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ABSTRACT

The precise regulation of microRNA (miRNA) biogenesis is crucial for plant development, which

requires core microprocessors and many fine tuners to coordinate their miRNA processing activity/

specificity in fluctuating cellular environments. During de-etiolation, light triggers a dramatic accumu-

lation of core microprocessors and primary miRNAs (pri-miRNAs) but decreases pri-miRNA processing

activity, resulting in relatively constant miRNA levels. The mechanisms underlying these seemingly con-

tradictory regulatory changes remain unclear. In this study, we identified forkhead-associated domain 2

(FHA2) as a light-stabilized suppressor of miRNA biogenesis. We found that FHA2 deficiency increased

the level of mature miRNAs, accompanied by a reduction in pri-miRNAs and target mRNAs. Biochemical

assays showed that FHA2 associates with the core microprocessors DCL1, HYL1, and SE, forming a

complex to suppress their pri-miRNA processing activity. Further analyses revealed that FHA2 pro-

motes HYL1 binding but inhibits the binding of DCL1-PAZ-RNase-RNA-binding domains (DCL1-PRR)

to miRNAs, whereas FHA2 does not directly bind to these RNAs. Interestingly, we found that FHA2 pro-

tein is unstable in the dark but stabilized by light during de-etiolation. Consistently, disruption of FHA

led to defects in light-triggered changes in miRNA expression and reduced the survival rate of de-

etiolated seedlings after prolonged light deprivation. Collectively, these data suggest that FHA2 is a

novel light-stabilized suppressor of miRNA biogenesis and plays a role in fine-tuning miRNA processing

during de-etiolation.
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INTRODUCTION

MicroRNAs (miRNAs) are a class of small non-coding regulato-

ry RNAs that play key roles in mRNA degradation and transla-

tional suppression (Chen et al., 2005; Pillai, 2005; Huntzinger

and Izaurralde, 2011). From specific stem regions of primary

miRNAs (pri-miRNAs), nascent miRNAs are processed by a

core microprocessor, which includes DICER-LIKE 1 (DCL1),

HYPONASTIC LEAVES 1 (HYL1), and SERRATE (SE)

(Kurihara and Watanabe, 2004; Kurihara et al., 2006; Yang
et al., 2006, 2010). The miRNAs are methylated by HUA

ENHANCER 1 (HEN1) and then loaded onto ARGONAUTE 1

(AGO1) in the nucleus or cytoplasm (Bartel, 2004; Li et al.,

2005). In orchestrated regulation of miRNA biogenesis,

many proteins are involved in the expression of miRNA

(MIR) genes, pri-miRNA processing, and functionality of the

core microprocessor. For instance, STABILIZED 1 (STA1)
Cell Press, an imprint of Elsevier Inc., on behalf of CSPB and CEMPS, CAS.
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participates in splicing the intron-containing pri-miRNAs (Ben

Chaabane et al., 2013). CYCLING DOF TRANSCRIPTION

FACTOR 2 (CDF2) and NEGATIVE ON TATA-LESS2 (NOT2),

INCREASED LEVEL OF POLYPLOIDY1-1D (ILP1-1D), CELL DI-

VISION CYCLE 5 (CDC5), NTC-RELATED PROTEIN 1 (NTR1),

MOS4-ASSOCIATED COMPLEX (MAC), RECEPTOR FOR

ACTIVATED C KINASE 1 (RACK1), and PROTEIN PHOSPHA-

TASE 4 (PP4) modulate the transcription of MIR genes (Wang

et al., 2019). TOUGH (TGH) and MODIFIER OF SNC1 (MOS2)

promote the recruitment of HYL1 and/or DCL1 to pri-miRNAs

(Zhang et al., 2013). FIERY1 regulates miRNA abundance by

suppressing the biogenesis of rRNA-derived small interfering

RNAs (siRNAs) (You et al., 2019). The three prime repair

exonuclease 2 (TREX-2) complex coordinates the

transcription and processing of pri-miRNAs. THP1, the core

subunit of TREX-2, regulates the export steps of miRNAs

and AGO1 to ensure efficient miRNA production (Zhang

et al., 2020). In addition to these positive regulators, Wang

et al. (2018) recently reported that CHROMOSOME

REMODELING2 (CHR 2)/BRAHMA (BRM) remodels the

secondary structure of pri-miRNAs to inhibit downstream pro-

cessing. CHR2 was the first identified suppressor of pri-miRNA

processing (Wang et al., 2018).

Several components directly or indirectly regulate core micropro-

cessor machinery. DCL1 transcripts are negatively regulated by

histone acetyltransferase (GCN5) but positively regulated by

XAP5 CIRCADIAN TIMEKEEPER (XCT) and SMALL 1 (SMA1)

(Kim et al., 2009; Fang et al., 2015; Li et al., 2018). C-TERMINAL

DOMAIN PHOSPHATASE-LIKE 1 (CPL1), REGULATOR OF CBF

GENE EXPRESSION 3 (RCF3), and the SUPPRESSOR OF MEK

1 (SMEK1)/PP4 complex participate in HYL1 dephosphorylation

(Manavella et al., 2012; Karlsson et al., 2015; Su et al., 2017). In

addition, SNF1-RELATED PROTEIN KINASE 2 (SnRK2) and

MITOGEN-ACTIVATED PROTEIN KINASE 3 (MPK3) phosphory-

late HYL1 to modulate miRNA biogenesis (Raghuram et al.,

2015; Yan et al., 2017). KARYOPHERIN ENABLING THE

TRANSPORT OF THE CYTOPLASMIC HYL1 (KETCH1) is

responsible for the nuclear localization of HYL1 (Zhang et al.,

2017a). The 20S core proteasome a subunit G1 (PAG1)

positively regulates SE by removing non-functionally disordered

SE (Li et al., 2020). Furthermore, HEN1 SUPPRESSOR 1

(HESO1), RISC-INTERACTING CLEARING 30-50 EXORIBONU-

CLEASES 1/2 (RICE1/2), and SMALL RNA DEGRADING

NUCLEASE 1 (SDN1) modulate the stability of miRNAs by teth-

ering uracil to unmethylatedmiRNAs, degrading uridylatedmiRNA

cleavage products, and directly degrading single-stranded

miRNAs, respectively (Ramachandran and Chen, 2008; Ren

et al., 2012; Zhang et al., 2017b).

Light provides essential cues for distinctive transcriptome shifts

and developmental changes in plants. Recent studies have

increasingly reported crosstalk between light and the miRNAs.

For instance, in Arabidopsis, white light increases the expression

of MIR157, MIR163, and MIR398 but reduces that of MIR408,

MIR822, and MIR834 in etiolated seedlings (Mancini et al., 2016).

