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Abstract 

MicroRNA s ( miRNA s ) are important regulators of genes e xpression. T heir le v els are precisely controlled through modulating the activity of the 
microprocesser complex ( MC ) . Here, we report that JANUS, a homology of the conserved U2 snRNP assembly factor in yeast and human, is 
required for miRNA accumulation. JANUS associates with MC components Dicer-like 1 ( DCL1 ) and SERRATE ( SE ) and directly binds the stem- 
loop of pri-miRNAs. In a hypomorphic janus mutant, the activity of DCL1, the numbers of MC, and the interaction of primary miRNA transcript 
( pri-miRNAs ) with MC are reduced. These data suggest that JANUS promotes the assembly and activity of MC through its interaction with MC 

and / or pri-miRNAs. In addition, JANUS modulates the transcription of some pri-miRNAs as it binds the promoter of pri-miRNAs and facilitates 
Pol II occupancy of at their promoters. Moreo v er, global splicing defects are detected in janus . Taken together, our study reveals a novel role of 
a conserved splicing factor in miRNA biogenesis. 

Gr aphical abstr act 

Introduction 

MicroRNAs ( miRNAs ) are 20–24 nucleotide ( nt ) non-coding 
RNAs that regulate gene expression through directing mes- 
senger RNA ( mRNA ) degradation and / or translational re- 
pression in both plants and animals ( 1–4 ) . They have been 

implicated in various biological processes such as prolifer- 
ation, differentiation, development, and stress responses ( 5–
8 ) . Most miRNAs are generated from primary miRNA tran- 
scripts encoded by the DNA-dependent RNA polymerase II 
( Pol II ) dependent genes ( MIRs ) ( 9 ) . In plants, the RNase 

III enzyme DICER-LIKE 1 ( DCL1 ) forms a complex with 

SERRATE ( SE; a C2H2 zinc finger protein ) , HYPONAS- 
TIC LEAVES 1 ( HYL1; a double-stranded RNA-binding 
protein ) and TOUGH ( TGH, an RNA-binding protein ) 
to co-transcriptionally process pri-miRNAs in the nucleus 
( 10–14 ) . After processing, miRNAs are 2 

′ -O-methylated by 
the RNA methyltransferase HUA ENHANCER 1 ( HEN1 ) , 
loaded into the effector protein A GONA UTE 1 ( A GO1 ) in 

the nucleus and exported to regulate target gene expression 

( 15–21 ) . 
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Multiple protein factors are dynamically associated with 

the DCL1 complex to regulate its activity and / or assem- 
bly . Notably , some these protein factors also contribute to 

pri-miRNA transcription or stability. Based on their func- 
tions, these protein factors can be divided into three groups. 
CBP80 / 20 ( 22–24 ) , MOS2 ( 25 ) , PNP1 ( 26 ) , SICKLE ( 27 ) , 
STA1 ( 28 ) , TGH ( 12 ) , THO1 ( 29 ) and THO2 ( 30 ) belong 
to one group, which contribute to efficient pri-miRNA pro- 
cess without effecting pri-miRNA transcription or stability. 
The second group includes CDC5 ( 31 ) , NOT2 ( 32 ) , Elongator 
( 33 ) , MAC7 ( 34 ) , PP4 ( 35 ) , SMA1 ( 36 ) , STV1 ( 37 ) , THP1 ( 20 ) 
and CHR2 ( 38 ) . These proteins modulate both pri-miRNA 

transcription and processing, suggesting that pri-miRNA tran- 
scription and processing are coordinately regulated. The third 

group contains HYL1 ( 39 ) , SE ( 10 ) , SEAP1 ( 40 ) , DDL ( 41 ) , 
MAC3 ( 42 ) , PRL1 ( 43 ) , MAC5 ( 44 ) and RACK1 ( 45 ) . This 
group proteins play important roles in both pri-miRNA pro- 
cessing and stability, indicating that miRNA biogenesis is in- 
terconnected with general RNA metabolism. Moreover, regu- 
lation of miRNA biogenesis also occurs at post-translational 
levels. For instance, HYL1 activity and stability are modulated 

by phosphorylation and dephosphorylation ( 46–50 ) while SE 

phosphorylation triggers its degradation by 20S proteosome 
( 51 ,52 ) . 

Splicing Factor 3B 4 ( SF3B4 ) / Splicesome-associated pro- 
tein 49 ( SAP49 ) from mammals and its yeast counterpart Hu- 
man Sap Homolog 49 ( HSH49 ) are conserved spliceosome- 
associated proteins ( 53–55 ) . They bind U2 small nuclear 
RNA ( U2 snRNA ) and are required for U2-snRNP assembly 
( 56 ,57 ) . SF3B4 also play important roles in transcription and 

translation of some genes in human ( 58–60 ) . The Arabidopsis 
SF3B4 homolog named as JANUS has been shown to control 
pattern formation during early embryogenesis through mod- 
ulating the transcription of W O X2 and PIN7 ( 61 ) . However, 
its function in RNA metabolism remains largely unknown. 

Here we report that JANUS plays important roles in 

miRNA biogenesis. JANUS interacts with DCL1 and SE, and 

directly binds the stem-loop of pri-miRNAs. The hypomor- 
phic janus mutation reduces the activity of the DCL1 com- 
plex, causes reduced accumulation of miRNAs, and impairs 
the interaction of HYL1 with pri-miRNAs and the localiza- 
tion of HYL1 in the D-body, suggesting that JANUS may fa- 
cilitate miRNA biogenesis by promoting the assembly of the 
DCL1 complex and the loading of pri-miRNAs into the DCL1 

complex. Moreover, JANUS facilitate pri-miRNA transcrip- 
tion since the occupancy of Pol II at MIR promoter and MIR 

promoter activity are reduced in janus . Based on these obser- 
vations, we propose that JANUS is a DCL1-associated protein 

that coordinates pri-miRNA transcription and processing. 

Materials and methods 

Plant materials and growth condition 

The CS16053 ( janus-1 ) line is in the Columbia ( Col-0 ) back- 
ground and was obtained from the Arabidopsis Biological Re- 
sources Center ( ABRC ) . All plants were grown at 22 

◦C with 

16-h light and 8-h dark cycles. The primers used for genotyp- 
ing are listed in Supplementary Table S1 . 

Plasmids construction 

JANUS cDNA was amplified by RT-PCR, cloned into 

pENTR / SD / D-TOPO, and subsequently cloned into pEarly- 
Gate203 to generate the p35S::MYC-SEAP1 plasmids, re- 

spectively. The artificial miRNA was designed using WMD3 

( http:// wmd3.weigelworld.org/ cgi-bin/ webapp.cgi ). A syn- 
thetic fragment containing the artificial miRNA sequence and 

MIR164A backbone was cloned into pENTR / SD / D-TOPO, 
and subsequently cloned into pMDC32. The construct 
for CRISPR / Cas9-induced JANUS mutation was gener- 
ated with binary vector pHEE401 using BsaI (NEB) and 

T4 ligase (NEB) according to the method described pre- 
viously ( 62 ). To construct cCFP-JANUS, JANUS cDNA 

was PCR amplified and cloned into pSAT4-cCFP-C vector. 
Then, the pro35S::cCFP-JANUS fragment was released by 
I-SceI restriction enzyme digestion and subcloned to pPZP- 
RCS2-ocs-bar-RI vector. The construction of nVenus-DCL1, 
nV enus-HYL1, nV enus-SE, nV enus-CDC5, and nV enus- 
AGO1 was described previously ( 12 ). A 4.5 kb genomic 
fragment containing the JANUS promoter and coding regions 
was PCR amplified from wild-type plants, inserted into 

pENTR / SD / D-TOPO (K242020, Thermo Fisher Scientific), 
and subsequently cloned into the binary vector pEarlyGate 
303 ( 63 ) to generate pJ ANUS::J ANUS-MYC . The primers 
are listed in Supplementary Table S1 . 

Complementation assay 

The pJ ANUS::J ANUS-MYC plasmid was transformed into 

janus-1 and janus-2 ,and transgenic plants were identified 

through screening for Basta resistance. 

