 1
were in complex with PRP43. While PRP43 and NTR1 are
conserved among plants, animals and yeast, the ILP1 ho-
molog is absent in yeast (26,27,53). In budding yeast, NTR2
is another key co-factor of PRP43 (26). It will be interest-
ing to test whether ILPI is functionally equivalent to the
yeast NTR2. The ILP1 and NTRI1 proteins regulated AS of
only a few hundreds of AS introns, with no obvious effect
on the splicing of constitutively spliced introns (Figure 3D—
G). This may be due to slightly weakened function of the
disassembly complex harboring single mutations in /LPI
and NTRI. Surprisingly, the ilpI-1 ntri-1 double knockout
mutant showed embryonic lethality (Supplementary Figure
S4D), suggesting a cooperative role of ILP1 and NTR1 ei-
ther in maintaining the functional integrity of the disassem-
bly complex or in other unknown synergistic functions.

Splicing of protein-coding genes occurs in all eukary-
otes and exhibits pathway conservation across kingdoms
(75). By contrast, much less is known about the signifi-
cance of spliceosome machinery in regulating the biogen-
esis and functions of non-coding RNAs. The current study,
as well as previous studies, has uncovered a large group of
splicing-related proteins that regulate plant miR NA biogen-
esis (8-20). However, it is unclear whether these proteins
share common mechanisms or perform distinct functions.
Future studies are needed to reveal the relationships among
these proteins and their mechanisms of action.
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