Red light alters the expression of MIR163, MIR156c, MIR157c,

MIR169l, and MIR824a (Shikata et al., 2014). Light signaling

transcription factors, such as ELONGATED HYPOCOTYL 5

(HY5) and PHYTOCHROME INTERACTING FACTORS (PIFs),

directly control the expression of several MIR genes (Zhang
648 Molecular Plant 14, 647–663, April 5 2021 ª The Author 2021.
et al., 2011; Xie et al., 2017). Furthermore, light can affect the

stability and functionality of the core microprocessor

components. CONSTITUTIVE PHOTOMORPHOGENIC 1 (COP1)

E3 ligase, a key regulator of the light signaling pathway, protects

HYL1 from an unknown protease for miRNA biogenesis in

response to light (Cho et al., 2014). The expression of HEN1 is

mediated by light-regulated HY5 and its homolog HYH (Tsai

et al., 2014). Nuclear localization of HYL1 is also modulated by

phosphorylation in response to light/dark transition (Achkar et al.,

2018). Recently, we reported that red, far-red, and blue light detec-

tion by specific photoreceptors results in the accumulation of

DCL1, HYL1, and SE during the de-etiolation process. Despite

the dramatic upregulation of the core microprocessor, light atten-

uates its processing activity in de-etiolated seedlings, implying the

presence of an unknown light-induced suppressor or suppressors.

We termed this phenomenon ‘‘miRNA-biogenetic inconsistency,’’

which is essential for the survival of de-etiolated seedlings (Choi

et al., 2020). However, it is still unclear how light adjusts the

functionality of microprocessor components, and subsequently

the miRNAome profiles, to drive a light-responsive transcriptome

shift.

In this study, we demonstrate that forkhead-associated domain 2

(FHA2) is a novel negative regulator of miRNA biogenesis in

plants. Analyses of small RNAs revealed the accumulation of

many miRNAs in fha2 mutants, accompanied by decreased

expression of pri-miRNAs and miRNA-target genes. FHA2

formed a complex with DCL1, SE, and HYL1. Assessment of

pri-miRNA processing suggested that FHA2 can suppress the

processing activity of DCL1. Furthermore, FHA2 increases and

decreases the binding affinity of HYL1 and DCL1-PRR to miR-

NAs, respectively. Stability of the FHA2 protein was enhanced

by light during the de-etiolation process, implying that FHA2 is

a light-triggered suppressor. Taken together, these data suggest

that FHA2 plays a role inmiRNA biogenesis bymodulating the ac-

tivity of DCL1 and HYL1, and its activity may be involved in

miRNA-biogenetic inconsistency.
RESULTS

Deficiency of FHA2 results in accumulation of miRNAs

Nineteen evolutionarily diverse genes in Arabidopsis contain

the FHA domain (Supplemental Figure 1A). The FHA

domain is diverse in amino acid sequences, except for

conserved key residues (Mahajan et al., 2008). Phylogenetic

analysis of the FHA domains from the 19 genes showed

that FHA2 was grouped with FHA1, but was distantly

related to the miRNA processing factor DDL (Supplemental

Figure 1A). Null mutants of DDL display pleiotropic

developmental defects, including sterility and abnormal

floral organs (Morris et al., 2006). Similarly, we previously

reported severely defective stamen filament elongation and

sterility in two RNA null mutants, fha2-2 and fha2-3

(Supplemental Figure 1B) (Ahn et al., 2003, 2013).

Presently, we investigated the involvement of FHA2 in

miRNA biogenesis, even though amino acid sequence

alignment of the full-length proteins or the FHA domain re-

vealed little conservation between FHA2 and DDL

(Supplemental Figure 1C and 1D). Three-week-old plantlets

of fha2-2 and fha2-3 were relatively normal under long-day
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Figure 1. The fha2 mutation increases miRNA levels.
(A) Vegetative phenotypes of WT (Col-0) plants, FHA2-3Flag overexpressing transgenic plants, and the hyl1-2, se-1, fha2-2, and fha2-3 mutant plants

grown for 3 weeks under long-day conditions (16-h light/8-h dark).

(B) Small RNA northern blot analyses of the representative miRNAs in WT and fha2-2, fha2-3, and hyl1-2 mutants. U6 small nuclear RNA (snRNA) was

used as a loading control.

(C) Median expression levels of miRNAs in 2-week-old fha2-2, fha2-3, and hyl-2 seedlings compared with WT seedlings. Change ratio (log2DRPTM) is

displayed in the y axis.

(D) Expression profile of total miRNAs (transcripts per 10 million [RPTM] > 10). X axis represents reading frequencies of miRNAs (RPTM) and y axis

indicates the change ratio (log2DRPTM).

(E) Venn diagrams show significant overlap in up- or downregulated miRNAs between fha2-2 and fha2-3 mutants, as compared with WT seedlings.

Numbers indicate the differentially expressed genes.

(F and G) Expression profile of the representative miRNAs in 2-week-old seedlings of fha2-2, fha2-3, and hyl-2mutants as compared with WT. The y axis

indicates the change ratio (log2DRPTM).

(H) RT-qPCR analyses. The levels of various pri-miRNAs and target mRNAs of each miRNA in 2-week-old fha2-2 seedlings were compared with those in

WT seedlings. Three biologically independent samples (n = 10 for each sample) is shown. The error bars indicate ±SE from triplicate biological replications

(*P < 0.05, **P < 0.01 and ***P < 0.001 by Student’s t-test, compared with WT value). All transcript levels are normalized by PP2AA3 transcripts encoding

PP2A A3 subunit.

FHA2 negatively modulates miRNA biogenesis Molecular Plant
conditions, compared with the hyl1-2 and se mutants, which

exhibited severe developmental defects (Figure 1A).

However, the fully grown plants of fha2 mutants displayed

slightly enlarged leaves with mild serration and curling

down, abnormal phyllotaxy, and male sterility at the

reproductive stage, compared with the wild-type (WT; Col-

0 ecotype) and FHA2-overexpressing transgenic plants
(35S:FHA2-3Flag; WT background) (Figure 1A and

Supplemental Figure 2A and 2B) (Ahn et al., 2003). To

examine the relevance of defective phenotypes to the

miRNA levels in fha2 mutants, we performed small RNA

blot analysis to compare WT and hyl1-2 mutant plants. The

abundance of all tested miRNAs was higher in the fha2

mutants and lower in the hyl1-2 mutant than in the WT
Molecular Plant 14, 647–663, April 5 2021 ª The Author 2021. 649
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(Figure 1B and Supplemental Figure 3). To recapitulate the

increased miRNA levels in fha2 mutants, we performed

small RNA sequencing analysis with fha2-2, fha2-3, hyl1-2,

and WT seedlings, using the Illumina platform. The

expression levels are shown as the change ratio (log2D

read counts per 10 million [RPTM]). The median expression

levels of miRNAs were 0.38 and 0.50 in the fha2-2 and

fha2-3 mutants, respectively, while the expression level of

the hyl1-2 mutant was �1.76 (Figure 1C). In the second set

of small RNA sequencing analysis, the median values of

the change ratio in the fha2-2 and fha2-3 mutants were

1.19 and 1.17, respectively (Figure 1C). Of the 130 (first)