Gus histochemical assay 

To visualize GUS expression, samples were immersed in the 
GUS staining solution (1 mM 5-bromo-4-chloro-3-indoly- 
β- d -glucuronic acid, 100 mM NaPO 4 buffer, 3 mM each 

K 3 Fe(CN) 6 / K 4 Fe(CN) 6 , 10 mM EDTA and 0.1% NP-40) at 
37 

◦C for 5 h in the dark as described ( 42 ). The stained samples 
were treated with 70% ethanol to remove chlorophyll before 
imaging. Leaf surfaces were visualized with standard scanning 
electron microscopy preparative techniques. 

RNA extraction, RT-PCR, and quantitative RT-PCR 

Total RNAs from inflorescences were extracted with TRI 
reagent (Molecular Research Center). To perform RT-PCR, 
total RNAs were treated with DNase I (Thermo Fisher Sci- 
entific) followed by reverse transcription using M-MLV re- 
verse transcriptase (Promega) with oligo-d(T) primers ac- 
cording to manufacturer’s instructions. RT-qPCR was per- 
formed using iCycler apparatus (Bio-Rad) with Accuris Instru- 
ments PR2000-N-100 Qmax Green Real Time PCR Mix. The 
primers are listed in Supplementary Table S1 . 

Small RNA sequencing 

Small RNA libraries were prepared using total RNAs ex- 
tracted from inflorescences. Two biological replicates were 
performed. After sequencing, miRNAs are analyzed as de- 
scribed ( 12 ). After removing reads aligned to t / r / sn / snoRNA, 
the total numbers of perfectly aligned reads were used for 
normalization (Nobuta et al., 2010).miRNA abundance was 
compared by using EdgeR with trimmed mean of M values 
normalization method ( 64 ). The dataset was deposited into 

National Center for Biotechnology Information Gene Expres- 
sion Omnibus (Col-0 accession numbers: GSM7164784 and 

GSM7164785; janus accession numbers: GSM7164786 and 

GSM7164787). 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1105#supplementary-data
http://wmd3.weigelworld.org/cgi-bin/webapp.cgi
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1105#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1105#supplementary-data
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Figure 1. JANUS associates with DCL1 complex. (A) Protein factors identified from MYC-JANUS-associated proteins identified by mass spectrometry 
analysis. (B) Bimolecular fluorescence complementation (BiFC) analysis of JANUS with DCL1, HYL1, SE, AGO1 and CDC5. Paired cCFP- and nVENUS 
fusion proteins were co-expressed in N. benthamiana . Green color indicates the BiFC signal detected by a confocal microscopy at 48 h after infiltration. 
(C) Co-IP between JANUS-FLAG and MYC-SE. JANUS-FLAG or GFP-FLAG were co-expressed with MYC-SE in tobacco leaves. IPs were performed 
using anti-FLAG antibodies. JANUS-FLAG, FLAG and MYC-SE were detected by western blot. (D) Co-IP between JANUS-FLAG and GFP-DCL1. 
GFP-DCL1 or GFP-FLAG were co-expressed with JANUS-FLAG in N. benthamiana . IPs were performed using anti-GFP antibodies. JANUS-FLAG, GFP 
and GFP-DCL1 were detected by western blot. (E) Co-IP between truncated JANUS proteins and MYC-SE.JANUS protein contains two RNA recognition 
motifs (R) and a glycine-rich region (GR). Truncated JANUS proteins fused a GFP-tag at N-terminus. IPs were performed using anti-GFP antibodies. 
Truncated JANUS proteins and MYC-SE were detected by western blot. 

Differential gene expression and differential 
splicing analyses 

RNA libraries were prepared using total RNAs extracted from 

inflorescences following standard protocol. Two biological 
replicates were performed. After sequencing, mRNAs are are 
analyzed as described ( 4 ). Differential gene expression anal- 
ysis was conducted using R package Ballgown ( 58 ). Stattest 
function in Ballgown was used to test differential gene expres- 
sion between Col-0 and janus . Only the genes with standard 

deviation of expression larger than 1 among all samples were 
used in the analysis and the genes with statistic Q -value ≤0.05 

were considered as differentially expressed genes. Differen- 
tial mRNA splicing analysis was conducted using R package 
VaSP ( 59 ). Only the introns supported with at least 5 junc- 
tion reads in at least 1 sample were considered, and only the 
genes with the average read coverage larger than 1 in all sam- 
ples were used in the analysis. Student’s t-test was employed 

to test the difference of 3S scores between Col-0 and janus . 
Genes with any intron at P-value ≤ 0.05 and fold change of 3S 
scores ≥2 were considered as differential splicing genes. The 
dataset was deposited into National Center for Biotechnol- 
ogy Information Gene Expression Omnibus (Col-0 accession 

numbers: GSM7164780 and GSM7164781; janus accession 

numbers: GSM7164782 and GSM7164783). 

BiFC assay 

The constructs of cCFP-JANUS, with nV enus-DCL1, nV enus- 
HYL1, nV enus-SE, nV enus-CDC5 and nV enus-AGO1 were 
co-infiltrated in Nicotiana benthamiana ( N . benthamiana ) 
leaves. After 48 hours, YFP and chlorophyll autofluorescence 

signals were observed by a confocal microscopy (Nikon A1 

HD25). 

Co-IP assay 

To examine the interaction of JANUS with DCL1 and SE, 
JANUS-FLAG was transiently co-expressed with GFP-DCL1 

or MYC-SE in N. benthamiana as described ( 12 ). The expres- 
sion of these transgenes was directed by the 35S promoter. To- 
tal proteins of infiltrated leaves were extracted with an extrac- 
tion buffer (50 mM Tris–HCl 8.0, 150 mM NaCl, 5% glyc- 
erol, 5% Triton X-100, 1 mM EDTA, 1 × complete protease 
inhibitor cocktail and 1 mM phenylmethylsulfonyl fluoride). 
Immunoprecipitation (IP) was performed on protein extracts 
using anti-GFP (GTA-20, Chromotek) or anti-FLAG antibod- 
ies (A4596, Sigma) coupled to protein G agarose beads. Af- 
ter IP, proteins were separated on a 10% SDS-PAGE and de- 
tected with western blot using monoclonal antibodies against 
GFP (902602, Biolegend) or FLAG (A8592, Sigma). DCL1, 
SE and HYL1 proteins in Arabidopsis were detected with an- 
tibodies against DCL1 (Agrisera, AS122102), SE (Agrisera, 
AS09532A) and HYL1 (Agrisera, AS06136). 

RIP analyses 

RIP was performed as described ( 12 ). A total of ∼4 g inflores- 
cences of Col or transgenic plants harboring a p35S::MYC- 
JANUS transgene were cross-linked with 1% formaldehyde 
for 10 min. Then, glycine was added to quench the reaction for 
10 min. Following this step, nuclei were extracted and lysed 

in 400 uL nuclei lysis buffer (50 mM Tris–HCl pH 8.0, 10 



Nucleic Acids Research , 2024, Vol. 52, No. 1 423 

Figure 2. Hypomorphic janus-2 mutation reduces miRNA accumulation. (A) SgRNA target site at JANUS gene. (B) Alignment of nucleotide sequences 
and sanger sequencing result at the target site in janus-2. The letters highlighted in red indicate four-bp deletion. (C) Five-week-old plants of Col-0 and 
junus-2 . (D) Scanning electron microscopy of Col-0 and junus-2 leaf surfaces. (E) The relative levels of miRNAs detected by RT-qPCR. miRNA levels in 
Col-0, junus-2 and junus-2 harboring the pJ ANUS::J ANUS-MYC transgene. The levels of miRNAs were normalized to those of U6 RNAs and compared 
with Col-0 (set as 1). Different letters indicate significant difference determined by ANO V A ( P < 0.05). (F) Small RNA sequencing analysis in Col-0 and 
junus-2 . The miRNA abundance was calculated as reads per million, and a log2-transformed ratio of junus-2 / Col-0 was plotted. (G) The levels of miRNA 

target transcripts in Col-0 junus-2 and junus-2 harboring the pJ ANUS::J ANUS-MYC transgene detected by RT-qPCR. The levels of miRNA target 
transcripts were normalized to those of UBQ5 and compared with Col-0 (set as 1). Different letters indicate significant difference determined by ANO V A 

( P < 0.05). 

mM EDTA, 1% SDS) by sonication five times. After debris 
was removed by centrifuge at 16000 × g for 10 min, equal 
amounts of proteins from various samples were diluted with 

RIP dilution buffer (16.7 mM Tris–HCl, 1.1% Triton X-100, 
1.2 mM EDTA, pH 8.0, 167mM NaCl) and incubated with 

anti-MYC antibodies conjugated to protein G agarose beads 
or protein A / G agarose beads (for no-Ab controls). The im- 
munoprecipitates were washed five times and then eluted with 

elution buffer (100 mM NaHCO3, 1% SDS) at 65 

◦C. Fol- 
lowing reversing cross-linking with proteinase K (Invitrogen) 
and 200 mM NaCl at 65 

◦C, RNAs were extracted and used 

as templates for RT-PCR analyses. The primers are listed in 

Supplementary Table S1 . 

