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Introduction

Summary

e Despite a much higher proportion of intragenic heterochromatin-containing genes in crop
genomes, the importance of intragenic heterochromatin in crop development remains
unclear. Intragenic heterochromatin can be recognised by a protein complex, ASI1-AIPP1-
EDM2 (AAE) complex, to regulate alternative polyadenylation.

e Here, we investigated the impact of rice ASI1 on global poly(A) site usage through poly(A)
sequencing and ASI1-dependent regulation on rice development.

¢ We found that OsASI1 is essential for rice pollen development and flowering. OsASI1 dys-
function has an important impact on global poly(A) site usage, which is closely related to hete-
rochromatin marks. Intriguingly, OsASI1 interacts with the intronic heterochromatin of
OsXRNL, a nuclear XRN family exonuclease gene involved in the processing of an miRNA pre-
cursor, to promote the processing of full-length OsXRNL and regulate miRNA abundance.
We found that OsASI1-mediated regulation of pollen development partially depends on
OsXRNL. Finally, we characterised the rice AAE complex and its involvement in alternative
polyadenylation and pollen development.

¢ Our findings help to elucidate an epigenetic mechanism governing miRNA abundance and
rice development, and provide a valuable resource for studying the epigenetic mechanisms of
many important processes in crops.

epigenetic marks, including methylated DNA cytosine, histone H3
lysine 9 di-methylation (H3K9me2) and H3 lysine 27

As conserved regulatory mechanisms of gene expression in eukary-
otes, epigenetic mechanisms play essential roles in multiple biologi-
cal processes in higher plants, ranging from basic development,
allelic variation and heterosis to environmental stress responses and
immunity (Varshney eral, 2005; Schnable & Springer, 2013;
Quint ¢z al, 2016; Chang ez al., 2020). Despite extensive investiga-
tions in the model plant Arabidopsis, epigenetic mechanism-based
regulation of agronomic traits in crop plants remains largely elusive.
Heterochromatin is a tightly packed form of chromatin. Although
heterochromatin only represents a lower proportion of chromatin
compared with lightly packed euchromatin in eukaryotic genomes,
its importance has been increasingly articulated. Repressive
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monomethylation (H3K27mel) are required for the formation of
heterochromatin (Liu ¢z al, 2010; Duan et al, 2018; Zhang et al.,
2018). In addition to the distribution in constitutively silenced cen-
tromeres and telomeres, repressive heterochromatin elements
within gene bodies are also observed in eukaryotic genomes, partic-
ularly in crops (To et al., 2015; J. Zhang et al., 2020), and the inser-
tions of transposable elements (TEs) are one of the major causes of
these genic heterochromatin. The impacts of heterochromatin on
gene expression depend on its genetic context. For example, a
recent study has reported that RNA-directed DNA methylation
(RdDM)-mediated CHH (where H represents A, T or C) methyla-
tion in the miniature inverted-repeat TEs (MITEs) of OsMIR156d/
OsMIR156j promoter regions, represses the expression of these two
miRNA genes, thereby negatively regulating rice tillering (Xu ez al,
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2020). By contrast, the D14 gene, which is a suppressor of rice til-
lering, is activated by CHH methylation at a MITE site in its
downstream region (Xu eral., 2020). Compared with the exten-
sively documented transcriptional repression effect of promoter
heterochromatic elements to downstream genes due to the inacces-
sibility of RNA polymerase to DNA, the role of genic heterochro-
matin in gene expression and basic biological processes in plants,
particularly in crop plants considering the high proportion of genic
heterochromatin (To ez 4l., 2015), has long been elusive. This mys-
tery has been partially solved by some recent advances. A study of
cash crop oil palm revealed a key role of intronic DNA methylation
in the generation of somaclonal variation epialleles (Ong-Abdullah
etal., 2015; Paszkowski, 2015). In this case, loss of DNA methyla-
tion and RdADM-related small RNAs for the Karma transposon,
which is inserted in the intron of the homeotic gene DEFICIENS
(DEF1), led to ectopic splicing and premature termination of the
DEFI gene, thereby contributing to the origin of mantled oil palm
(Ong-Abdullah ez al., 2015).

In the last few years, several groups have reported that some
chromatin regulators participate in the polyadenylation regulation
of intronic heterochromatin-containing gene, and are required for
processing of full-length transcripts. These factors include ANTI-
SILENCING 1 (ASI1) (Wang eral, 2013), also named
INCREASE IN BONSAI METHYLATION 2 (IBM2) (Saze
etal, 2013) and SHORT GROWTH 1 (SG1) (Coustham et al,
2014), and EDM2 (Tsuchiya & Eulgem, 2013; Lei ez al, 2014). A
recent study further revealed that ASI1 and EDM2 associate
together through ASIT-IMMUNOPRECIPITATED PROTEIN
1 (AIPP1), also named EMD3 (Lai ez al, 2019), to form a protein
complex (the AAE complex) and function in the same genetic
pathway (Duan ez al, 2017b). In this mechanism, the AAE com-
plex interacts with intronic heterochromatin to promote distal
polyadenylation. The proportion of intronic heterochromatin-
containing genes is very low in Arabidopsis. Considering the high
proportion of genic heterochromatin-containing genes in crop
plants (To ezal, 2015), it can be expected that the AAE-mediated
alternative polyadenylation pathway would play a more important
role in crop plants. This notion is supported by a more recent
study in which OsIBM2, the rice orthologue of Arabidopsis IBM2
protein, was required for the proper expression of intronic
heterochromatin-containing genes (Espinas ez al., 2020). However,
both the regulation of the OsASI1/IBM2 pathway on global poly
(A) site usage and its contribution to specific biological processes in
crops still remain unclear.

In this study, we investigated the effect of OsASI1 dysfunction
on global poly(A) site usage and its biological functions in rice. We
found that OsASI1 was indispensable for pollen development and
flowering. OsASI1 dysfunction led to severe developmental defects
including dramatically reduced fertility and late flowering. Strand-
specific sequencing of poly(A) site usage revealed that knockout of
OsASI1 had an important impact on poly(A) site usage of a large
subset of genes, especially heterochromatic element-marked genes.
Alternative polyadenylation (APA) events occurred not only in the
coding regions but also in 3" untranslated regions (3’'UTR). We
further revealed that an OsASI1-mediated APA mechanism partici-
pated in the regulation of miRNA abundance through modulation
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of the polyadenylation of an XRN exonuclease-encoding gene,
O<XRNL, which was partially responsible for OsASI1-mediated
developmental regulation. We finally demonstrated that OsASI1
acted in a protein complex to regulate rice development. Our
results uncovered an epigenetic mechanism in terms of the regula-
tion of miRNA abundance and rice development, and provide a
valuable resource for the study of epigenetic mechanisms of many
important processes in crops.

Materials and Methods

Plant materials and growth conditions

All rice materials used in this study were on the Japonica rice
(Oryza sativa) variety Nipponbare background. For phenotype
observation and statistical analysis of agronomic traits, the plants
were cultivated under local growing conditions in Shanghai,
China (30°N, 121°E) during the normal rice-growing season
from mid-May to mid-October. For the plant materials used for
molecular experiments and high-throughput sequencing, plants
were grown in chambers under conditions of a photoperiod of

14 h: 10 h, light : dark, 30°C : 25°C.