and 133 (second) miRNAs with a total expression of at

least 10 RPTM, most of the miRNAs displayed higher

expression in the fha2-2 and fha2-3 seedlings (first test,

68% for fha2-2, 73% for fha2-3; second test, 92% for

fha2-2, 90% for fha2-3), compared with that in the WT

(Figure 1D). Next, we compared the differentially expressed

miRNAs between the fha2-2 and fha2-3 mutants. In the

first test, the fha2-2 and fha2-3 mutants shared 81 of 102

upregulated miRNAs and 28 of 49 downregulated miRNAs,

while, in the second test, the fha2-2 and fha2-3 mutants

shared 117 of 121 upregulated miRNAs and nine of 13

downregulated miRNAs (Figure 1E). The differentially

expressed miRNAs of the fha2-2 mutant notably overlapped

with those of the fha2-3 mutant (Figure 1E). We then

checked 12 developmentally important miRNAs within the

81 shared miRNAs. The change ratio of the 12 specific

miRNAs clearly showed increased expression in the fha2

mutants in both sequencing analyses (Figure 1F). Although

28 shared miRNAs decreased in the fha2 mutants, only 11

displayed a change ratio < �0.5, indicating that FHA2

deficiency resulted in preferential accumulation of miRNAs,

except for a few specific miRNAs (Figure 1G). Next, we

examined the levels of pri-miRNAs and miRNA-target mRNAs

in the fha2-2 mutant in comparison with those in the WT

(Figure 1H). RT-qPCR revealed significantly reduced target

mRNA levels in the fha2-2 mutant, consistent with the

increased miRNA levels in the mutant. Furthermore, pri-

miRNA levels were also significantly reduced in the fha2-2

mutant, suggesting that the fha2 mutation may accelerate

miRNA processing in Arabidopsis (Figure 1H). To further

validate the inverse correlation between the accumulated

miRNAs and their defined targets, we performed mRNA

sequencing analysis of the fha2-2, fha2-3, and WT

seedlings. A comparison of 19 569 genes between the WT

and the two mutants revealed that 1933 genes were

differentially expressed by at least two-fold change ratio

(log2DFPKM) (Supplemental Figure 4A). In the fha2-2 and

fha2-3 mutants, 1387 and 1493 genes, respectively, were

downregulated, while 546 and 632 genes, respectively,

were upregulated (Supplemental Figure 4A). Of the

differentially expressed genes, 987 were commonly

downregulated, and 289 were commonly upregulated in

both mutant alleles (Supplemental Figure 4B). Among the

downregulated genes, 262 and 260 predicted miRNA

targets (mirtarbas.cuhk.edu.cn) were decreased in the fha2-

2 and fha2-3 mutants, respectively (Supplemental

Figure 4C). Both alleles displayed 217 overlapping

downregulated miRNA-target genes (Supplemental

Figure 4D). Seventy-one genes with a change ratio were
650 Molecular Plant 14, 647–663, April 5 2021 ª The Author 2021.
notably decreased (log2DFPKM < �0.5). For instance, in

both alleles, ATNRX2 is a target of miR159, PXMT1 is a

target of miR163, NAC1 is a target of miR164, and NF-YA3

is a target of miR169. The decrease in mRNA levels was

approximately four-, six-, three-, and four-fold, respectively

(Figure 1H and Supplemental Figure 4E). Collectively, these

results suggest that FHA2 may negatively modulate miRNA

biogenesis in Arabidopsis.
FHA2 associates with DCL1, HYL1, and SE

FHA2 deficiency affects miRNA levels. Thus, we examined

whether FHA2 is physically associated with the HYL1, SE,

and DCL1 domains (helicase, DUF283, PAZ, and RNA-

binding domain [RBD]) (Figure 2A). We performed an in vitro

pull-down assay using recombinant proteins. First, we found

that maltose-binding protein (MBP)-FHA2 could pull down

glutathione S-transferase (GST)-DCL1-PAZ and GST-DCL1-

RBD, but not GST-DCL1-Helicase, GST-DCL1-DUF283, or

GST alone (Figure 2A). These findings indicated the direct

interaction of FHA2 with the PAZ and RBD domains of DCL1.

A yeast-two-hybrid assay revealed the binding of two DCL1

domains (DCL1-PAZ and DCL1-RBD) to FHA2, but not

DCL1-Helicase and DCL1-DUF283, supporting the pull-down

data (Figure 2B). Furthermore, MBP-FHA2 pulled down GST-

HYL1, suggesting an FHA2-HYL1 interaction (Figure 2C).

However, FHA2 did not seem to directly interact with SE,

based on the negative pull-down results between GST-FHA2

and MBP-SE (Figure 2D).

We next performed co-immunoprecipitation (Co-IP) to confirm

the interaction of FHA2 with the microprocessors. We tran-

siently expressed FHA2-3Flag together with DCL1 (full

length)-6Myc, HYL1-6Myc, or SE-6Myc in Nicotiana benthami-

ana leaves, and performed immunoprecipitation (IP) using

a-Myc affinity beads. Immunoblotting with a-Flag antibody

demonstrated that FHA2-3Flag was co-precipitated with all

of the Myc-tagged proteins, DCL1, HYL1, and SE (Figure 2E–

2G). Next, bimolecular fluorescence complementation (BiFC)

analysis was performed to examine in vivo protein

interactions and the localization of their interactions

(Figure 2H). When FHA2–YFPN (YN) was co-expressed with

YFPC (YC)-fused DCL1-PRR (PAZ-RNase III-RBD; Figure 2A),

HYL1, or SE, yellow BiFC fluorescence appeared as nuclear

speckles, suggesting that FHA2 interacts with these

microprocessors at specific sites in the nucleus, possibly in

the D bodies (Figure 2H). Interestingly, FHA2 proteins

interacted with each other in the nucleus, whereas FHA2 did

not interact with the FHA domain-containing microprocessor

DDL (Supplemental Figure 5A and 5B). As a negative control,

co-expression of FHA2–YFPN and YFPC did not generate yel-

low fluorescence, whereas co-expression of HYL1–YFPN and

SE-YFPC produced fluorescence as a positive control

(Figure 2H).

FHA2-GFP fluorescence was also observed in nuclear speckles,

which partially overlapped with the red fluorescence of the

monomeric red fluorescent protein (mRFP)-fused U2B (a spli-

ceosome component), CypRS64 (spliceosome component),

coilin (a marker of the Cajal body), and fibrillarin (a

nucleolus marker) in the nucleus (Supplemental Figure 6)

http://mirtarbas.cuhk.edu.cn
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Figure 2. Association of FHA2 with the core microprocessors.
(A) Pull-down assays were performed with purified recombinant proteins of MBP-FHA2 and GST-fused DCL1 domains, Helicase, DUF283, PAZ, and

RBD, as shown in the schematic. GST-tagged proteins were incubated with MBP-FHA2 conjugated beads and the resin-bound proteins were eluted and

subjected to immunoblotting with a-GST antibody. As the negative control, MBP-FHA2 beads were incubated with GST.

(B) Yeast two-hybrid assay. GAL4 activation domain (AD)-FHA2 fusion and GAL4 DNA-binding domain (BD)-DCL one domain fusion (Helicase, DUF283,

PAZ, and RBD) were co-expressed in yeast. Yeast growth in the selection media (-L/-W/-H/-A) suggests protein interaction. AD-T antigen and BD-

Lambda were used as negative controls. AD-T antigen and BD-p53 were used as positive controls.