ChIP assay 

ChIP was performed using 14-day-old seedlings from Col-0 

and amiR 

JANUS as described (Kim et al., 2011). Anti-CTD an- 

tibody (ab817, Abcam) was used for immunoprecipitation. 
qPCR was performed on DNAs copurified with CTD anti- 
body. The primers are listed in Supplementary Table S1 . 

Results 

Identification of JANUS as a candidate acting in the 

miRNA biogenesis 

We performed network analyses to identify candidate pro- 
teins involved in miRNA biogenesis in Arabidopsis using 
MAC5 as a bait, based on the fact that functionally re- 
lated genes usually occur in the same gene network ( 65 ). 
The MAC5 network constructed with the STRING pro- 
gram ( https://string-db.org ) was consisted of known pro- 
tein factors involved in miRNA biogenesis such as MAC3, 
PRL1, MAC7, CDC5 and others, and proteins acting in RNA 

metabolisms ( Supplementary Figure S1 A & B). From this net- 
work, we prioritized potential splicing-related proteins as our 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1105#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1105#supplementary-data
https://string-db.org
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1105#supplementary-data
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Figure 3. JANUS is required for the transcription of pri-miRNAs. (A) The 
accumulation of pri-miRNAs in Col-0 and janus-2 detected by RT-qPCR. 
P ri-miRNA le v els in janus-2 w ere normaliz ed to those of UBQ5 and 
compared with Col-0 (set as 1). Error bars: standard deviations (SD) of 
three replicates. ** P < 0.01, * P < 0.05 (Student’s t test). (B) The levels 
of GUS in JANUS + and janus-2 harboring pMIR167a::GUS . JANUS+ : 
J ANUS / J ANUS , or JANUS / janus-2. (C) The transcript levels of GUS 
driv en b y MIR167a promoter in JANUS + and janus-2. GUS transcript 
le v els w ere determined b y qR T-PCR. T he GUS mRNA le v els in janus-2 
w ere normaliz ed to UBQ5 and compared with those in JANUS+ . 
* P < 0.05, ** P < 0.01 (Student’s t test). (D) The occupancy of Pol II at 
MIR promoters in Col-0 and amiR 

JANUS was detected by chromatin 
immunoprecipitation (ChIP) f ollo w ed b y qPCR. IP w as perf ormed using 
antibodies against CTD on protein extracts from Col-0 and janus-2 . The 
intergenic region between At2g17470 and At2g17460 (POL II C1) was 
amplified as a negative control. * P < 0.05, ** P < 0.01 (Student’s t test). 

candidates since miRNA biogenesis is interconnected with 

RNA splicing processes. Among these candidates, we focused 

on JANUS (AT2G18510) because it plays essential roles in 

plant development ( 61 ) and ( Supplementary Figure S2 A–E), 
which is consistent with the role of miRNAs in controlling 
development. 

In order to determine if JANUS could function in miRNA 

biogenesis, we analyzed JANUS interactome. We immunopre- 
cipitated (IP) MYC-JANUS from transgenic plants harboring 
a p35S::MYC-JANUS transgene with anti-MYC antibodies, 
and performed mass spectrometry analyses. IP was also per- 
formed using the same anti-MYC antibodies with Col-0 as 
a negative control. JANUS pulled down several known pro- 
tein factors involved in miRNA biogenesis including MAC3, 
MA C5, MA C7, CDC5, PRL1,STV1 and SE (Figure 1 A), con- 
sistent with the result obtained from the functional network 

analysis of MAC5. 

JANUS is associated with the DCL1 complex 

Interestingly, SE was also identified as an interactor of JANUS, 
suggesting that JANUS may associate with the DCL1 com- 
plex (Figure 1 A). To test this possibility, we performed Bi- 
molecular fluorescence complementation (BIFC) assay to test 
the potential interaction of JANUS with DCL1, HYL1, SE, 
CDC5 and AGO1. JANUS was fused with the C-terminal frag- 
ment of cyan fluorescent protein (cCFP), and DCL1, HYL1, 
SE, AGO1 and CDC5 were fused with the N-terminal frag- 
ment of Venus (nVenus). Co-expression of cCFP-JANUS with 

nVENUS-DCL1, -SE or -CDC5 produced strong YFP signals 
which were localized at the discrete bodies (Figure 1 B), while 
co-expression of cCFP-JANUS with nVenus-HYL1 or - AGO1 

pairs produced weak and diffused YFP signals. These results 
indicated that JANUS might associate with these proteins. 
Next, we performed co-IP assay to confirm the association of 
JANUS with the DCL1 complex. We transiently co-expressed 

JANUS-FLAG with either MYC-SE or GFP-DCL1 in N . ben- 
thamiana and performed IP with anti-FLAG or anti-GFP an- 
tibodies. After IP, SE was detected in the JANUS-FLAG pre- 
cipitates and JANUS-FLAG was detected in the GFP-DCL1 

precipitates (Figure 1 C and D). Taken together, interactome 
and co-IP analysis show that JANUS interacts with DCL1 and 

associates with SE in Arabidopsis. 
We further determined the protein domains of JNAUS 

that JANUS-SE interactions. JANUS harbors two RNA- 
recognition motifs (R1 and R2) at N-terminus and a glycine- 
rich motif (Pro-Gly motif; PG) at C-terminus (Figure 1 E). We 
co-expressed four different JANUS fragments named F1 (aa 
1–185, covering R1 and R2), F2 (aa 186–363; covering PG), 
F3 (aa 1–275; covering R1, R2 and a portion of PG), and F4 

(aa 98–363; covering RRM2 and a portion of PG) with SE, re- 
spectively, in N. benthamiana (Figure 1 E). F4, but not F1, F2 

and F3 co-IPed with SE (Figure 1 E), suggesting that RRM2 

followed by PG is necessary and sufficient to interact with SE. 

JANUS is required for miRNA accumulation 

To evaluate if JANUS functions in miRNA biogenesis, we 
used a CRISPR / CAS9 system ( 62 ) to generate a weak al- 
lele of JANUS . In T1 generation, we obtained a hypomor- 
phic janus mutant line, which contains a four-bp deletion in 

the seventh exon of JNAUS, and named it as janus-2 (Fig- 
ure 2 A and B). The heterozygous janus-2 / + line was back- 
crossed to Col-0 for three times to remove the CRISPR / CAS9 

transgene and other potential mutations. The resulting janus- 
2 mutant displayed pleiotropic development defects such as 
smaller plant size, serrated leaves, and entirely abolished 

fertility (Figure 2 C, Supplementary Figure S2 D). Moreover, 
the pavement cells in janus-2 were smaller than those in 

Col-0 as observed by scanning electronic microscope (SEM) 
(Figure 2 D). Expression of a pJ ANUS::J ANUS-MYC trans- 
gene fully recovered the developmental defects of janus-2 

( Supplementary Figure S2 D and E). In addition, we found 

that down regulation of JANUS transcripts with an artificial 
miRNA ( amiR 

JANUS ) ( Supplementary Figure S3 A) also caused 

delayed growth of plants ( Supplementary Figure S3 B and C). 
These results demonstrated that JANUS is required for plant 
development. 