Pollen fertility analysis

Mature pollen grains were stained with a 2% (w/v) iodine—potas-
sium jodide (I,—KI) solution and photographed using a Leica
DMG6000B microscope.

mRNA-seq and gene expression analysis

For mRNA-seq, total RNAs were purified from 2-wk-old seedlings
and 60-d plants (including inflorescence tissues) after germination
using the RNeasy Plant Mini Kit (Qiagen, 74904). Library con-
struction and Illumina sequencing were performed by the Beijing
Genome Institute (Wuhan, China). Oligo(dT)-attached magnetic
beads were used to purify mRNA. Sequencing reads were mapped
to the rice genome (RGAP7.0) using the ToPHAT program. Clean
reads were mapped to the assembled unique genes by BowTi2
(v.2.2.5) and the expression levels of genes were calculated using
Rsem (v.1.2.8) and normalised to fragments per kilobase of tran-
script per million mapped reads (FPKM).

For gene expression analysis, total RNAs were isolated with
TRIzol reagent (Sangon Biotech, Shanghai, China), and first-strand
cDNA was reverse transcribed from 5 pig of total RNA using the
One-Step gDNA Removal and cDNA Synthesis SuperMix Kit
(Transgen, Beijing, China). RT-qPCR analysis was performed
using the PerfectStart Green qPCR SuperMix (Transgen). Primers
for qRT-PCR are listed in Supporting Information Table S1.

PAT-seq assay and poly(A) site usage analysis

Total RNAs were extracted from 2-wk-old seedlings using the
RNeasy Plant Mini Kit (74904; Qiagen). PAT-seq was con-
ducted according to a previous report (Yu eral, 2019), and
sequenced on an Illumina HiSeq 2500 single-end mode, at the
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core facility of the College of Environment and Ecology, Xiamen
University. For PAT-seq data processing, raw reads were pre-
treated as previously described (Yu eral, 2019). Poly(A) site
usage (PSU) was calculated by reads of one poly(A) site divided
by reads of the corresponding gene. APSU represents the differ-
ence for PSU between the mutant and wild-type. The deAPA
events were identified with thresholds of absolute APSU > 0.05
and DEseq2 Padj < 0.05. Folded Cumulative Distribution Func-
tion in the MOUNTAINPLOT R package was used for folded cumu-
lative curve plotting, which folded the top half of the cumulative
curve over (Yu ezal., 2019). The scale of the upslope was present
on the left (from 0 to 0.5), the scale of downslope was present on
the right (from 0.5 to 1.0). The top of the folded cumulative
curve represents the median of the corresponding dataset. For
proximal/distal poly(A) site switching analysis, the top two
expressed poly(A) sites were retained for analysis. The 3’UTR
length was calculated according to a previous publication (Lin
etal, 2020), and padj < 0.05 was considered as significant
3'UTR lengthening or shortening events. Published histone
modification data (PRJNA597065) was downloaded and
mapped to the MSU7 genome using STAR alignment, and fur-
ther deduplicated using the Picard tool. For ChIP-seq density
plotting, regions were divided into 2-bp bins. The average read
density in each bin was calculated for plotting. Genes containing
transposable elements or retrotransposons were extracted accord-
ing to MSU7 locus annotation for TE-overlapping and TE-
excluding analyses.

Small RNA expression and sequencing analysis

Small RNA blotting was conducted according to a previous
report with minor modifications (Duan ezal, 2012). In brief,
50 pg of total RNAs were separated by 15% PAGE with 7M
urea, and blotted onto a Hybond N+ membrane (GE, Amer-
sham) using a transblot semidry transfer cell (Bio-Rad). Mem-
branes were subjected to chemical crosslinking with EDC
crosslinking buffer (0.16 M EDC, 0.13 M 1-methylimidazole at
pH 8.0) at 65°C for 90 min. Biotin-labelled probes were added
to the commercial PerfectHyb (Sigma) and incubated with the
membranes at 42°C overnight. A Chemiluminescent Nucleic
Acid Detection Module Kit (89880; Thermo Fisher, Waltham,
MA, USA) was used to detect the hybridisation signals according
to the instruction manual. For the quantitative PCR analysis of
small RNAs, total RNAs from rice panicles before heading were
reverse transcribed using TransScript” miRNA  First-Strand
cDNA Synthesis SuperMix (Transgen). RT-qPCR analysis was
performed using the PerfectStart Green qPCR SuperMix (Trans-
gen). Primers are listed in Table S1.

For small RNA sequencing, a library was prepared with 1 g
of total RNAs for each sample. Total RNAs were purified by elec-
trophoretic separation on a 15% urea denaturing polyacrylamide
gel electrophoresis (PAGE) gel and the 18-30 nt small RNAs
were ligated to adenylated 3’ adapters annealed to unique molec-
ular identifiers (UMI), followed by the ligation of 5 adapters.
The adapter-ligated small RNAs were subsequently transcribed
into ¢cDNA using Superscript 1I

Reverse Transcriptase

© 2021 The Authors
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(Invitrogen) and then several rounds of PCR amplification were
performed to enrich the cDNA fragments. The library was quali-
fied and quantified by two methods: check the distribution of the
fragments size using the Agilent 2100 bioanalyser, and quantify
the library using real-time quantitative PCR (qPCR) (TagMan
Probe). The final ligation PCR products were sequenced using
the DNBSEQ platform (BGI-Shenzhen, Shenzhen, China).

Nuclear run-on assay

Nuclear run-on assay was performed as previously reported (Y-Z.
Zhang ez al., 2020). First, nuclei were isolated using lysis buffer.
After two washes with resuspension buffer, nuclei were resus-
pended in storage buffer and then mixed with transcription
buffer. After 15 min incubation at 30°C, TRlzol reagent was
added to stop the reaction. The DNA-free RNAs were isolated,
and then inoculated with 2 pg anti-BrdU antibody (Abcam) at
room temperature for 10 min and precipitated with Dynabeads
(Thermo Fisher). Then, blocking buffer was added and the mix-
ture was incubated for 30 min at room temperature. Finally,
RNA was extracted using TRIzol reagent (Thermo Fisher).
c¢DNAs were synthesised using SuperScript IV Reverse Transcrip-
tase (Thermo Fisher) and subjected to qPCR analysis.

IP-MS and protein interaction analysis

An IP-MS assay was performed according to a previous report
(Duan eral., 2017a). In brief, total proteins were extracted from
3 g of rice leaves using lysis buffer (50 mM Tris HCl, pH 7.6,
150 mM NaCl, 5mM MgCl,, 10% glycerol, 0.1% NP-40,
0.5 mM dithiothreitol and 1% protease inhibitor cocktail) and
precipitated for 3 h at 4°C with Dynabeads protein G (Invitro-
gen) conjugated to anti-Myc (05-724; Millipore) antibody. After
sequential washing with lysis buffer and PBS buffer, the precipi-
tated proteins were subjected to LC-MS/MS analysis. For yeast-
two-hybrid (Y2H) analysis, the coding sequences of tested pro-
teins were inserted into pGBKT7 and pGADT?7 vectors (Clon-
tech). Recombinant plasmids were cotransformed into yeast
strain AH109. Transformants were grown on SD—Leu—Trp
dropout medium and selected on SD—Leu—Trp—His medium
plates containing 3-amino-1,2,4-triazole. All Y2H experiments
were repeated three times independently.