(C) Pull-down assays performed with MBP-FHA2 and GST-HYL1. As the negative control, MBP beads were incubated with GST-HYL1.(D) Pull-down

assays performed with GST-FHA2 and MBP-SE. GST-FHA2 and GST control were incubated with MBP-SE beads.

(E–G) CoIP assays performed with (E) FHA2-3Flag and DCL1-6Myc, (F) FHA2-3Flag and HYL1-6Myc, and (G) FHA2-3Flag and SE-6Myc. FHA2-3Flag

was expressed alone or together with 6Myc-fused DCL1 (full-length), HYL1, or SE in N. benthamiana leaves. Total protein from leaf extracts was

immunoprecipitated with a-Myc antibody-conjugated beads, and the co-immunoprecipitates were detected using a-Flag antibody.

(H) BiFC assays. FHA2-YFPN (YN) was co-expressed with DCL1-YFPC (YC), HYL1-YC, and SE-YC in N. benthamiana leaves by Agrobacterium infiltration,

then leaf epidermal cells were observed by confocal microscopy to detect yellow fluorescence. Combinations of FHA2-YFPN and YFPC were expressed

as negative control and HYL1-YFPN and SE-YFPC as positive control. Scale bars, 20 mm.

FHA2 negatively modulates miRNA biogenesis Molecular Plant
(Ahn et al., 2013). However, FHA2 appeared to be located

mostly outside the nucleolus. Finally, to determine whether

FHA2 can form a large protein complex with the

microprocessors, we conducted size-exclusion chromatog-

raphy and fractionation using 10-day-old seedling extracts

from FHA2-overexpressing transgenic plants (35S:FHA2-
3Flag). The fractions were subjected to immunoblotting using

a-Flag, a-HYL1, and a-SE antibodies (Supplemental Figure 7).

FHA2-3Flag was mostly detected in fractions 1 to 7, with sizes

ranging from >1000 to 3000 kDa. The majority of HYL1 and SE

proteins were also found in these fractions, indicating that FHA2

may be associated with the microprocessor complex. Taken
Molecular Plant 14, 647–663, April 5 2021 ª The Author 2021. 651
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Figure 3. FHA2 suppresses DCL1 activity during pri-miRNA processing.
(A and B) Schematic depicting artificially synthesized (A) pri-miR166c and (B) pri-miR159a, which were radiolabeled with [a-32P]-UTP, as substrates for

the in vitro processing assay.

(C) DCL1-6Myc protein was immunoprecipitated from 35S:DCL1-6Myc seedlings in the WT (Col-0) or fha2mutant background and immunoblotted with

a-Myc antibody.

(D) In vitro pri-miRNA processing assay with internally radiolabeled pri-miR166c substrate using immunoprecipitated DCL1-6Myc in the WT or fha2

mutant background as described in (C). Red arrows indicate products of productive processing, while blue arrows indicate products of abortive pro-

cessing (Zhu et al., 2013). Red asterisk indicates the mature miR166. It is noteworthy that the cleaved products and the mature miR166 were more

abundant in the fha2 mutant background.

(E) In vitro pri-miRNA processing assay using pri-miR166c and immunoprecipitated DCL1-6Myc in the WT background.

(F) In vitro pri-miRNA processing assay using pri-miR166c in the absence and presence of MBP-FHA2. Immunoprecipitated DCL1-6Myc protein was

incubated for 3 h with radiolabeled pri-miR166c substrate and increasing amounts of MBP-FHA2 proteins. Data from two sets of experiments are shown.

Purified MBP protein was added into the reaction as a control.

(G) In vitro pri-miRNA processing assay using radiolabeled pri-miR159a in the absence and presence of MBP-FHA2 as described in (F). Purified MBP

protein was added into the reaction as a control.

Molecular Plant FHA2 negatively modulates miRNA biogenesis
together, these results suggest that FHA2 interacts directly or

indirectly with the DCL1, HYL1, and SE core microprocessors

and may be present in the microprocessor complex.
FHA2 inhibits pri-miRNA processing activity of the
microprocessor

The observation that fha2 mutation increased miRNA accumula-

tion indicated the possibility that FHA2 inhibits the miRNA pro-
652 Molecular Plant 14, 647–663, April 5 2021 ª The Author 2021.
cessing activity of the microprocessors. This was assessed

with in vitro pri-miRNA processing assays using the WT/

35S:DCL1-6Myc and fha2-3/35S:DCL1-6Myc transgenic lines

with [a-32P]-UTP-incorporated artificial pri-miR166c and artificial

pri-miR159a as substrates (Figure 3). We conducted IP of DCL1-

6Myc from the cell extracts of the 35S:DCL1-6Myc transgenic

seedlings (WT and fha2-2 backgrounds) using an a-Myc antibody

(Figure 3C). The immunoprecipitated DCL1 was incubated with

pri-miR166c transcripts as a substrate (Figure 3A and 3B
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(Zhu et al., 2013). The reaction mixture was then fractionated

using a 5%–15% gradient denaturing gel to visualize the

processed products. DCL1 immunoprecipitates from the WT

and fha2-2 background samples cleaved both pri-miRNAs

in vitro, generating processing intermediates and mature

miR166. Compared with the WT sample, the fha2-2mutant sam-

ple displayed accelerated processing of pri-miR166c and miRNA

accumulation (Figure 3D). A previous study demonstrated that

the microprocessor processes pri-miRNAs bi-directionally from

base to loop and loop to base, resulting in productive and abor-

tive processing of miRNAs, respectively (Zhu et al., 2013). In the

present study, FHA2 deficiency led to the accumulation of both

productive and abortive processing products (Figure 3D;

overexposed). To further validate the inhibitory function of

FHA2, different concentrations of recombinant MBP-FHA2 pro-

tein were added to the reaction mixture (WT background). The

levels of intact pri-miRNAs progressively increased by 3.5 to

5.5 times, depending on the amount of MBP-FHA2, while those

of the mature miR166c and miR159a progressively decreased

by 2.5 to 5 times (Figure 3F and 3G). As a control, MBP alone

did not affect cleavage activity (Figure 3E). These results

demonstrated that FHA2 directly inhibits the pri-miRNA process-

ing activity of the microprocessor in vitro, consistent with

increased miRNA levels in the fha2-2 mutant (Figure 1).
FHA2 increases and decreases the miRNA binding
affinity of HYL1 and DCL1-PRR, respectively

To determine how FHA2 inhibits microprocessor enzymatic activ-

ity, we investigated whether FHA2 influenced the binding activity

of HYL1 or DCL1 to the miRNA duplex region (miRNA/miRNA*) of

pri-miRNAs. First, we examined the direct binding of FHA2 to pri-

or maturemiRNAs, even though FHA2 does not have an RBD.We

performed an electrophoretic mobility gel shift assay (EMSA) us-

ing purified MBP-FHA2 protein and [g-32P]-ATP-labeled miR160/

miR160*and miR164/miR164* duplexes. MBP-FHA2 could not

shift the bands of miR160/miR160* and miR164/miR164* du-

plexes upward, suggesting that FHA2 does not bind to the

miRNA/miRNA* duplex region (Figure 4A; Supplemental

Figure 8A). Furthermore, MBP-FHA2 could not shift the band po-

sition of pri-miR166c, which was transcribed in vitro with [a-32P]-

UTP (Figure 4F). These results suggest that FHA2 may regulate

miRNA processing via interactions with the microprocessors

without direct binding to pri- or mature miRNAs.