We next tested miRNA accumulation in inflorescences 
of janus -2. Indeed, reverse transcription quantitative PCR 

(RT-qPCR) analyses showed that several examined miR- 
NAs were reduced in janus-2 relative to Col-0 (Figure 2 E). 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1105#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1105#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1105#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1105#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1105#supplementary-data
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Figure 4. JANUS binds the stem-loop region of pri-miRNAs. (A) JANUS binds pri-miRNAs in vivo . RIP assay was performed on the transgenic plants 
harboring p35S::MYC-JANUS using anti-MYC antibodies. After RIP, RNA was extracted and detected by RT-PCR. No Ab means no antibody control. 
EIF4A was used as negative control. (B) JANUS binds pri-miR1 62b, pre-miR1 62b and pre-miR172b in vitro . ssRNA: single stranded-RNA; dsRNA: double 
stranded-RNA. (C) Diagrams of various MIR172b constructs used for the JANUS-binding assay. miR172 is shown in red; miR172b* is shown in blue. 
(D–H) The interaction of JANUS with full-length and truncated MIR172b RNAs. MYC-JANUS and MIR172b were transiently co-expressed 
in tobacco lea v es. IP was performed with anti-MYC antibodies. NtEF1A was used as negative control. No Ab: IP without antibody. 

The miRNA levels were restored in janus-2 harboring the 
pJ ANUS::J ANUS-MYC transgene (Figure 2 E). In addition, 
miRNA levels were also reduced in abundance in amiR 

JANUS 

relative to Col-0 ( Supplementary Figure S3 D). Illumina deep 

sequencing further confirmed that the accumulation of miR- 
NAs was globally reduced in janus-2 relative to Col-0 (Figure 
2 F and Supplementary dataset 1 ). These results demonstrate 
that JANUS is required for miRNA accumulation. 

We next performed reverse transcription quantitative PCR 

(qRT-qPCR) to examine the transcript levels of several 
miRNA target transcripts including ARF6 , AP2 , TOE1 , TAS2 

and PHO2 , which are targets of miR167, miR172, miR173 

and miR399, respectively. The levels of these targets were 
moderately increased in janus-2 compared with Col-0 and the 
complementation lines (Figure 2 G). This result is consistent 
with the decreased levels of miRNAs in janus-2 . 

JANUS regulates the transcription of MIR 

Next we asked how JANUS acts in miRNA biogenesis. Be- 
cause JANUS has been shown to regulate the transcription of 
several genes ( 66 ), we tested if janus-2 affects the transcript 
levels of several genes involved in miRNA biogenesis includ- 
ing CBP20 , CBP80 , DCL1 , DDL , HEN1 , HYL1 and SE, and 

pri-miRNA levels through RT-qPCR. While the transcript lev- 
els of miRNA biogenesis related genes did not show obvious 
change ( Supplementary Figure S4 ), pri-miRNA levels were re- 
duced in both janus-2 and amiR 

JANUS relative to Col (Figure 
3 A and Supplementary Figure S3 E), suggesting that JANUS 
may promote pri-miRNA transcription. We tested this pos- 

sibility using a GUS reporter gene driven by the MIR167a 
promoter ( pMIR167a::GUS ), which has been used to exam- 
ine the function of several transcription factors in modulating 
pri-miRNA transcription ( 31 ,36 ). We crossed janus-2 / + with 

the transgenic line harboring the pMIR167a::GUS transgene 
and identified JANUS + (JANUS / JANUS or JANUS / janus-2 ) 
and janus-2 harboring the pMIR167a::GUS transgene. GUS 
staining on these plants revealed that the GUS activity was 
lower in janus-2 than that in JANUS + (Figure 3 B). qRT-PCR 

analysis confirmed that the GUS mRNA levels in janus-2 were 
reduced significantly relative to those in JANUS + (Figure 3 C). 
Then we used chromatin immunoprecipitation (ChIP) assays 
to examine the occupancy of Pol II at five MIR promoters in 

Col-0 and amiR 

JANUS with anti-RPB2 antibody. qPCR analy- 
sis showed that the occupancy of Pol II at three MIR promot- 
ers were reduced in amiR 

JANUS relative to Col-0 (Figure 3 D). 
Taken together, these results show that JANUS affects MIR 

transcription. 

JANUS interacts with Pri-miRNAs in vitro and in 

vivo 

Because JANUS is a putative RNA-binding protein, we inves- 
tigated if JANUS binds pri-miRNAs in vivo . We performed an 

RNA immunoprecipitation assay (RIP) on the inflorescences 
of the transgenic plants harboring the p35S::MYC-JANUS 
transgene. Following cross-linking, nuclear isolation, and IP, 
RT-PCR was performed, and we can detect the enrichment 
of pri-miR156a , pri-miR159a , pri-miR167a and pri-miR172b 

in the MYC-JANUS IPs, but not in the no-antibody control 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1105#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1105#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1105#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1105#supplementary-data


426 Nucleic Acids Research , 2024, Vol. 52, No. 1 

Figure 5. JANUS is required for the maturation of miRNA, the localization 
of HYL1 and the interactions between HYL1 and pri-miRNAs. (A) The 
amount of miR162b produced from MIR162b was reduced in amiR 

JANUS . 
P roteins w ere isolated from seedlings of Col-0 and amiR 

JANUS and 
incubated with MIR162b . The reactions were stopped at various time 
points as indicated in the picture. (B) Quantification of miR162b 
production in amiR 

JANUS compared to that in Col-0. The radioactive signal 
of miR162 were normalized to input and compared with that of Col-0. The 
amount of miR162 produced in Col-0 was set as 1. The value represents 
mean of two repeats. * P < 0.05, ** P < 0.01 (Student’s t test). (C) Image 
of HYL1 localization in the cells of root elongation region of Col-0 and 
janus-2 . Ten-da y -old plants w ere e xamined. (D) Quantification of root 
cells harboring HYL1-localized D-bodies in Col-0 and janus-2 . Over 100 
cells for each genotype were examined. Error bar indicates SD. 
** P < 0.01 (Student’s t test). 

(Figure 4 A). Moreover, the negative control EIF4A was not 
detected in the MYC-JANUS IPs (Figure 4 A). These results 
demonstrate that JANUS binds pri-miRNAs in vivo . Next, we 
performed an in vitro pull-down assay to examine whether 
JANUS could directly bind pri-miR162b . We expressed MBP 

and MBP-JANUS in E. coli and purified them with amylose 
resin ( Supplementary Figure S5 ). Then we incubated MBP and 

MBP-JANUS with radioactive labeled pri-miR162b , which 

was transcribed in vitro . MBP-JANUS, but not MBP, was 
able to pull down pri-miR162b. MBP-JANUS can also bind 

the precusor-miR162b (pre-miR162b) and precusor-miR172b 

(pre-miRN172b) (Figure 4 B). We also examined if JANUS 
binds dsRNAs and ssRNAs. However, we did not detect the 
interaction of JANUS with dsRNAs or ssRNAs (Figure 4 B). 

To examine which region(s) within pri-miRNAs can be 
recognized by JANUS, we used an in vivo assay developed 

from our previous studies (Figure 4 C) ( 37 ,44 ). We first exam- 
ined the interaction of MYC-JANUS with pri-miR172b in N. 
benthamiana transiently expressing p35S::MYC-JANUS and 

p35S::MIR172b which contains a full length pri-miR172b 

transcript ( MIR172bFL ). Consistent with our RIP assay, 
MYC-JANUS binds MIR172bFL , but not the endogenous 
control NtEF1A RNA from N. benthamiana (Figure 4 D). 
We further investigated the interaction of MYC-JANUS with 

the MIR172bF1 (a 287-nt 5 

′ arm), MIR172bF2 (a 287-nt 
5 

′ arm + a stem loop region + a 6-nt 3 

′ arm), MIR172bF3 

(a 417-nt 3 

′ arm), MIR172F4 (a 39-nt 5 

′ arm + a stem loop 

region + a 6-nt 3 

′ arm) (Figure 4 D). MYC-JANUS was able 
to bind MIR172bF2 , MIR172bF4 , but not MIR172bF1 and 

MIR172bF3 (Figure 4 E–H). These results together with the in 

vitro pull-down assay suggest that JANUS may bind the stem- 
loop region of pri-miRNAs and require imperfect base-pair or 
the junction between dsRNA and single-stranded in the stem- 
loop. 