Bimolecular fluorescence complementation (BiFC) and
subcellular localisation assays in rice protoplasts

For BiFC assays, the coding sequences of tested proteins were
inserted into PSAT6-nYFP and PSATG-cYFP vectors. The NLS
sequence was fused in-frame with RFP into PA7-35S-RFP as a
nuclear marker. For subcellular location, the coding sequences of
OsASI1, OsAIPP1a, OsAIPP1b and OsEDM2 were inserted into
PA7-YFP. Rice protoplast preparation and PEG-mediated trans-
formation were performed as described previously (Chen eral.,
2010). After incubation in the dark for 1620 h, fluorescence was
observed using a confocal laser scanning microscope (Leica, TCS

SP8).
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ChIP-gPCR analysis

ChIP assay was performed as previously described (Zhao ezal.,
2020). Here, c. 3 g of 2-wk-old seedlings were crosslinked in PBS
with 1% formaldehyde under vacuum. Chromatin was extracted
and fragmented into 200600 bp by sonication using a Bioruptor
(Diagenode, Liege, Belgium), and immunoprecipitation was per-
formed using the following antibodies: anti-H3K9me2 (ab1220,
Abcam) and anti-Myc (05-724; Millipore). After incubation with
Dynabeads protein G, the antibody—bead complexes were incu-
bated with precleared chromatin overnight at 4°C on a rotator to
immunoprecipitate the target chromatin. After washing and
reverse crosslinking, the precipitated and input DNAs were puri-
fied for qPCR analysis.

Results

OsASI1 is essential for rice fertility and flowering time
control

In rice, OsASI1 was encoded by a single copy gene
LOC_Os01g42460 (Fig.S1). To investigate its role in rice
development, CRISPR/Cas9-mediated gene editing of the
OsASI1 gene was conducted and two mutant alleles were gener-
ated, osasil-1 and osasiI-2, in which nucleic acid deletion of ‘A’
and ‘AA’ were observed, respectively; both caused a premature
termination upstream of the BAH domain (Fig. S2). By search-
ing alternative open reading frames (ORFs), we found that both
osasil-1 and osasiI-2 mutations may encode a truncated protein
with an intact BAH domain but different sizes of N-terminal
regions (Fig. S2). OsASI1 dysfunction did not lead to obvious
abnormalities in the development of rice pistil and stamen
(Fig. S3). By contrast, we found that pollen development was
greatly affected by osasiI mutations (Fig. 1a). When stained with
iodine—potassium iodide (I,—KI), the pollen grains of both
osasi] mutants appeared much lighter in colour compared with
wild-type (WT) pollen grains. Further analysis of the pollen
defects indicated that a significantly greater proportion of
aborted pollen grains was observed in osasi/ mutants compared
with that in WT plants (Fig. 1b). The defective pollen rate of
the osasi] mutant was ¢. 90%, suggesting that osasiI-1 is a more
severe mutant allele than osasi1-2. This result indicated that the
development of mostly pollen grains was aborted due to muta-
tions of the OsASII gene. In line with the higher defective pol-
len rate, seed-setting rates of osasiI mutants were dramatically
reduced compared with that of WT plants (Fig. 1b). The higher
defective pollen rate and lower seed-setting rate observed in
osasi] mutants indicated that OsASI1 was indispensable for the
proper regulation of rice fertility. In addition to regulating rice
fertility, we found that OsASI1 also participated in the regula-
tion of flowering time. osasi] mutants showed a late flowering
phenotype (Fig. 1a). The heading dates of osasi/ mutants were
¢. 15-22d later than that of WT plants (Fig. 1b). To further
clarify the role of OsASI1 in regulation of rice fertility and flow-
ering time, OsASII overexpression plants, in which a four-Mye
tag was fused to the C-terminus of OsAS/I, were generated on
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the WT background under the control of the Cauliflower
Mosaic Virus 35S promoter (from this point forwards named
OsASI1ox). OsASIlox plants exhibited similar normal pollen
development and flowering time as those of WT plants (Figs 1,
S4). The seed-setting rate was as high as that of WT plants,
indicating that OsASI1 overexpression did not have a severe
effect on rice development.

We found that OsASI1 dysfunction had a significant effect on
global gene expression. mRNA-seq analysis identified 1554 dif-
ferentially expressed genes (DEGs; with a two-fold cutoff) in the
osasil-1 mutant compared with WT (Fig. S5a). These genes cov-
ered multiple biological processes (Figs S5b,c, S6). For example,
the flowering time-related gene HEADING DATE 3A (OsHd3a),
a rice orthologue of the Arabidopsis florigen gene FLOWERING
LOCUS T (F1), was downregulated in the osasil-I mutant.
Intriguingly, the RICE FLOWRING LOCUS T1 (OsRFTI) gene,
which encodes the closest homologue of OsHd3a, also exhibited
reduced expression in the osasiI-1 mutant (Fig. S5¢). Both
OsHd3a and OsRFT1 have been shown to act as floral activators
to promote flowering under short photoperiod conditions
(Kojima ezal., 2002; Komiya eral., 2008). Downregulation of
OsHd3a and OsRFTI was confirmed by quantitative reverse tran-
scription PCR (RT-qPCR) analysis (Fig. S5d). This result was
consistent with the late flowering phenotype observed in the
osasi] mutants.

OsASI1 controls global poly(A) site usage and prefers to
regulate alternative polyadenylation of intragenic
heterochromatin-containing genes

Similar to its Arabidopsis orthologue, OsASI1 resides in the
nucleus (Fig. S7). Here, to investigate the effects of OsASI1 dys-
function on global poly(A) site usage, we performed strand-
specific poly(A) tag sequencing (PAT-seq), which could accu-
rately identify the poly(A) sites in a strand-specific manner (Yu
etal., 2019) in the WT and osasil-I mutant plants, with two
replicates. PAT-seq analysis revealed that 657 poly(A) sites, resid-
ing in 573 genes, were differentially used (absolute APSU > 0.05,
and padj < 0.05) in the osasi/-I mutant compared with WT
plants (Fig. 2a). To explore the genome-wide impact of OsASI1
dysfunction on the poly(A) usage pattern, the top two used poly
(A) sites from each gene were retained for switching poly(A) site
usage analysis. The results showed that >1000 poly(A) sites
exhibited ectopic usage following the osasiI-1 mutation, among
which 2331 poly(A) sites switched to distal sites and 821 poly(A)
sites switched to proximal sites (Fig. 2b). Intriguingly, we found
that the knockout of OsASII resulted in 3'UTR lengthening of
genes compared with WT plants (Fig. S8a,b). Overall, these
results suggested that OsASI1 dysfunction affected the poly(A)
site usage within both 3'UTR and coding regions.