Since FHA2 directly interacts with HYL1 as well as with DCL1,

FHA2 may also regulate HYL1 activity during miRNA processing.

To understand how FHA2 regulates HYL1 functions, we moni-

tored the binding affinity of HYL1 to miRNAs in the absence

and presence of FHA2. We performed an EMSA with recombi-

nant His-tagged HYL1 protein (His-HYL1) and radiolabeled

miR160/miR160* and miR164/miR164*. The band intensity of

the shifted HYL1-miRNA complex progressively increased with

an increase in the quantity of His-HYL1 (Figure 4B and

Supplemental Figure 8B), consistent with previous results (Yang

et al., 2010). Furthermore, increasing concentrations of His-

HYL1 shifted the bands to higher positions, confirming the oligo-

merization of HYL1, as previously reported (Yang et al., 2010).

His-HYL1 also bound to the radiolabeled pri-mi166c

(Figure 4G). Next, we performed an EMSA with His-HYL1 in the

presence of the MBP-FHA2 proteins. A fixed amount of His-
HYL1 (3 3 10�8 M) and increasing amounts of MBP-FHA2

(from 1 3 10�8 M to 9 3 10�8 M) were mixed with radiolabeled

miR160/miR160* and miR164/miR164*. The EMSA results sug-

gested that MBP-FHA2 increased the binding affinity of His-

HYL1 to the miRNAs, in a concentration-dependent manner

(Figure 4D and Supplemental Figure 8C). MBP-FHA2 also stimu-

lated the binding of His-HYL1 to pri-miRNA166c (Figure 4G and

4H). These results suggest that FHA2 enhances the interaction

between HYL1 and miRNAs/pri-miRNAs. Moreover, FHA2 ap-

peared to stimulate formation of the HYL1 dimer and/or oligomer

(Figure 4D and Supplemental Figure 8C), the conformation of

which may accelerate miRNA binding, as previously suggested

by our group (Yang et al., 2014). Next, we examined the

influence of FHA2 on the miRNA binding affinity of DCL1. Since

FHA2 binds to the PAZ and RBD domains of DCL1, we purified

the recombinant DCL1-PRR (PAZ-RNase III-RBD) protein as a

His-fusion protein (Figure 2A). The EMSA revealed that DCL1-

PRR could bind to the miR160/miR160* duplex, shifting the

band position upward (Figure 4C). Unlike the role of FHA2 in the

HYL1-RNA interaction, the addition of increasing amounts of

FHA2 (from 1 3 10�8 M to 9 3 10�8 M) decreased the band shift

by DCL1-PRR, suggesting that FHA2 can hinder the RNA-binding

activity of DCL1 (Figure 4E and Supplemental Figure 8D and 8E).

We observed that the addition of MBP did not affect the binding

affinity of HYL1 or DCL1 (Supplemental Figure 8F and 8G). Taken

together, these findings indicate that FHA2 increases the binding

affinity of HYL1 and decreases the binding activity of DCL1-PRR

to the miRNA/miRNA* duplex region.
The fha2-2 hyl1-2 double mutant is completely sterile
due to defects in stamen growth and anther dehiscence

The EMSA results revealed that FHA2 stimulated the binding of

HYL1 to the miRNA/miRNA* duplex region. This result was con-

tradictory to the negative role of FHA2 in miRNA biogenesis,

because the RNA-binding activity of HYL1 is essential for precise

processing of pri-miRNAs. Thus, we genetically investigated the

relationship between FHA2 and HYL1 by generating an fha2-2

hyl1-2 double mutant. First, we compared the phenotypes of

the fha2-2 hyl1-2 doublemutant with those of each single mutant.

The fha2-2mutant slightly increased plant size, whereas the hyl1-

2 mutation significantly disrupted plant growth and phyllotaxy

(Figure 5A and Supplemental Figure 2). The vegetative growth

of the fha2-2 hyl1-2 double mutant did not differ significantly

from that of the hyl1-2 mutant. However, during the

reproductive stage, the double mutant was completely sterile,

whereas the fha2-2 and hyl1-2 single mutants were not

completely sterile but produced significantly reduced seed sets

(Supplemental Figure 9A). Stamen growth in the double mutant

was significantly retarded. The stamen length was

approximately 48% of the carpel length, while the stamen

lengths of the fha2-2 and hyl1-2 single mutants were

approximately 71% and 73% of the carpel length, respectively

(Supplemental Figure 9B and 9E). Moreover, anther dehiscence

did not occur in the fha2-2 hyl1-2 mutant but did occur in each

single mutant (Supplemental Figure 9C). Alexander staining of

pollen in anthers revealed normal pollen development in the

double and single mutants (Supplemental Figure 9D). The

results indicated that defective anther dehiscence and short

stamen length caused complete sterility in the fha2-2 hyl1-2

mutant. The fha2-2 and hyl1-2 seeds germinated normally in
Molecular Plant 14, 647–663, April 5 2021 ª The Author 2021. 653
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Figure 4. FHA2 increases and decreases the miRNA binding affinity of HYL1 and DCL1-PRR, respectively.
RNA electrophoretic mobility shift assay was performed using recombinant microprocessor proteins and 32P-labeled synthetic miRNA160 (A–E) and pri-

miR166c (F–H).

(A–C) Increasing amounts of (A)MBP-FHA2 (1–83 10�8 M), (B) His-HYL1 (1–83 10�8 M) (B), and (C) His-DCL1-PRR (1–93 10�8 M) (C)were incubated

with the radiolabeled miR160/miR160* substrate. Rf indicates unbound free RNAs, and RP indicates the shifted bands of RNA-protein binding com-

plexes. MBP-FHA2 does not cause a band shift.

(D and E) Shifting of (D)His-HYL1 and (E)His-DCL1-PRR with miR160/miR160* according to the amount of MBP-FHA2. His-HYL1 (33 10�8 M) and His-

DCL1-PRR (3 3 10�8 M) were mixed with radiolabeled miR160/miR160* substrate and increasing amounts of MBP-FHA2 (1–8 3 10�8 M). Single and

double red asterisks indicate shifted bands at different positions, suggesting protein oligomerization.

(F–H) EMSA was performed using radiolabeled pri-miR166c substrate with increasing amounts of (F)MBP-FHA2 (1–93 10�8 M) (F), (G) His-HYL1 (0.2–

4 3 10�8 M) (G), and (H) MBP-FHA2 (0.5–5 3 10�8 M) in the presence of His-HYL1 (2 3 10�8 M) (H).
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soil. However, the fha2-2 hyl1-2 mutant seeds never germinated

in soil but did germinate and grow on Murashige and Skoog (MS)

medium.