JANUS is required for the formation of the 

D-Bodies 

The interaction of JANUS with DCL1 and SE led us to test 
if JANUS could modulate pri-miRNA processing using an 

in vitro assay ( 12 ). In this assay, we incubated radioactive 
labeled pri-miR162b with the protein extracts from young 
flower buds of Col, or amiR 

JANUS . The production of miR162 

was reduced in the protein extracts of amiR 

JANUS relative 
to Col (Figure 5 A and B), suggesting that JANUS may pro- 
mote pri-miRNA processing. Next, we tested the effect of 
janus-2 on the formation of the D-body using HYL1-YFP 

as a reporter gene ( 25 ). We crossed a HYL1-YFP trans- 
genic line into janus -2 / + and calculated the percentage of 
cells containing D-bodies in the root tips and elongation re- 
gion. As previously reported ( 34 ,42 ), the HYL1-containing 
D-bodies existed in most cells ( ∼90%; Figure 5 C and D) in 

JANUS + (JANUS / JANUS or JANUS / janus-2 ), whereas D- 
bodies were observed in only ∼40% of cells in janus-2 . This 
result demonstrates that JANUS is required for correct HYL1 

localization, revealing its potential role in facilitating D-body 
formation. 

The interaction of HYL1 with pri-miRNAs is 

impaired in amiR 

JANUS 

SAP49 binds the pre-mRNA-U2 snRNA helix to promote 
the interaction between U2 snRNP and pre-mRNAs ( 56 ,57 ). 
By analogy, we sought that JANUS might also facilitate the 
interaction of pri-miRNA with the DCL1 complex. There- 
fore, we tested the interaction of HYL1 with pri-miRNAs 
using an RNA IP (RIP) assay, which is an indicator of pri- 
mRNA loading ( 12 ). HYL1 was IPed from protein extracts 
of amiR 

JANUS and Col-0 using antibodies recognizing HYL1 

( Supplementary Figure S6 ), and qRT-PCR was performed to 

examine the amounts of pri-miRNAs associated with HYL1. 
The result showed that three examined HYL1-bound pri- 
miRNAs were reduced in abundance in amiR 

JANUS relative 
to Col-0 ( Supplementary Figure S6 ). This result shows that 
JANUS may enhance pri-miRNA loading to the DCL1 com- 
plex. 

JANUS affects gene expression at global levels 

Next we examined the general role of JANUS in modulating 
gene expression. We compared mRNA profiling in the flow- 
ers from the janus-2 with that in WT by RNA-Seq analyses 
in two biological replicates. After sequencing, we identified 

DEGs between janus-2 and Col-0 with fold change of 1.5 or 
more. A total of 6149 down-regulated and 4147 up-regulated 

genes were identified, respectively, in janus-2 (Figure 6 A and 

Supplementary dataset 2 ). To better understand the function 

of JANUS, we performed gene ontology (GO) analyses on 

DEGs in janus-2 . Genes related to RNA splicing, embryo de- 
velopment, pollen development, ribonucleoprotein complex 

assembly, cell wall modification, DNA repair were enriched in 

down-regulated genes (Figure 6 B and Supplementary dataset 
3 ), while genes involved in regulation of response to stimulus, 
glucosinolate metabolism, RNA processing, meiotic cell cy- 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1105#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1105#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1105#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1105#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1105#supplementary-data
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Figure 6. JANUS affects gene expression and splicing at global levels. (A) Venn diagram showing the degree of overlap of splicing defective genes with 
up-regulated or down-regulated in janus-2 relative to Col-0. (B) GO enrichment of down-regulated genes in janus-2 relative to Col-0. (C) GO enrichment 
of up-regulated genes in janus-2 relative to Col-0. (D) Genome − wide intron Single Splicing Strength (3S) scores in Col-0 and janus-2 . The red dots 
indicate introns with significant differential splicing between Col-0 and janus-2 .and the gray dots indicate no significant difference. (E and F) Two 
examples of differentially spliced transcripts between Col-0 and janus-2 . For each transcript, the x-axis is the genomic position, the y-axes are the 
RNA-seq read numbers, the arcs indicate e x on-e x on junctions (introns) and the numbers are Single Splicing Strength (3S, see Methods) scores. 
Transcripts from Col-0 are in grey. Transcripts from janus-2 are in pink and gene str uct ures are in blue. The significant differentially spliced introns are 
highlighted in vertical gray box. 

cle and leaf development were detected in up-regulated genes 
(Figure 6 C and Supplementary dataset 3 ). 

JANUS promotes pre-mRNA splicing 

Next, we asked if JANUS also plays a role in splicing by 
examining the effect of janus-2 on intron retention of pre- 
mRNAs. The ratio between RNA-Seq reads mapped to in- 
trons and those mapped to exons was used to calculate the 
intron retention. The intron retention at global levels was de- 
termined using all annotated transcripts that passed the abun- 

dance filter. The result showed that the intron retention rate 
in janus-2 was higher than in WT. A total of 675 genes were 
found to have higher intron retention rate in janus-2 relative 
to WT (Figure 6 D and Supplementary dataset 4 ). Figure 6 E 

showed two examples of impaired mRNA intron retention 

in janus-2 relative to WT. We randomly selected three genes 
with increased intron retention in janus-2 for validation us- 
ing RT-PCR analysis. The intron retention was increased in all 
these three genes in janus-2 , agreeing with the RNA-Seq result 
( Supplementary Figure S7 A and B). We next asked if splicing 
defects caused altered expression levels in janus-2 . The co- 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1105#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1105#supplementary-data
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occurrence of genes with intron retention defects with both 

upregulated and downregulated DEGs were examined. Only 
a small portion of DEGs had splicing defects (Figure 6 A). 

Discussion 

SF3B4 / HSH49 is a conserved U2-snRNP assembly factor 
from yeast to human ( 53–55 ). Its role in regulating transcrip- 
tion and translation of specific genes have also been reported 

( 58–60 ). However, the function of JANUS, a homolog gene 
of SF3B4 / HSH49 from plant remains largely unknown. In 

this study, network analysis suggests that JANUS is function- 
ally correlated with MAC5. Moreover, JANUS is physically 
associated with the MAC complex and the DCL1 complex, 
suggesting that it may function in miRNA biogenesis. Indeed, 
both the weak janus-2 mutation and knockdown of JANUS 
by amiR 

JANUS cause pleiotropic development defects and re- 
duce the accumulation of miRNA. 

JANUS appear to affect pri-miRNA processing, based on 

the facts that miRNA levels are reduced in janus and that 
the production of miR162 from both pri-miR162b and pre- 
miR162b is reduced in janus protein extract relative to WT. 
How does JANUS promote pri-miRNA processing? It may 
promote DCL1 activity through its interaction with the DCL1 

complex. In human and yeast, JANUS homologs are con- 
sidered as a platform for the U2 snRNP assembly through 

their interactions with other proteins ( 67 ). We suspect that 
JNAUS may play a similar role in miRNA biogenesis. Sup- 
porting this notion, the number of D-bodies is reduced in 

janus-2 . In addition, it may directly modulate DCL1 activ- 
ity through its R2-PG domain. In human, SF3B4 modulates 
the activity of Bone morphogenetic protein (BMP)-2 through 

R2-PG-mediated SF3B4-BMP-2 interaction ( 68 ). We propose 
that JANUS may have a similar effect on SE. Interestingly, 
the R2 domain of JANUS also interact with Pol II ( 61 ), sug- 
gesting that JANUS may coordinate co-transcriptional pro- 
cessing of pri-miRNAs. JANUS may also promote pri-miRNA 

processing through its interaction with pri-miRNAs. The as- 
sembly of RNA into protein complex or efficient RNA pro- 
cessing often needs conformation changes. Our results show 

that JANUS binds the stem-loop of pri-miRNAs and pro- 
motes the interaction of HYL1 with pri-miRNAs. Thus, it is 
possible that JANUS may alter the structure of pri-miRNAs 
to facilitate their assembly into the DCL1 complex. Indeed, 
SF3B4 / HSH49 binds the U2 snRNA and pre-mRNA to alter 
their structure, and thereby promotes their interaction with 

U2snRNP ( 69 ). 
JANUS may also affect the accumulation of some miR- 

NAs through its effect on pri-miRNAs. The levels of some 
pri-miRNAs are reduced in janus , which could be caused by 
reduced stability or transcription. The interaction of JANUS 
with Pol II together with the fact that Pol II occupancy at some 
MIR promoters and MIR167a promoter activity are reduced 

in janus demonstrate that JNAUS likely promotes the tran- 
scription of some pri-miRNAs. It has been shown that JANUS] 
promotes the transcription of W O X2 and PIN7 during early 
embryogenesis. These results suggest that like SF3B4 / HSH49, 
JANUS modulates the transcription of a subset of genes in- 
cluding some pri-miRNAs. Indeed, our RNA seq-analysis sug- 
gest that the transcript levels of many genes are reduced in 

janus . 
The association of JANUS with MAC suggest that like 

SF3B4 / HSH49m, JANUS may play a role in splicing. Indeed, 

RNA-seq analysis shows that intron retention of many pre- 
mRNAs is altered in janus . Interestingly, only few pri-miRNAs 
have intron retention defects, indicating that JANUS may act 
in splicing independent of its function in miRNA biogenesis. 
Notably, the transcript levels of genes with altered intron re- 
tention can be up-regulated, down-regulated or unchanged, 
showing that the correlation between intron defection and 

changes in transcript levels is not significant. This result sug- 
gests that JANUS a broad role in RNA metabolism. 