To further uncover the molecular features of OsASI1 target
genes, the chromatin states of the differentially alternative
polyadenylated genes (deAPA) were analysed. Based on the pub-
lic rice database (Zhao et al., 2020), we first examined the distri-
bution patterns of different histone modifications, including

H3K9me2, H3K4mel, H3K4me3, H3K27me3 and H3K27ac,
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Fig. 1 OsASI1 regulates rice fertility and flowering time. (a) Upper panel, the flowering time phenotype of osasi7 mutants and OsAS/7-overexpression
plants. Photographs were taken at the heading time for wild-type (WT) plants. Bars, 3 cm. Lower left panel, iodine-potassium iodide (I,—KI) staining results
showing the effect of osasi7 mutations and OsAS/7 overexpression on the development of rice pollen grains. Bars, 70 um. Lower right panel, the
morphological phenotype of rice spikes. (b) Defective pollen rates, seed-setting rate and enumeration of days to heading of different genotypes. For the
defective pollen rate, anthers from different plant parts were collected for microscope observation. Photographs of 15-30 samples were subjected to
counting of normal and defective pollen. Each grey dot represents a counting event from one photograph (sample). Black horizontal lines represent the
mean, and the error bars indicate + SD from the number of counting events (n = 15-30). For seed-setting rate, spikelets from different plant parts were
collected to count the seed-setting rate. Each grey dot represents a counting event from one spikelet. Black horizontal lines represent the mean, and the
error bars indicate the + SD from the number of counting events (n=15-40). Unpaired two-tailed Student's ¢-test was performed. *, P <0.01. ns, no
significance.
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around deAPA sites and on the bodies of deAPA genes. As shown
in Fig. 2(c, upper panel), compared with noAPA genes, a higher
density of H3K9me2 and H3K27me3 was observed in the poly
(A) site and flanking region of deAPA genes, whereas H3K4me3
and H3K27ac displayed similar densities in the poly(A) sites of
noAPA and deAPA genes. H3K4mel density was slightly lower
in deAPA genes compared with noAPA genes. Similar patterns
were also observed in the bodies of the deAPA genes (Fig. 2c,
lower panel). We next investigated the DNA methylation pat-
terns of the deAPA genes using a published rice DNA methylome
(Xu ezal., 2020). Interestingly, compared with noAPA genes, the
DNA cytosine methylation (5mC) level of deAPA genes in poly
(A) site downstream regions was much higher in all cytosine con-
texts (Fig. 2d), supporting the notion that DNA methylation
levels have an important influence on OsASI1-mediated regula-
tion of poly(A) site usage.

The high density of H3K9me2 and DNA methylation
observed in OsASIl-mediated deAPA genes suggested that
OsASI1-mediated polyadenylation regulation has a preference
for those heterochromatin-containing genes. Given that these
heterochromatic marks were heavily enriched in TEs, we next
compared the preference of OsASI1-mediated polyadenylation
regulation for TE-containing and TE-excluding genes. The
results indicated that poly(A) site usage in TE-containing genes
was more variable compared with that of TE-excluding genes in
the osasil-1 mutant (Fig. 2e). Intriguingly, most of the 3'UTR
lengthened genes did not contain or overlap with TE (Fig. S8¢c).
Therefore, OsASI1-mediated polyadenylation may experience
different regulatory mechanisms in 3'UTR regions.

OsASI1-mediated epigenetic regulation of polyadenylation
participates in multiple biological processes by directly
binding to genic heterochromatin

PAT-seq identified hundreds of deAPA genes (Table S2). Gene
Ontology (GO) analysis indicated that these deAPA genes were
enriched in diverse molecular processes such as nucleotide bind-
ing, posttranslational protein modification and oxidation reduc-
tion, and participated in multiple biological processes ranging
from basic development and metabolism to environmental
responses (Fig. S9). For instance, LOC_Os03¢37411, which
encodes a multiantimicrobial extrusion family MATE efflux pro-
tein and is predicted to have antiporter activity, was a direct tar-
get of OsASIl-mediated polyadenylation regulation. The
LOC_0Os03g37411 gene bears a large intron with TE insertions
(Fig. 3a,b). DNA is hypermethylated in the intronic TE region,
and both the public H3K9me2 database (Fig. 3b) and individual
chromatin  immunoprecipitation ~ (ChIP)-qPCR  analysis
(Fig. S10) indicated that repressive H3K9me2 marks were
enriched in this region. PAT-seq analysis revealed a distal poly(A)
site, which corresponded to the full-length transcript, and many
proximal poly(A) sites within the largest intron (Fig. 3a). In the
WT, the distal poly(A) site had the highest usage. Mutation of
osasil-1 led to a dramatic increase in the usage of intronic proxi-
mal poly(A) site, whereas the distal poly(A) site signal was
markedly reduced compared with WT (Fig. 3a). This pattern was
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confirmed by mRNA-seq analysis, which clearly indicated a
reduction in 3’-end reads downstream of the largest intron and
an obvious increase in 5'-end reads in the osasiI-1 mutant com-
pared with WT (Fig. 3a). In line with the switch of poly(A) site
usage, RT-qPCR results showed that oszsi/ mutations led to a
significant reduction in full-length transcripts (Long), but
increased the accumulation of short transcripts (Short) (Fig. 3c).
Similar ectopic usage of poly(A) sites was also observed in many
deAPA genes such as the LOC_0s02¢28074 gene encoding an
XRN-like  exonuclease (Figs 3a—, S10) and  the
LOC_0Os01g46169 gene encoding a GDSL-like lipase/acylhydro-
lase OsGELP21 (Fig. 3a) and others.

To address the question of whether OsASI1 directly targeted
the genic heterochromatin to regulate polyadenylation, OsASI1
binding at selected target genes was determined in WT and
OsASI1ox transgenic plants via ChIP-qPCR assay. The results
indicated that OsASI1 had specific binding to the genic hete-
rochromatin =~ of the selected LOC_Os03¢37411 and
LOC_0s02¢28074 genes (Fig. 3d). Combined with the above
evidence, it is reasonable to conclude that OsASI1-mediated
polyadenylation is an important mechanism in the epigenetic
regulation of multiple biological processes in rice.

OsASI1 regulates miRNA abundance by modulating
alternative polyadenylation of an XRN-like exonuclease
gene