Next, we measured the miRNA levels in the fha2-2 hyl1-2 double

mutant, compared with the hyl1 mutant, using small RNA north-

ern blotting. The hyl1-2 mutation caused a severe reduction in

miRNA levels (Figure 1). The miRNA levels in the fha2-2 hyl1-2

mutant were low, similar to the those in the hyl1-2 mutant, and,

for some miRNAs, the level appeared to be even lower than the

levels of the hyl1-2 mutant (Figure 5B). To determine overall

profile of the miRNAs, we performed miRNAome analysis. The

median expression levels of miRNAs were �2.23 and �0.98 in

the fha2-2 hyl1-2 mutant and hyl1-2 mutant, respectively

(Figure 5C). Of the 146 miRNAs with a total expression of at

least 10 RPTM, 84% and 71% of the miRNAs displayed lower

expression in the fha2-2 hyl1-2 and hyl1-2 seedlings,

respectively, compared with that in the WT (Supplemental
654 Molecular Plant 14, 647–663, April 5 2021 ª The Author 2021.
Figure 10A). The fha2-2 hyl1-2 and hyl1-2 mutants shared 104

of 123 downregulated miRNAs and four of 23 upregulated

miRNAs (Figure 5D). The fha2-2 mutant significantly reduced

the pri-miRNA levels (Figure 1E). Thus, we compared the pri-

miRNA levels in the fha2-2 hyl1-2 double mutant with those in

the WT and each single mutant, using RT-qPCR. Except for three

pri-miRNAs (pri-miR164, pri-miR319, and pri-miR396), the levels

of all tested pri-miRNAs were lower in the fha2-2 hyl1-2 double

mutant than in the hyl1-2mutant alone, but higher than the levels

in the WT and the fha2-2 single mutant (Figure 5E). However,

these two results—the simultaneous reduction in miRNA and

pri-miRNA levels in the fha2-2 hyl1-2 double mutants compared

with those in hyl1-2—conflict with the inverse correlation be-

tween pri-miRNAs and miRNAs. We hypothesized that FHA2

deficiency might aggravate the compromised processing accu-

racy in the hyl1-2mutant under enhanced DCL1 activity, resulting

in simultaneous reduction. We found that the ratio of mispro-

cessed miRNAs per precisely processed miRNAs (log2D read
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Figure 5. The fha2-2 hyl1-2 double mutant shows more severe defects in miRNA biogenesis than each single mutant.
(A) Vegetative phenotypes of WT, fha2-2, hyl1-2, and fha2-2 hyl1-2 plants. The plants were grown for 2 weeks on 13 MS solid medium containing 1%

sucrose, and then transferred to soil for further growth for 2 weeks under long-day conditions (16-h light/8-h dark). The fha2-2 hyl1-2mutant seeds could

germinate on MS media, but not in soil.

(B) Small RNA northern blot analyses of representative miRNAs in the hyl1-2 and fha2-2 hyl1-2 mutants. 5.8S rRNA were used as loading controls.

(C) Median expression levels of miRNAs in 2-week-old seedlings of hyl-2 and fha2-2 hyl1-2 mutants as compared with WT seedlings. Change ratio

(log2DRPTM) is displayed in the y axis.

(D) Venn diagrams show significant overlap in up- or downregulated miRNAs between hyl-2 and fha2-2 hyl1-2mutants, as compared with WT seedlings.

Numbers indicate the differentially expressed genes.

(E) RT-qPCR analysis of the levels of pri-miRNAs in the WT, fha2-2, hyl1-2, and fha2-2 hyl1-2 plants. Three biologically independent samples (n = 10 for

each sample) are shown. Error bars indicate ±SE from triplicate biological replications (*P < 0.05, **P < 0.01, and ***P < 0.001 by Student’s t-test,

compared with WT value, or compared between hyl1-2 and fha2-2 hyl1-2). All transcript levels are normalized by PP2AA3 transcripts.

(F) RIP RT-qPCR analysis. Levels of pri-miRNAs associated with HYL1 in the 12-day-old WT and fha2-2 seedlings. The error bars indicate ±SE from

triplicate biological replications (*P < 0.05 and **P < 0.01 by Student’s t-test, compared with WT value). All transcript levels are normalized by amount of

HYL1 protein.
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counts per million miRNAs [RPMM]) was increased in the fha2-2

hyl1-2 double mutants and in hyl1-2 as compared with that in the

WT (median expression values: 0.47 and 0.29, respectively)

(Supplemental Figure 10A and 10B). Likewise, the percentage

of misprocessed miRNAs among the total small RNA fragments
that aligned to the hairpin region of 143 pre-miRNAs, including

miRNAs, was increased in the fha2-2 hyl1-2 double mutant

(52%) and hyl1-2 (48%), compared with that in the WT (45%)

(Supplemental Figure 10C). These analyses implied that

FHA2 deficiency could aggravate the processing accuracy of
Molecular Plant 14, 647–663, April 5 2021 ª The Author 2021. 655
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Figure 6. FHA2 protein stability is regulated by light.
(A) RT-qPCR analysis of FHA2mRNA levels in the dark and light. WT seedlings were grown for 5 days under darkness in 13MS solid medium and then

transferred to long-day conditions for 1–3 days (+1L, +2L, and +3L), or left in the dark for another 1–3 days (+1D, +2D, and +3D). Three biologically

independent experiments (n = 10 for each experiment) showed similar results. A representative result is shown. The error bars indicate ±SE from triplicate

technical replications. All transcript levels are normalized to PP2AA3 transcripts.

(B) Immunoblot analysis to measure FHA2-3Flag protein levels in the dark and light. WT/35S:FHA2-3Flag transgenic seedlings were grown in dark and

light conditions as described in (A). Seedling extracts were subjected to immunoblotting with a-Flag antibody. Immunoblotting with a-actin antibody was

performed as loading controls. FHA2-3Flag levels significantly increased after 2 days of light irradiation (upper). Immunoblotting was performed three

times, and the protein bands were quantified (lower).

(C) Immunoblot analysis to measure levels of the core microprocessors in the dark and light. WT seedling extracts were treated with a-DCL1, a-SE, and

a-HYL1 antibodies. The a-actin antibody was used as the loading control.

(D) Immunoblot analysis for FHA2 protein stability. Two-week-old WT/35S:FHA2-3Flag seedlings were treated with CHX and MG132 under long-day

conditions. Samples were treated with CHX (100 mg/ml) constantly and with MG132 (100 mM) for 1–6 h. Ponceau S-stained rbcL was used as a

loading control.

(E) Immunoblot analysis for MG132 effects on FHA2 stability. WT/35S:FHA2-3Flag seedlings grown under +3D and +3L conditions were treated with

MG132 (100 mM) for 16 h or with DMSO as the control, and then immunoblotted with a-Flag antibody. The a-actin antibody was used as the loading

control.