To summarize, our work uncovers a role of JANUS in 

miRNA biogenesis. It may promote miRNA accumulation 

through facilitating the assembly of the DCL1 complex and 

the interaction of pri-miRNAs with the DCL1 complex, and 

/ or functioning as accessory protein factor to enhance DCL1 

activity. Beside this function, JANUS also plays essential role 
in splicing and modulates the transcription of a subset of 
genes. Given the function of SF3B4 / HSH49m in regulating 
translation of specific genes ( 53 ), it is possible JANUS has ad- 
ditional functions in plants. Through these combined func- 
tions, JANUS ensures the proper development of plants. 

Data availability 

For mRNA profiling, the dataset was deposited into Na- 
tional Center for Biotechnology Information Gene Expres- 
sion Omnibus (Col-0 accession numbers: GSM7164780 and 

GSM7164781; janus accession numbers: GSM7164782 and 

GSM7164783). For small RNA profiling, the dataset was 
deposited into National Center for Biotechnology Informa- 
tion Gene Expression Omnibus (Col-0 accession numbers: 
GSM7164784 and GSM7164785; janus accession numbers: 
GSM7164786 and GSM7164787). 

Supplementary data 

Supplementary Data are available at NAR Online. 

Funding 

National Institute of Health [GM127414 to B.Y.]; National 
Science Foundation [MCB-1818082 to B.Y. and C.Z.]. Fund- 
ing for open access charge: NIH grant. 

Conflict of interest statement 

None declared. 

References 

1. Rogers, K. and Chen, X. (2013) Biogenesis, turnover, and mode of 
action of plant microRNAs. Plant Cell , 25 , 2383–2399.

2. Voinnet,O. (2009) Origin, biogenesis, and activity of plant 
microRNAs. Cell , 136 , 669–687.

3. Song, X. , Li, Y. , Cao, X. and Qi, Y. (2019) MicroRNAs and their 
regulatory roles in plant–environment interactions. Annu. Rev. 
Plant Biol., 70 , 489–525.

4. Li, M. , Yu, H. , Liu, K. , Yang, W. , Zhou, B. , Gan, L. , Li, S. , Zhang, C. 
and Yu,B. (2021) Serrate-associated protein 1, a splicing-related 
protein, promotes miRNA biogenesis in Arabidopsis. New Phytol., 
232 , 1959–1973.

5. Manavella, P.A. , Yang, S.W. and Palatnik, J. (2019) Keep calm and 
carry on: miRNA biogenesis under stress. Plant J. , 99 , 832–843. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1105#supplementary-data


Nucleic Acids Research , 2024, Vol. 52, No. 1 429 

6. Hudzik, C. , Hou, Y. , Ma, W. and Axtell, M.J. (2020) Exchange of 
small regulatory RNAs between plants and their pests. Plant 
Physiol., 182 , 51–62.

7. Meng, X. , Li, A. , Yu, B. and Li, S. (2021) Interplay between miRNAs 
and lncRNAs: mode of action and biological roles in plant 
development and stress adaptation. Comput. Struct. Biotechnol. J., 
19 , 2567–2574.

8. Chen, X. and Rechavi, O. (2022) Plant and animal small RNA 

communications between cells and organisms. Nat. Rev. Mol. Cell 
Biol., 23 , 185–203.

9. Xie, Z. , Allen, E. , Fahlgren, N. , Calamar, A. , Givan, S.A. and 
Carrington,J.C. (2005) Expression of Arabidopsis MIRNA genes. 
Plant Physiol., 138 , 2145–2154.

10. Lobbes, D. , Rallapalli, G. , Schmidt, D .D . , Martin, C. and Clarke, J. 
(2006) SERRATE: a new player on the plant microRNA scene. 
EMBO Rep., 7 , 1052–1058.

11. Dong, Z. , Han, M.H. and Fedoroff, N. (2008) The RNA-binding 
proteins HYL1 and SE promote accurate in vitro processing of 
pri-miRNA by DCL1. Proc. Natl. Acad. Sci. U.S.A., 105 , 
9970–9975.

12. Ren, G. , Xie, M. , Dou, Y. , Zhang, S. , Zhang, C. and Yu, B. (2012) 
Regulation of miRNA abundance by RNA binding protein 
TOUGH in Arabidopsis. Proc. Natl. Acad. Sci. U.S.A., 109 , 
12817–12821.

13. Xie, D. , Chen, M. , Niu, J. , Wang, L. , Li, Y. , Fang, X. , Li, P. and Qi, Y. 
(2021) Phase separation of SERRATE drives dicing body assembly 
and promotes miRNA processing in Arabidopsis. Nat. Cell Biol., 
23 , 32–39.

14. Gonzalo, L. , Tossolini, I. , Gulanicz, T. , Cambiagno, D.A. , 
Kasprowicz-Maluski, A. , Smolinski, D.J. , Mammarella, M.F. , 
Ariel, F.D. , Marquardt, S. , Szweykowska-Kulinska, Z. , et al. (2022) 
R-loops at microRNA encoding loci promote co-transcriptional 
processing of pri-miRNAs in plants. Nat. Plants , 8 , 402–418.

15. Baumberger, N. and Baulcombe, D.C. (2005) Arabidopsis 
ARGONAUTE1 is an RNA Slicer that selectively recruits 
microRNAs and short interfering RNAs. Proc. Natl. Acad. Sci. 
U.S.A., 102 , 11928–11933.

16. Yu, B. , Yang, Z.Y. , Li, J .J . , Minakhina, S. , Yang, M.C. , Padgett, R.W. , 
Steward, R. and Chen, X.M. (2005) Methylation as a crucial step in 
plant microRNA biogenesis. Science , 307 , 932–935.

17. Cui, Y. , Fang, X. and Qi, Y. (2016) TRANSPORTIN1 promotes the 
association of microRNA with ARGONAUTE1 in Arabidopsis. 
Plant Cell , 28 , 2576–2585.

18. Smith, M.R. , Willmann, M.R. , Wu, G. , Berardini, T.Z. , Moller, B. , 
Weijers, D. and Poethig, R.S. (2009) Cyclophilin 40 is required for 
microRNA activity in Arabidopsis. Proc. Natl. Acad. Sci. U.S.A., 
106 , 5424–5429.

19. Bologna, N.G. , Iselin, R. , Abriata, L.A. , Sarazin, A. , Pumplin, N. , 
Jay, F. , Grentzinger, T. , Dal Peraro, M. and Voinnet, O. (2018) 
Nucleo-cytosolic shuttling of ARGONAUTE1 prompts a revised 
model of the plant microRNA pathway. Mol. Cell , 69 , 709–719.

20. Zhang, B. , You, C. , Zhang, Y. , Zeng, L. , Hu, J. , Zhao, M. and Chen, X. 
(2020) Linking key steps of microRNA biogenesis by TREX-2 and 
the nuclear pore complex in Arabidopsis. Nat. Plants , 6 , 957–969.

21. Park, M.Y. , Wu, G. , Gonzalez-Sulser, A. , Vaucheret, H. and 
Poethig,R.S. (2005) Nuclear processing and export of microRNAs 
in Arabidopsis. Proc. Natl. Acad. Sci. U.S.A., 102 , 3691–3696.