As mentioned above, an XRN-like exonuclease-encoding gene
LOC_0s02¢28074 (from this point forwards named OsXRNL),
was subjected to OsASI1-mediated APA regulation (Figs 3, S9).
XRN family proteins, the homologues of yeast and human Ratl/
Xrn2 proteins, are highly conserved 5'—3' exonucleases in
eukaryotes (Kurihara, 2017). It has been extensively documented
that XRN family exonucleases function in multiple processes
depending on their subcellular localisation. Cytoplasmic XRN4
in Arabidopsis is involved in multiple decay pathways including
the degradation of 3’ intermediates of miRNA cleavage and the
turnover of miRNA* strands (Souret etal, 2004; Nagarajan
etal., 2019; Liu etal, 2020). The nuclear exonucleases XRN2
and XRN3 in Arabidopsis have been proven to function in tran-
scription termination of RNA polymerase II and act as RNA
silencing suppressors via multiple mechanisms (Gy ez al., 2007;
Kurihara eral, 2012; Krzyszton eral., 2018; You etal., 2019).
Depletion of XRN2 can lead to bias miRNA strand loading into
Ago, which in turn affects miRNA biogenesis in C. elegans (Chat-
terjee etal, 2011). In the rice genome, at least four XRN
domain-containing proteins were encoded (Fig.4a). A fluores-
cence localisation assay in rice protoplast cells indicated that the
OsXRNL protein mainly resided in the nucleus (Fig. S11a). The
nuclear localisation prompts us to investigate whether OsXRNL
dysfunction had certain impacts on miRNA abundance, such as
what the Arabidopsis AcXRN2 and AtXRN3 proteins do. To this
end, two mutant alleles were generated using CRISPR/Cas9-
mediated editing within the first exon (Fig. S11b). Small RNA
sequencing was performed in WT plants, osasil-I1 and osxrnl-1
mutants using 60-d-old plants. Analysis of the length distribution
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Fig.2 OsASI1 controls global poly(A) site usage and preferentially targets heterochromatin-containing genes. (a) Knockout of OsAS/7 results in alternative
polyadenylation. Poly(A) site usage (PSU) of each deAPA site was plotted and clustered by APSU. The colour key from green to red represents the APSU
scale between WT and osasi7-7. The colour key from orange to blue indicates the PSU scale of samples. (b) Knockout of OsAS/7 results in switching of
poly(A) site usage. For each gene, the top two used poly(A) sites were retained for analysis. Green dots: PSU variance of the distal site is two-fold the PSU
variance of the proximal site. Red dots: PSU variance of the proximal site is two-fold the PSU variance of the distal site. (c) Metaplots showing the
distribution patterns of different histone marks around poly(A) sites (upper panel) and the bodies (lower panel) of deAPA genes. NOAPA genes serve as
negative controls. (d) Plots showing DNA methylation levels in WT plants in the poly(A) sites and flanking regions of deAPA genes. NOAPA genes serve as
negative controls. (e) Folded cumulative fraction plot showing the APSU profiles of poly(A) sites located in TE-overlapping/TE-excluding genes.

of mapped small RNAs indicated that the distribution patterns of
osxrnl-1 and osasiI-1 mutants were similar to that of WT plants,
with 24-nt and 21-nt small RNAs accounting for the similar
highest proportion (Fig. S12). Importantly, analysis of the fold
changes for all detected miRNAs indicated that average miRNA
levels were obviously reduced in the osxrn/-1 mutant compared
with WT plants (Fig. 4b). Intriguingly, a moderate reduction of
miRNA levels was also observed in the osasiI-1 mutant (Fig. 4b).

© 2021 The Authors
New Phytologist © 2021 New Phytologist Foundation

In line with this trend, we found that some annotated miRNAs
were downregulated in both osxrnl-1 and osasil-1 mutants
(Fig. 4c; Table S3). To confirm this pattern, accumulation of rep-
resentative miRNAs was measured using a small RNA blotting
assay with three biological replicates (Fig. 4d). The results indi-
cated that most of the selected miRNAs were significantly down-
regulated in two osxrn/ mutant alleles compared with WT.
Importantly, accumulation of these miRNAs in the osasil-I
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Fig. 3 OsASI1 directly binds genic heterochromatin to regulate poly(A) site usage. (a) Integrative Genomics Viewer (IGV) snapshots of PAT-seq and
mRNA-seq showing the distinct polyadenylation patterns and gene expression of representative deAPA genes in WT and the osasi7-7 mutant. Two
replicates were shown for each analysis. Black and red boxes represent exons and transposable and repetitive elements (TREs), respectively. The red
asterisks represent major poly(A) sites identified by PAT-seq. The grey upwards and downwards arrows represent upregulated and downregulated poly(A)
site usage, respectively, in the osasi7-7 mutant compared with WT. (b) IGV snapshots of DNA methylation and histone density showing the DNA
methylation levels and H3K9me2/H3K4me3 distributions at two representative OsASI1 target genes. (c) RT-qPCR results showing the ectopic expression
of poly(A) site-specific short and long transcripts of two selected target genes in WT and the osasi7-7 mutant. Specific primer pairs (as labelled in (b)) were
designed to determine the expression of different transcripts. Error bars represent the SD of three biological replicates. *, P <0.01. (d) ChIP-gPCR results
showing the relative density of OsASI1 protein at different regions of two selected OsASI1 target genes in WT and OsAS/7ox transgenic plants. The
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mutant was also reduced compared with that in WT plants
(Fig. 4d). The downregulation of miRNA abundance was consis-
tent with the significant reduction of OsXRNL-L transcripts in
the osasi] mutant (Fig. 3).

To further verify the downregulation of these miRNAs, the
relative expression of selected miRNA target genes was measured
by RT-qPCR using both 60-d-old plants. In line with the reduc-
tion of miRNA abundance, most of the selected mRNAs were
significantly increased in the osxrz/ and osasiI mutants compared
with WT plants (Fig. 4e). Therefore, these results suggested that
OsXRNL plays an important role in the regulation of miRNA
abundance and OsASI1 influences miRNA abundance through
modulation of poly(A) site usage of the OsXRNL gene.

In Arabidopsis, nuclear XRNs have been shown to modulate
miRNA abundance through distinct mechanisms. AtXRN3 and
AtXRN2 are involved in catalysing the elimination of the
MIRNA loop and the 3’ remnant (Gy et al., 2007; Kurihara ez al.,
2012). Overaccumulation of MIRNA loops were observed in
xrn3 and xrn2/xrn3 mutants. To investigate whether OsXRNL
utilised similar mechanism to modulate miRNA abundance, we
compared the relative expression of pri-miRNA and stem-loop.
The RT-qPCR results indicated that, contrary to the reduction
in mature miR1882e and miR398 levels, accumulation of stem-
loops of MIR1882¢ and MIR398 were significantly increased in
osxrnl and osasi] mutants, whereas the pri-miRNA levels were
not significantly changed (Fig. S13), demonstrating an involve-
ment of OsXRNL in the elimination of M/RNA stem-loops.

OsASI1 dysfunction partially phenocopies osxrnl mutants
in terms of gene expression and developmental defects

It is well known that miRNAs have an important impact on gene
expression and play essential roles in plant development and
responses to environmental stimuli (Jones-Rhoades ez al, 20065
Chen, 2009; Cui etal, 2020). The ectopic accumulation of
miRNAs in osxrnl and osasi] mutants inspired us to compare the
phenotypes of these two mutants in terms of global gene expres-
sion and developmental defects. To this end, mRNA-seq analysis
was performed in the osxrn/-1 and osxrn/-2 mutants using 60-d-
old plants with three biological replicates. The data indicated that
there were 1251 and 1008 genes in the osxrnl-1 and osxrnl-2
mutants, respectively, showing more than two-fold expression
changes compared with WT plants, and 785 genes were com-
monly regulated between two mutant alleles (Fig. 4f). Intrigu-
ingly, among the 785 common DEGs, 423 genes (53.88%) were
also differentially expressed in the osasi-I mutant (Fig. 4f), and
these common target genes displayed a similar expression pattern
in osasil-1, osxrnl-1, and osxrnl-2 mutants compared with WT
plants (Fig. 4f), suggesting that a substantial number of genes
were commonly regulated by OsASI1 and OsXRNL.