(F) Immunoblot analysis of the effects of protease inhibitors on FHA2 stability.WT/35S:FHA2-3Flag seedlings were treated with MG132 (50 and 100 mM)

for 16 h or with the protease inhibitor cocktail (half or full volume) for 12 h, and then immunoblotted with a-Flag antibody. Ponceau S-stained rbcL was

used as a loading control.

(legend continued on next page)
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pri-miRNA in hyl1-2. Recent studies have suggested that DRB2

may partially compensate for HYL1 in miRNA biogenesis

(Eamens et al., 2012; Reis et al., 2015). Hence, we questioned

whether FHA2 interacts with DRB2 to compensate for the

processing accuracy of pri-miRNAs in the absence of HYL1. By

performing an in vitro pull-down assay and BiFC analysis, we

found that MBP-FHA2 directly interacted with His-DRB2 in vitro

and co-localized in the nucleus (Supplemental Figure 11A and

11B). Furthermore, we performed an RNA IP (RIP) RT-qPCR

assay to determine the positive role of FHA2 in HYL1/pri-

miRNA interactions in vivo. We confirmed that the interactions

between HYL1 and pri-miRNAs were compromised by FHA2

deficiency (Figure 5F). Collectively, these results indicate that

FHA2 inhibits DCL1 enzyme activity and, together with HYL1

and DRB2, may adjust the accuracy of pri-miRNA processing.

FHA2 protein is more stable in light than in dark

Previous studies have shown that the expression and stability of

the microprocessors (DCL1, HYL1, and SE) and HEN1, a small

RNA methyltransferase that stabilizes miRNAs, are controlled

by light signaling (Achkar et al., 2018; Cho et al., 2014; Choi

et al., 2020; Tsai et al., 2014). DCL1, HYL1, and SE are highly

unstable during etiolation, but they are stabilized and

accumulate upon illumination. Nevertheless, the processing

activity of DCL1 decreased, and the levels of miRNAs were

nearly unaltered by light exposure (Choi et al., 2020). Based on

these studies, we suggested the possible existence of unknown

suppressors that are important in light-regulated miRNA biogen-

esis (Choi et al., 2020). To investigate this possibility, we first

examined whether FHA2 responds to light at the transcriptional

level, using RT-qPCR. WT seedlings, grown for 5 days in the

dark, were transferred to a light condition (+1L, +2L, +3L) or left

in the dark (+1D, +2D, +3D) for further growth for 3 days. FHA2

mRNA levels remained relatively constant under both conditions

(Figure 6A). We then checked the regulation of FHA2 by light at

the post-translational level. The 35S:FHA2-3Flag transgenic

seedlings (WT background) were grown under the same condi-

tions as described above. FHA2 protein was detected with immu-

noblotting using a-Flag antibody, with a-actin antibody as the

loading control (Figure 6B, upper panel). Quantification of the

protein bands indicated an increased level of FHA2 protein in

response to light exposure of up to 2.6 times in the +3L

condition (Figure 6B, lower panel). These results suggested the

post-translational regulation of FHA2 by light. Light exposure

significantly increased the protein levels of DCL1, HYL1, and

SE core microprocessors (Figure 6C), consistent with prior

results (Choi et al., 2020). Thus, DCL1, HYL1, SE, and FHA2

were stabilized during the de-etiolation process. When

35S:FHA2-3Flag seedlings (WT background) were treated with

the protein translation inhibitor cycloheximide (CHX) for 1 h, the

FHA2 protein level decreased, suggesting a high turnover rate

of FHA2 (Figure 6D). When the seedlings were treated with the

26S proteasome inhibitor MG132 for 1–6 h in the presence of
(G) Survival rate of etiolatedWT and fha2-2 seedlings upon illumination. The se

dark (7D), followed by 7 days in the light (+7L) (left panel). Data are the average

that would survive or die are shown (right panel).

(H)Northern blot analyses for miRNA expression inWT, fha2-2, andmiP-DCP1

for 5 days (5D), and then exposed to white light for 1, 2, or 3 days (+1L, +2L, a

et al., 2020). The loading control was 5.8S rRNA.

(I) Schematic of FHA2 functionality in response to the dark-to-light transition.
CHX, the original FHA2 protein level was maintained in MG132-

treated samples for 6 h (Figure 6D). Immunoblotting with a-Flag

antibody revealed a higher level of FHA2 protein in the light

(+3L) than in the dark (+3D) in the control DMSO sample

(Figure 6E), consistent with the results in Figure 6B. The +3D

and +3L samples were then treated with MG132 or DMSO. The

level of FHA2 in the dark was notably increased by MG132 to

the level of the sample that was exposed to light for 3 days

(Figure 6E). We examined whether FHA2 is also a target of

other proteases. Unlike MG132, half- or full-strength protease in-

hibitor cocktail did not alter FHA2 levels in the seedlings

(Figure 6F). Collectively, these results suggest that FHA2

protein is less stable in the dark, and that its cellular level is

mainly regulated by 26S proteasome-mediated protein

degradation.

Since FHA2 stability was regulated by light, we examined

whether FHA2 deficiency affected seedling survival after pro-

longed skotomorphogenesis (Figure 6G). WT and fha2 seeds

were sown on sugar-freeMSmedium and covered with soil. After

7 days, the seedlings that reached the soil surface were counted.

After another 7 days, the seedlings that had grown normally were

counted. Approximately 40% of WT seeds survived normally un-

der these conditions. However, only approximately 17% of the

fha2 seeds survived and grew normally. These results suggest

that FHA2 function is required for the survival and early develop-

ment of de-etiolated seedlings after prolonged light depletion, in

addition to its role in stamen elongation during the reproductive

stage (Figures 5F and 6G). Next, we examined the miRNA

levels in WT, fha2 mutant, and miP-DCL1 transgenic seedlings

during the de-etiolation process (Figure 6H). In the miP-DCL1

seedlings, the DCL1 PAZ domain is overexpressed (Choi et al.,

2020), which may be able to repress FHA2-mediated inhibition

of DCL1 by sequestering the FHA2 protein. While miR156,

miR159, miR166, and miR319 levels were reduced in the WT

seedlings upon light exposure for 3 days, these miRNAs were

maintained at the same level in the fha2 andmiP-DCL1 seedlings.