22. Kim, S. , Yang, J.Y. , Xu, J. , Jang, I.C. , Prigge, M.J. and Chua, N.H. 
(2008) Two cap-binding proteins CBP20 and CBP80 are involved 
in processing primary MicroRNAs. Plant Cell Physiol., 49 , 
1634–1644.

23. Gregory, B.D. , O’Malley, R.C. , Lister, R. , Urich, M.A. , 
Tonti-Filippini, J. , Chen, H. , Millar, A.H. and Ecker, J.R. (2008) A 

link between RNA metabolism and silencing affecting Arabidopsis 
development. Dev. Cell , 14 , 854–866.

24. Laubinger, S. , Sachsenberg, T. , Zeller, G. , Busch, W. , Lohmann, J.U. , 
Ratsch, G. and Weigel, D. (2008) Dual roles of the nuclear 
cap-binding complex and SERRATE in pre-mRNA splicing and 

microRNA processing in Arabidopsis thaliana . Proc. Natl. Acad. 
Sci. U.S.A., 105 , 8795–8800.

25. Wu, X. , Shi, Y. , Li, J. , Xu, L. , Fang, Y. , Li, X. and Qi, Y. (2013) A role 
for the RNA-binding protein MOS2 in microRNA maturation in 
Arabidopsis. Cell Res., 23 , 645–657.

26. Qiao, Y. , Shi, J. , Zhai, Y. , Hou, Y. and Ma, W. (2015) Phytophthora 
effector targets a novel component of small RNA pathway in 
plants to promote infection. Proc. Natl. Acad. Sci. U.S.A., 112 , 
5850–5855.

27. Zhan, X. , Wang, B. , Li, H. , Liu, R. , Kalia, R.K. , Zhu, J.K. and 
Chinnusamy,V. (2012) Arabidopsis proline-rich protein important 
for development and abiotic stress tolerance is involved in 
microRNA biogenesis. Proc. Natl. Acad. Sci. U.S.A., 109 , 
18198–18203.

28. Ben Chaabane, S. , Liu, R. , Chinnusamy, V. , Kwon, Y. , Park, J.H. , 
Kim, S.Y. , Zhu, J.K. , Yang, S.W. and Lee, B.H. (2013) STA1, an 
Arabidopsis pre-mRNA processing factor 6 homolog, is a new 

player involved in miRNA biogenesis. Nucleic Acids Res., 41 , 
1984–1997.

29. Jauvion, V. , Elmayan, T. and Vaucheret, H. (2010) The conserved 
RNA trafficking proteins HPR1 and TEX1 are involved in the 
production of endogenous and exogenous small interfering RNA 

in Arabidopsis. Plant Cell , 22 , 2697–2709.
30. Francisco-Mangilet, A.G. , Karlsson, P. , Kim, M.H. , Eo, H.J. , Oh, S.A. , 

Kim, J.H. , Kulcheski, F.R. , Park, S.K. and Manavella, P.A. (2015) 
THO2, a core member of the THO / TREX complex, is required for 
microRNA production in Arabidopsis. Plant J. , 82 , 1018–1029. 

31. Zhang, S. , Xie, M. , Ren, G. and Yu, B. (2013) CDC5, a DNA binding 
protein, positively regulates posttranscriptional processing and / or 
transcription of primary microRNA transcripts. Proc. Natl. Acad. 
Sci. U.S.A., 110 , 17588–17593.

32. Wang, L. , Song, X. , Gu, L. , Li, X. , Cao, S. , Chu, C. , Cui, X. , Chen, X. 
and Cao,X. (2013) NOT2 proteins promote polymerase 
II-dependent transcription and interact with multiple MicroRNA 

biogenesis factors in Arabidopsis. Plant Cell , 25 , 715–727.
33. Fang, X. , Cui, Y. , Li, Y. and Qi, Y. (2015) Transcription and 

processing of primary microRNAs are coupled by Elongator 
complex in Arabidopsis. Nat. Plants , 1 , 15075.

34. Jia, T. , Zhang, B. , You, C. , Zhang, Y. , Zeng, L. , Li, S. , Johnson, K.C.M. , 
Yu, B. , Li, X. and Chen, X. (2017) The Arabidopsis 
MOS4-associated complex promotes microRNA biogenesis and 
precursor messenger RNA splicing. Plant Cell , 29 , 2626–2643.

35. Wang, S. , Quan, L. , Li, S. , You, C. , Zhang, Y. , Gao, L. , Zeng, L. , Liu, L. , 
Qi, Y. , Mo, B. , et al. (2019) The PROTEIN PHOSPHA T ASE4 
complex promotes transcription and processing of primary 
microRNAs in Arabidopsis. Plant Cell , 31 , 486–501.

36. Li, S. , Xu, R. , Li, A. , Liu, K. , Gu, L. , Li, M. , Zhang, H. , Zhang, Y. , 
Zhuang, S. , Wang, Q. , et al. (2018) SMA1, a homolog of the 
splicing factor Prp28, has a multifaceted role in miRNA biogenesis 
in Arabidopsis. Nucleic Acids Res. , 46 , 9148–9159. 

37. Li, S. , Liu, K. , Zhang, S. , Wang, X. , Rogers, K. , Ren, G. , Zhang, C. and 
Yu,B. (2017) STV1, a ribosomal protein, binds primary microRNA 

transcripts to promote their interaction with the processing 
complex in Arabidopsis. Proc. Natl. Acad. Sci. U.S.A., 114 , 
1424–1429.

38. Wang, Z. , Ma, Z. , Castillo-Gonzalez, C. , Sun, D. , Li, Y. , Yu, B. , 
Zhao, B. , Li, P. and Zhang, X. (2018) SWI2 / SNF2 ATPase CHR2 
remodels pri-miRNAs via Serrate to impede miRNA production. 
Nature , 557 , 516–521.

39. Han, M.H. , Goud, S. , Song, L. and Fedoroff, N. (2004) The 
Arabidopsis double-stranded RNA-binding protein HYL1 plays a 
role in microRNA-mediated gene regulation. Proc. Natl. Acad. Sci. 
U.S.A., 101 , 1093–1098.

40. Li, M. , Yu, H. , Liu, K. , Yang, W. , Zhou, B. , Gan, L. , Li, S. , Zhang, C. 
and Yu,B. (2021) Serrate-Associated Protein 1, a splicing-related 
protein, promotes miRNA biogenesis in Arabidopsis. New Phytol., 
232 , 1959–1973.

41. Yu, B. , Bi, L. , Zheng, B. , Ji, L. , Chevalier, D. , Agarwal, M. , 
Ramachandran, V. , Li, W. , Lagrange, T. , Walker, J.C. , et al. (2008) 



430 Nucleic Acids Research , 2024, Vol. 52, No. 1 

The FHA domain proteins DAWDLE in Arabidopsis and SNIP1 in 
humans act in small RNA biogenesis. Proc. Natl. Acad. Sci. U.S.A., 
105 , 10073–10078.

42. Li, S. , Liu, K. , Zhou, B. , Li, M. , Zhang, S. , Zeng, L. , Zhang, C. and 
Yu, B. (2018) MA C3A and MA C3B, two core subunits of the 
MOS4-associated complex, positively influence miRNA 

biogenesis. Plant Cell , 30 , 481–494.
43. Zhang, S. , Liu, Y. and Yu, B. (2014) PRL1, an RNA-binding protein, 

positively regulates the accumulation of miRNAs and siRNAs in 
Arabidopsis. PLoS Genet., 10 , e1004841.

44. Li, S. , Li, M. , Liu, K. , Zhang, H. , Zhang, S. , Zhang, C. and Yu, B. 
(2020) MAC5, an RNA-binding protein, protects pri-miRNAs 
from SERRATE-dependent exoribonuclease activities. Proc. Natl. 
Acad. Sci. U.S.A., 117 , 23982–23990.

45. Speth, C. , Willing, E.M. , Rausch, S. , Schneeberger, K. and 
Laubinger, S. (2013) RA CK1 scaffold proteins influence miRNA 

abundance in Arabidopsis. Plant J. , 76 , 433–445. 
46. Manavella, P.A. , Hagmann, J. , Ott, F. , Laubinger, S. , Franz, M. , 

Macek, B. and Weigel, D. (2012) Fast-forward genetics identifies 
plant CPL phosphatases as regulators of miRNA processing factor 
HYL1. Cell , 151 , 859–870.