The partial phenocopy between the osasiI and osxrn/ mutants
in terms of miRNA abundance and gene expression inspired us
to propose a hypothesis that OsASI1-mediated regulation of rice
development may partially depend on OsXRNL-mediated mod-
ulation of miRNA abundance. In support of this hypothesis,
two miRNAs, miR528 and miR408, have been shown to
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participate in the regulation of multiple processes, including
pollen development. OsmiR528 plays vital roles in male fertility
(Y-C. Zhang etal., 2020), antiviral defence (Yao eral, 2019;
Yang ez al., 2020), abiotic stress responses (Tang & Thompson,
2019; Zhu ez al., 2020) and flowering time control (Yang ez al.,
2019). It has been shown that miR528 affects pollen develop-
ment by posttranscriptional silencing of the uclacyanin gene
OsUCL23 (Y-C. Zhang eral., 2020). The mir528 knockout
mutant showed aborted pollen development at the late binucle-
ate pollen stage, leading to a significant reduction in the seed-
setting rate (Y-C. Zhang eral, 2020). Similar to miR528,
OsmiR408 is involved in the regulation of pollen development
and grain yield by posttranscriptional silencing of another ucla-
cyanin gene OsUCL8 (Zhang etal., 2017; Yang etal., 2018).
Consistent with our hypothesis, we found that both miR528
and miR408 were downregulated in osasi] and osxrn/ mutants
(Fig. 4c,d). Considering the severe developmental defects of pol-
len in osasil mutants, we also examined by RT-qPCR analysis
whether miRNAs were differently expressed in osasil and osxrnl
mutants in inflorescence tissues. The data indicated that all the
detected miRNAs, including miR528 and miR408, were signifi-
cantly reduced in the inflorescence tissues of the osasil-1, osxrnl-
1 and osxrnl-2 mutants compared with WT plants (Fig. S14),
and the expression of OsUCL23 and OsUCLS, the target genes
of miR528 and miR408, respectively, were significantly
increased in inflorescence tissues (Fig. 4e).

In line with the ectopic expression of miRNAs and target
genes, two x7z2/ mutants displayed similar developmental defects
with osasi] mutants, including delayed heading time, significantly
increased defective pollen rate as well as reduced seed-setting rate
compared with WT plants (Fig. 5a,b). Therefore, the observa-
tions that osxrz/ mutations partially phenocopy the osasil
mutants in terms of developmental phenotypes and global gene
expression strongly supported our hypothesis that OsASI1-
mediated regulation of rice development partially depends on
OsXRNL-mediated modulation of miRNA abundance.

OsASI1 regulates rice development partially through
modulation of OsXRNL RNA processing

To further test our hypothesis, we then investigated whether
the proper expression of OsXRNL was essential for OsASI1-
mediated developmental regulation. For this purpose, two dif-
ferent OsXRNL constructs were introduced into the osasil-1
mutant under the control of the native promoter to generate
transgenic plants. One construct contained the full-length cod-
ing sequence (from this point forwards referred to as
XRNLcds), and the other one contained the full-length coding
sequence plus the 14™ and 15™ introns, representing a hete-
rochromatic element-enriched region that was bound by
OsASI1 (from this point forwards referred to as XRNLini)
(Fig. 6a). Both OsXRNL constructs contained a Flag-fused epi-
tope at the C-terminus. According to our hypothesis, the intact
OsXRNL protein would accumulate much more in the
XRNLcds transgene than that in the XRNLint transgene because
the absence of intronic heterochromatin will protect XRNLcds
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Fig. 4 OsASI1 regulates miRNA biogenesis by modulating alternative polyadenylation of an XRN-like exonuclease gene. (a) Phylogenetic analysis of the
XRN family proteins in Arabidopsis and rice. Domain structures are shown. aa, amino acid. (b) Distribution of the fold changes for all detected miRNAs in
osasiT-1 and osxrnl-1 mutants compared with WT plants. The fragments per kilobase of exon model per million (FPKM) mapped fragments of all miRNA
abundance were calculated. Each circle represents one miRNA. (c) Heatmap of small RNA sequencing showing the expression pattern of selected miRNAs
in different genotypes. (d) Upper panel: small RNA blotting analysis showing the accumulation of selected miRNAs in osasi7 and osxrn/ mutants. Results of
three biological replicates are shown. U6 serves as an RNA loading control. Lower panel: column diagrams showing the relative miRNA levels estimated
from band signals (also indicated at the bottom of each lane), with miRNA levels in WT plants set to 1.0. Unpaired two-tailed Student's ¢-test was
performed. *, P <0.05; **, P <0.01. (e) RT-qPCR results showing the increased expression of target mRNAs of selected miRNAs in osasi1 and osxrnl
mutants compared with that of WT plants. Error bars represent the & SD of three biological replicates. **, P <0.01. (f) Left panel, Venn diagram showing
the overlap of DEGs between osasi7-1, osxrnl-1 and osxrnl-2 mutants. Right panel, heatmap of mRNA-seq showing the expression pattern of common
DEGs between osasi7-1, osxrnl-1 and osxrnl-2 mutants and WT plants, each with three replicates.
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Fig. 5 OsXRNL dysfunction partially phenocopies osasi7 mutants in developmental defects. (a) Developmental phenotype analy5|s of osxrnl mutants
showing late heading time and reduced fertility. Left upper panel, late flowering phenotype of osxrn/ mutants. Seedling photographs were taken at the
heading time of WT plants, Bars, 3 cm. Left lower panel, iodine—potassium iodide (I,—KI) staining showing the developmental defects of pollen grains. Bars,
50 um. Right panel, the morphological phenotype of rice spikes. (b) Statistical analysis of the days to heading (left panel), defective pollen rate (middle
panel) and seed-setting rate (right panel) of osxrn/ mutants. The data points are shown as dots. Error bars represent the & SD (n=15-30). Unpaired two-

tailed Student's t-test was performed. *, P <0.01.

from proximal polyadenylation regulation caused by the osasiI-
I mutation, thereby leading to successful processing of the
full-length XRNL-L transcript. To test our hypothesis, tran-
scriptional rate was first determined in two transgenic plants
using nuclear run-on assay. The results indicated that these
two transgenes had a comparable transcriptional rate (Fig. 6b,
upper panel). Next, the protein levels were examined via west-
ern blotting assay. As expected, the transgenic OsXRNL-Flag
protein accumulated normally in most of the XRNLcds
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transgene lines, but exhibited much lower levels in all of the
XRNLint transgene lines (Fig. 6b, lower panel). Consistent with
the distinct accumulation of transgenic OsXRNL-Flag protein,
the XRNLcds transgene partially rescued the developmental
defect of osasil-1 mutant in fertdlity (Fig. 6c—). The defective
pollen rates of two randomly selected XRNLcds transgene lines
were ¢. 35% and 45%, which were significantly lower than
that of the osasil-I mutant, but still higher than WT plants
(Fig. 6d). In addition, the heading time of the XRNLcds
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Fig. 6 Expression of the OsXRNL coding sequence partially rescues the developmental defects of the osasi7-7 mutant. (a) Diagram showing the structures
of two transgenic constructs. Black and grey boxes represent coding sequence and untranslated regions, respectively. The red boxes represent transposable
elements (TREs). (b) Upper panel, western blotting result showing the different accumulation levels of OsXRNL-Flag protein in randomly selected lines of
two transgenic plants. Ponceau S staining serves as a protein loading control. Lower panel, nuclear run-on data showing the relative transcriptional rate of
OsXRNLint and OsXRNLcds transgenes. Error bars represent the & SD of three biological replicates. osasi7-7 mutant serves as the nontransgene control.
Unpaired two-tailed Student's t-test was performed. ns, no significance. (c) lodine—potassium iodide (I,—KI) staining showing the developmental defects of
pollen grains of different genotypes. Bar, 50 um. (d) Analysis of the defective pollen rate of different genotypes. Data points are shown as black dots. Error
bars represent the & SD (n=10-20). Unpaired two-tailed Student's t-test was performed. *, P <0.01. ns, no significance. (e) Photograph showing the seed
setting of different genotypes.

transgene was slightly earlier than the osasiI-1 mutant

OsASI1 acts in a protein complex to regulate

(Fig. S15). Instead, no obvious developmental defects, includ- polyadenylation and rice development

ing fertility and heading time, were rescued in all of the

XRNLint transgene plants (Figs 6c—e, S15). These findings,
combined with the partial phenocopy in terms of developmen-
tal defects and gene expression, prompted us to conclude that

OsASI1 regulates rice development partially through modula-
tion of OsXRNL RNA processing.

New Phytologist (2021) 232: 835-852
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Recently, AtASI1, a homologue protein of rice OsASI1, has been
shown to associate with two other proteins, a PHD protein,
EDM2, and an RRM-containing protein, AIPP1, to form a pro-
tein complex that functions in polyadenylation regulation (Duan
etal., 2017b; Zhang et al., 2021). We next asked whether there

© 2021 The Authors
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Fig.7 OsASI1 acts in a protein complex to regulate polyadenylation and rice development. (a) Mass spectrometry analysis showing the copurification of
OsASIPP1a, OsAIPP1b and OsEDM2 with transgenic OsASI1-4 Myc protein in vivo. (b) Domain structures of OsAIPP1a, OsAIPP1b and OSEDM2. (c) Y2H
assay showing the protein interaction between OsASI1 and the copurified proteins. (d) BiFC assay was performed in rice protoplast cells. The tested
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the nucleus. (e) Developmental defects of osedm2 and osaipp7a mutants. Upper left panel, the flowering time phenotype. Photograph was taken at the
heading time of WT plants. Bars, 3 cm. Lower left panel, iodine—potassium iodide (I,—KI) staining showing the development of pollen grains of the selected
genotypes. Right panel, seed setting phenotype of different genotypes. Bars, 50 um. (f) RT-qPCR results showing the ectopic expression of poly(A) site-
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was a protein complex in OsASIl-mediated regulation of
polyadenylation and development in rice. To answer this ques-
tion, OsASI1 immunoprecipitation assays coupled with mass
spectrometry analysis (IP-MS) were conducted using OsASIlox
transgenic rice. The results indicated that one EDM2-like protein
(from this point forwards named OsEDM?2), which shared the
same domain constituents with AtEDM2, was copurified with
OsASI1 (Fig. 7a,b). In addition, two RRM proteins (from this
point forwards named OsAIPP1a and OsAIPP1b), which shared
high sequence similarity with AtAIPP1 (Fig. S16), were also
pulled down by OsASI1 (Fig.7a). Both OsEDM2 and the
OsAIPP1a/b proteins localised to the nucleus (Fig. S7). To inves-
tigate the interaction relationship between these proteins, Y2H
and BiFC assays were performed. We found that both OsAIPP1a
and OsAIPP1b could directly interact with OsASIl and
OsEDM2, and no direct interaction of OsASI1-OsEDM?2 was
observed (Fig. 7¢,d), suggesting that OsASI1 associated with
OsEDM2 through bridge proteins OsAIPP1a or OsAIPP1b to
form a protein complex.

We next asked whether knocking out OsEDM2 and OsAIPP1s
could cause similar developmental defects as those observed in the
osasi] mutants. To this end, two mutant alleles were generated for
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Fig. 8 A working model of OsASI1 complex-
mediated regulation of rice development and
miRNA abundance. Black and orange
asterisks represent proximal and distal poly
(A) sites, respectively. Grey and orange
boxes represent exons.

each gene based on CRISPR/Cas9-mediated editing (Fig. S2).
Unfortunately, we failed to obtain a knockout mutant of the
OsAIPPIb gene. Both the osedm2 and osaippla mutants exhibited
obvious developmental defects in fertility (Fig. 7¢). The defective
pollen rates were obviously higher, and seed-setting rates were
much lower, in mutants compared with WT (Fig. S17). Moreover,
enumeration of the days to heading indicated that esedm2 and
osaippla mutants also displayed late flowering phenotypes (Figs 7e,
S17). The late flowering phenotype of osaippla mutants was
slightly weaker than that of osedm2 mutants (Fig. S18). We specu-
late that this may be due to potendal functional redundancy
between OsAIPPla and OsAIPP1b. To investgate whether
OsEDM2 and OsAIPPla possess similar functions with OsASI1
in polyadenylation regulation, the expression patterns of represen-
tative OsASI1 target genes, LOC_Os03¢37411 and OsXRNL, were
examined. RT-qPCR results indicated that the levels of full-length
transcripts of these two genes were significantly reduced in osedm2
and osaippla mutants. Instead, short transcript levels were obvi-
ously increased compared with WT (Fig. 7f). This result suggested
that OsEDM2 and OsAIPP1la dysfunctions led to a similar APA
phenotype with the osasi] mutants at the selected genes. Therefore,
combined with the above evidence, we concluded that OsASI1

© 2021 The Authors
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associates with OsEDM2 and OsAIPP1a/OsAIPP1b to form a
protein complex and regulates alternative polyadenylation and rice
development.

Based on the above data, we propose a working model of
OsASI1 complex-mediated epigenetic regulation of miRNA
abundance and rice development (Fig.8). In this model, the
OsASI1 complex recognises and binds to a genic heterochro-
matin region, which contains a high density of DNA methylation
and H3K9me2 repressive marks, to promote distal polyadenyla-
tion, thereby facilitating the processing of full-length transcripts.
These genic heterochromatin-containing genes participate in
diverse biological processes. OsXRINL, one target gene of OsASI1
complex-mediated polyadenylation regulation, is required for
the proper accumulation of miRNAs via diverse mechanisms.
Therefore, the OsASI1 complex regulates gene expression and
associated biological processes not only through direct regulation
of full-length transcript processing but also through OsXRNL-
mediated modulation of miRNA abundance, thereby participat-
ing in miRNA-related biological processes such as development
and stress responses.

Discussion

In this study, we reported a mechanism of miRNA abundance
and rice development regulation. This mechanism was achieved
through alternative polyadenylation regulation depending on the
interplay between OsASI1 complex and genic heterochromatin.
We found that OsASI1 complex-mediated polyadenylation regu-
lation was widely involved in important biological processes in
rice, ranging from basic development to environmental
responses.