47. Su, C.B. , Li, Z.W. , Cheng, J.P. , Li, L. , Zhong, S.X. , Liu, L. , Zheng, Y. 
and Zheng,B.L. (2017) The protein phosphatase 4 and SMEK1 
complex dephosphorylates HYL1 to promotemi RNA biogenesis 
by antagonizing the MAPK cascade in Arabidopsis. Dev. Cell , 41 , 
527.

48. Cho, S.K. , Ben Chaabane, S. , Shah, P. , Poulsen, C.P. and Yang, S.W. 
(2014) COP1 E3 ligase protects HYL1 to retain microRNA 

biogenesis. Nat. Commun., 5 , 5867.
49. Achkar, N.P. , Cho, S.K. , Poulsen, C. , Arce, A.L. , Re, D.A. , 

Giudicatti, A.J. , Karayekov, E. , Ryu, M.Y. , Choi, S.W. , Harholt, J. , 
et al. (2018) A quick HYL1-dependent reactivation of microRNA 

production is required for a proper developmental response after 
extended periods of light deprivation. Dev. Cell , 46 , 236.

50. Yan, J. , Wang, P.C. , Wang, B.S. , Hsu, C.C. , Tang, K. , Zhang, H.R. , 
Hou, Y.J. , Zhao, Y. , Wang, Q.M. , Zhao, C.Z. , et al. (2017) The 
SnRK2 kinases modulate miRNA accumulation in Arabidopsis. 
PLoS Genet., 13 , e1006753.

51. Li, Y.J. , Sun, D. , Ma, Z.Y. , Yamaguchi, K. , Wang, L. , Zhong, S.X. , 
Yan, X.X. , Shang, B.S. , Nagashima, Y. , Koiwa, H. , et al. (2020) 
Degradation of SERRATE via ubiquitin-independent 20S 
proteasome to survey RNA metabolism. Nat. Plants , 6 , 970–982.

52. Wang, L. , Yan, X.X. , Li, Y.J. , Wang, Z.Y. , Chhajed, S. , Shang, B.S. , 
Wang, Z. , Choi, S.W. , Zhao, H.W. , Chen, S.X. , et al. (2022) PRP4KA 

phosphorylates SERRATE for degradation via 20S proteasome to 
fine-tune miRNA production in Arabidopsis. Sci. Adv., 8 , 
eabm8435.

53. VanHoy, R.W. and Wise, J.A. (1996) Molecular analysis of a novel 
Sc hizosacc haromyces pombe gene containing two RNP 
consensus-sequence RNA-binding domains. Curr. Genet., 29 , 
307–315.

54. Champion-Arnaud, P. and Reed, R. (1994) The prespliceosome 
components SAP 49 and SAP 145 interact in a complex implicated 
in tethering U2 snRNP to the branch site. Genes Dev., 8 , 
1974–1983.

55. Igel, H. , Wells, S. , Perriman, R. and Ares, M. , Jr. (1998) Conservation 
of structure and subunit interactions in yeast homologues of 
splicing factor 3b (SF3b) subunits. RNA , 4 , 1–10.

56. van Roon, A.M. , Oubridge, C. , Obayashi, E. , Sposito, B. , 
Newman, A.J. , Seraphin, B. and Nagai, K. (2017) Crystal structure 
of U2 snRNP SF3b components: hsh49p in complex with 
Cus1p-binding domain. RNA , 23 , 968–981.

57. Gozani, O. , Feld, R. and Reed, R. (1996) Evidence that 
sequence-independent binding of highly conserved U2 snRNP 
proteins upstream of the branch site is required for assembly of 
spliceosomal complex A. Gene Dev , 10 , 233–243.

58. Devotta, A. , Juraver-Geslin, H. , Gonzalez, J.A. , Hong, C.S. and 
Saint-Jeannet,J.P. (2016) Sf3b4-depleted Xenopus embryos: a 
model to study the pathogenesis of craniofacial defects in Nager 
syndrome. Dev. Biol., 415 , 371–382.

59. Marques, F. , Tenney, J. , Duran, I. , Martin, J. , Nevarez, L. , Pogue, R. , 
Krakow, D. , Cohn, D.H. and Li, B. (2016) Altered mRNA splicing, 
chondrocyte gene expression and abnormal skeletal development 
due to SF3B4 mutations in Rodriguez acrofacial dysostosis. PLoS 
Genet., 12 , e1006307.

60. Ueno, T. , Taga, Y. , Yoshimoto, R. , Mayeda, A. , Hattori, S. and 
Ogawa-Goto,K. (2019) Component of splicing factor SF3b plays a 
key role in translational control of polyribosomes on the 
endoplasmic reticulum. Proc. Natl. Acad. Sci. U.S.A., 116 , 
9340–9349.

61. Xiong, F. , Liu, H.H. , Duan, C.Y. , Zhang, B.K. , Wei, G. , Zhang, Y. and 
Li,S. (2019) Arabidopsis JANUS regulates embryonic pattern 
formation through Pol II-mediated transcription of W O X2 and 
PIN7. iScience , 19 , 1179–1188.

62. Wang, Z.P. , Xing, H.L. , Dong, L. , Zhang, H.Y. , Han, C.Y. , Wang, X.C. 
and Chen,Q.J. (2015) Egg cell-specific promoter-controlled 
CRISPR / Cas9 efficiently generates homozygous mutants for 
multiple target genes in Arabidopsis in a single generation. 
Genome Biol., 16 , 144.

63. Earley, K.W. , Haag, J.R. , Pontes, O. , Opper, K. , Juehne, T. , Song, K. 
and Pikaard,C.S. (2006) Gateway-compatible vectors for plant 
functional genomics and proteomics. Plant J. , 45 , 616–629. 

64. Robinson, M.D. , McCarthy, D.J. and Smyth, G.K. (2010) edgeR: a 
Bioconductor package for differential expression analysis of digital 
gene expression data. Bioinformatics , 26 , 139–140.

65. Schlitt, T. , Palin, K. , Rung, J. , Dietmann, S. , Lappe, M. , Ukkonen, E. 
and Brazma,A. (2003) From gene networks to gene function. 
Genome Res., 13 , 2568–2576.

66. Xiong, F. and Li, S. (2021) Spliceosome component JANUS fulfills a 
role of mediator in transcriptional regulation during Arabidopsis 
development. Plant. Signal. Behav., 16 , 1841974.

67. van Roon, A.M. , Loening, N.M. , Obayashi, E. , Yang, J.C. , 
Newman, A.J. , Hernandez, H. , Nagai, K. and Neuhaus, D. (2008) 
Solution structure of the U2 snRNP protein Rds3p reveals a 
knotted zinc-finger motif. Proc. Natl. Acad. Sci. U.S.A., 105 , 
9621–9626.

68. Watanabe, H. , Shionyu, M. , Kimura, T. , Kimata, K. and Watanabe, H. 
(2007) Splicing factor 3b subunit 4 binds BMPR-IA and inhibits 
osteochondral cell differentiation. J. Biol. Chem., 282 , 
20728–20738.

69. Wells, S.E. , Neville, M. , Haynes, M. , Wang, J. , Igel, H. and Ares, M. Jr. 
(1996) CUS1, a suppressor of cold-sensitive U2 snRNA mutations, 
is a novel yeast splicing factor homologous to human SAP 145. 
Genes Dev., 10 , 220–232.

Received: June 30, 2023. Revised: October 27, 2023. Editorial Decision: October 30, 2023. Accepted: November 6, 2023 
© The Author(s) 2023. Published by Oxford University Press on behalf of Nucleic Acids Research. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http: // creativecommons.org / licenses / by / 4.0 / ), which permits unrestricted reuse, 
distribution, and reproduction in any medium, provided the original work is properly cited. 


	JANUS , a spliceosome-associated protein, promotes miRNA biogenesis in Arabidopsis
	Authors

	Graphical abstract
	Introduction
	Materials and methods
	Results
	Discussion
	Data availability
	Supplementary data
	Funding
	Conflict of interest statement
	References