In eukaryotic genomes, substantial amounts of genic hete-
rochromatin come from TE insertion in genic regions. It has
been estimated that 60% of TEs reside within introns, which
comprise only 24% of the genome (To etal., 2015). Compared
with the Arabidopsis genome, which is estimated to bear only
3% of intragenic TEs, crop plants have a higher proportion of
intragenic TEs (West et al., 2014; Le et al., 2015). Therefore, it is
reasonable to speculate that genic heterochromatin may have
more important functions in crop plants.

In this study, we showed that OsASI1 targets genic heterochro-
matin to regulate poly(A) site usage. Consistent with the above
speculation and a recent report that OsIBM2 is required for the
expression of intronic heterochromatin-containing genes (Espinas
etal., 2020), a large subset of genes were differentially polyadeny-
lated in the osasi] mutant, and these deAPA genes were predicted
to be involved in diverse vital processes ranging from develop-
ment and metabolism to environmental responses, suggesting
that the interplay between genic heterochromatin and OsASI1 is
a vital mechanism in the regulation of fundamental processes in
rice. In view of the diversity of deAPA genes caused by OsASI1
dysfunction, it can be expected that more biological processes are
subjected to OsASIl-mediated epigenetic regulation of
polyadenylation than that those shown in this study.

As an important regulator of diverse biological processes,
miRNA has been extensively explored. Recently, several studies
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have revealed the important roles of miRNAs in rice pollen devel-
opment and fertility regulation (Zhang et al., 2017; Yang et al.,
2018; Y-C. Zhang eral., 2020). In this study, we showed that
OsASI1 regulates miRNA abundance through polyadenylation
regulation of an XRN family exonuclease OsXRNL. In this case,
OsASI1 binds to the intronic heterochromatin of OsXRNL to
inhibit the usage of proximal poly(A) site, thereby facilitating the
production of full-length functional transcripts. We found that
the heterochromatic status was maintained in the inflorescence
(Fig. S10b), and the ectopic expression of miRNAs, including
pollen development-related miR528 and miR408, was also pre-
sent in the inflorescence tissues (Fig. S14), suggesting that the
ASIT-XRNL regulatory module is conserved in these tissues. In
line with the reduced accumulation of miR528 and miR408
(Fig. 4d), the expression of their target genes OsUCL23 and
OsUCLS, which have been shown to be required for pollen devel-
opment, was significantly increased in osasil and osxrnl mutants
(Fig. 4e). Therefore, we concluded that OsASI1 regulates pollen
development partially through an OsASI1-OsXRNL-miRNA
pathway. Our finding of the importance of OsASI1 in rice fertil-
ity is supported by a very recent report that loss-of-function
mutant of OsASI1 (OsIBM2) is embryonic lethal and could not
produce homozygous mutant seeds (Espinas ez al., 2020). More
importantly, we found that the OsAAE complex components
had the highest expression at anther tissues (Fig. S17), further
demonstrating that the OsAAE complex may play essential roles
in rice fertility.

In addition to affecting rice development, it is reasonable to
predict that OsASI1 also participates in more important processes
than we showed in this study. On the one hand, the differentially
accumulated miRNAs are involved in diverse regulation path-
ways. For example, in addition to fertility regulation, OsmiR528
also plays important roles in antiviral defence (Yang ez 4l., 2020)
and abiotic stress responses (Tang & Thompson, 2019; Zhu
etal, 2020). Indeed, we found that the L-ASCORBATE
OXIDASE (AO) gene, which is a target gene of OsmiR528-
mediated posttranscriptional silencing and has been shown to
play a key role in plant defence against Rice stripe virus (RSV)
(Yao etal., 2019), was increased in osasiI and osxrn/ mutants.
This result suggests that OsASI1 and OsXRNL may have a role
in rice antiviral defence. On the other hand, OsASI1 controls
RNA processing of a large subsets of genes that participate in dis-
tinct processes (Fig. S9). These genes cover from development to
lipase metabolism and antimicrobe defence. Therefore, our data
provide a valuable basis for studying the epigenetic mechanisms
of these processes.

In Arabidopsis, the nucleus-localised XRN2/3 have been
shown to function redundantly in modulating miRNA abun-
dance through diverse mechanisms (Gy eral, 2007; Kurihara
etal, 2012; Krzyszton etal, 2018; You etal, 2019). For
OsXRNL, we found that the processing of some MIRNA precur-
sors was affected in osxrz/ mutants. However, the following two
possibilities cannot be ruled out: first is that other mechanisms
may also contribute to the ectopic expression of miRNA in osxrn/
mutants, and the second is that other XRN family proteins may
share redundant functions with the OsXRNL protein in rice.
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Moreover, considering that some miRNAs are mis-expressed in
osasil and osxrn/ mutants in both vegetative and inflorescence tis-
sues (Figs 4d, S14), the developmental defects observed in osasi!
and osxrn/ mutants may reflect a comprehensive effect of the
ectopic accumulation of multiple miRNAs. Although OsHd3a
and OsRFT1 were also mis-expressed in osasil and osxrn/ mutants
in both 60-d-old plants and inflorescence tissues, the poly(A) site
usage was not obviously affected by OsASI1 dysfunction
(Fig. S19), suggesting that these two genes may not be the direct
targets of OsASI1-dependent polyadenylation.
Intriguingly, XRNLcds, but not the XRNLint transgene, partially
rescued the late flowering phenotype of the osasil mutant
(Fig. S15). This result implied that OsASI1 regulates OsHd3a
and OsRFT1I through an APA-miRNA and OsXRNL-miRNA
pathway-independent mechanism. Of course, we cannot rule out
another possibility that other unidentified flowering-related genes
are targeted by OsASI1-mediated APA regulation. This need to
be elucidated in the future studies.

In Arabidopsis, the counterpart of OsASI1 associates with the
RRM protein AIPP1 and PHD domain-containing protein
EDM?2 to form a protein complex and regulates polyadenylation

alternative

at very limited loci. We found that the OsASI1 complex was evo-
lutionarily conserved in rice, which encodes one OsASI1 (ASI1),
two AIPP1 and one EDM2 (Duan ez al., 2017a). These findings
suggested that the polyadenylation regulation mediated by the
interplay between OsASI1 complex and genic heterochromatin is
a conserved mechanism in plant species and may play more
important roles than previously anticipated. In addition, there
are several questions that remain unsolved: are these genic hete-
rochromatic elements elastically regulated with different tissues
and developmental stages, or in different ecotypes? As in oil
palm, the polymorphism of intragenic heterochromatin in the
homologue genes of different ecotypes may contribute to the for-
mation of epialleles. Another question is whether the proximally
polyadenylated transcripts have a substantial function in plants or
just only truncated nonfunctional transcripts? Moreover, we
found 3’'UTR APA events exhibited different patterns than the
APA events within the intron, implying a distinct regulatory
mechanism that needs to be elucidated in a future study.

In summary, we uncovered a unique regulatory mechanism of
miRNA abundance and rice development through the interplay
between chromatin regulators and intragenic heterochromatin.
Our findings provide a valuable resource for the study of epige-
netic mechanisms of important biological processes in crop plants
and facilitate an understanding of the functions of intragenic
heterochromatin, which is widely distributed in crop genomes.
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