Collectively, these results suggest that FHA2 is a light-stabilized

suppressor of miRNA processing, which may play a role in

miRNA-biogenetic inconsistency during the de-etiolation

process.
DISCUSSION

The FHA domain is an 80–100-amino acid phosphothreonine-

recognizing motif that is found in more than 2000 proteins in pro-

karyotes and eukaryotes (Ahn et al., 2003). In mammals, the FHA

domain mediates protein-phosphoprotein interactions in diverse

processes, including gene transcription, cell cycle control,

mitosis checkpoints, and DNA damage repair (Mahajan et al.,

2008; Chevalier et al., 2009). In Arabidopsis, the FHA domain

has been identified in 16 genes. The biological functions have

been studied for only five of these genes. Those include KAPP
edlings were grown in soil-covered sugar-freeMSmedium for 7 days in the

of six biological samples ±SD (n = 180). Morphology of 7D + 7L seedlings

seedlings during dark-to-light transition. Seedlings were grown in the dark

nd +3L). The miP-DCP1 plants overexpress the DCL1 PAZ domain (Choi
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(kinase-associated protein phosphatase), AtNBS1 (Arabidopsis

homolog of human Nijmegen Breakage Syndrome1), and ABA1

(ABA-deficient 1; zeaxanthin epoxidase), although the exact

role of their FHA domains is still not clear (Niyogi et al., 1998;

Barrero et al., 2005). DAWDLE (DDL) is a nuclear-localized FHA

domain-containing protein that interacts with DCL1 to regulate

miRNA biogenesis (Morris et al., 2006; Hong et al., 2008). Loss-

of-function mutants of DDL exhibit pleiotropic developmental

defects in growth, fertility, and floral morphogenesis (Morris

et al., 2006). Finally, two small nuclear-localized proteins, FHA1

and FHA2, consist of an N-terminal FHA domain and a C-terminal

acidic region (Ahn et al., 2003). Promoter fusion with the beta-

glucuronidase gene revealed the abundant expression of FHA2

in whole plant tissues throughout plant development and the

near-absence of FHA1 expression in any tissue or stage (Ahn

et al., 2003). The fha2 null mutants showed severely reduced

fertility caused by defective stamen filament elongation,

whereas female flower parts were fertile (Ahn et al., 2013).

Recently, Gu et al. (2020) reported that FHA2 directly binds to

RLT1 and RLT2, two redundant subunits of the IMITATION

SWITCH (ISWI) chromatin-remodeling complex in Arabidopsis

(Gu et al., 2020).

In this study, we identified FHA2 as a regulator of miRNA biogen-

esis. RNA blot analysis and small RNA sequencing revealed that

most of themiRNAsweremore abundant in the fha2-2 and fha2-3

mutants than in the WT. Accordingly, the levels of pri-miRNAs

and target gene mRNAs were reduced in fha2 mutants

(Figure 1). These results suggest that FHA2 mainly acts as a

suppressor of miRNA synthesis. Consistently, FHA2 inhibited

the processing activity of DCL1 both in vivo and in vitro

(Figure 3). FHA2 interacted directly with DCL1 and HYL1, but

did not directly bind to miRNAs or pri-miRNAs (Figures 2 and

4). Nevertheless, FHA2 increased the binding affinity of HYL1 to

the miRNA/miRNA* region and stimulated the dimerization and

oligomerization of HYL1, whereas FHA2 weakened the binding

affinity of DCL1-PRR to the miRNA/miRNA* region (Figure 4).

The FHA2-mediated dissociation of DCL1-PRR from the

miRNA/miRNA* region is consistent with the role of FHA2 as a

suppressor. These results suggest that FHA2may have dual roles

in miRNA processing: it inhibits DCL1 enzyme activity and simul-

taneously facilitates the accessibility of HYL1 to pri-miRNAs.

However, the function of FHA2 in enhancing the HYL1-RNA inter-

action seems contrary to its role as a suppressor. This is because

the interaction between HYL1 and the miRNA/miRNA* region, as

well as the homo-dimerization of HYL1, is essential for precise

processing of pri-miRNAs (Dong et al., 2008; Yang et al., 2010,

2014; Liu et al., 2012). In fact, the DCL1 helicase domain

attenuates DCL1 cleavage activity, which is required for the

accurate processing of pri-miRNAs. Moreover, several mutations

in the helicase domain (hyl1-2/dcl1 suppressor mutants) increase

DCL1 activity, which rescues the hyl1-2 phenotypes despite

imprecise miRNA production (Liu et al., 2012). That study

implied that, if the helicase domain is damaged, over-activated

DCL1 executes random cleavage, which is sufficient to produce

accurate miRNAs by chance. Likewise, if FHA2 only suppresses

DCL1 activity, the absence of FHA2 should alleviate the hyl1-2

phenotype by partially restoring miRNA levels. However, we

observed that most miRNAs were further decreased in the

fha2-2 hyl1-2 double mutant, and the mutant plants exhibited
658 Molecular Plant 14, 647–663, April 5 2021 ª The Author 2021.
more severe developmental phenotypes (Figure 5). These

contradictory results may be due to the presence of HYL1

homologs.

Arabidopsis has four HYL1 homologous proteins (DRB2, DRB3,

DRB4, and DRB5). Their RBDs appear to adopt the canonical

structure of HYL1 RNA-binding domain 1 (Yang et al., 2010;

Reis et al., 2015). Excess DRB2 and four different combinations

of HYL1/DRB2 domain-swapping chimeras compensate for the

loss of HYL1 activity, which indicates the role of DRB2 in miRNA

biogenesis to a certain degree (Eamens et al., 2012; Reis et al.,

2015). Therefore, one plausible explanation for the hyl1-2/dcl1

suppressor mutants rescuing the hyl1-2 phenotypes is that

DRB2 may partially compensate for the HYL1 deficiency with

the support of FHA2 to yield a certain level of intact miRNAs.

The absence of FHA2 in the fha2-2 hyl1-2 double mutant might

accelerate DCL1 activity to randomly cleave pri-miRNAs, thus

reducing pri-miRNA levels (Figure 5). However, this absence of

FHA2 might simultaneously fail to support DRB2 for precise

processing of pri-miRNAs and does not allow the stochastic pro-

duction of intact miRNAs. Indeed, we observed that mispro-

cessed miRNAs were 7% and 3% higher in the fha2-2 hyl1-2

and hyl1-2 mutants, respectively, than those in the WT

(Supplemental Figure 10). Hence, the two different outcomes of

unshackled DCL1 activity—rescue of HYL1 deficiency or not—

might be caused by the presence or absence of FHA2 function,

respectively, possibly facilitating the interaction between RNA

and DRB proteins.

We previously reported that, during the de-etiolation process,

light induces the dramatic accumulation of the core

microprocessors but lessens the cleavage activity of DCL1 and

consequently results in no notable changes in the miRNAome

profiles (Choi et al., 2020). We also found that light-mediated

regulation of the microprocessors is essential for driving a light-

responsive transcriptome shift, and thereby for the survival of

de-etiolated seedlings. We termed this phenomenon miRNA-

biogenetic inconsistency (Choi et al., 2020). Previously,

overexpression of the DCL1 PAZ domain in miP-DCL1

transgenic plants led to increased DCL1 activity and miRNA

levels (Choi et al., 2020). When we examined miRNA

expression in the fha2-2 mutant and miP-DCL1 plants during

dark-to-light transition, both plants exhibited higher miRNA levels

than theWT, compromising the miRNA-biogenetic inconsistency

(Figure 6H). We speculate that the light-stabilized FHA2may sup-

press DCL1 activity during dark-to-light transition, presumably by

binding to the DCL1 PAZ domain and/or the RBD domain

(Figures 1 and 6). Collectively, these results suggest that the

FHA2 suppressor may play a role in the miRNA-biogenetic incon-

sistency during de-etiolation (Figure 6I).

CHR2 is a subunit of the SWI/SNF chromatin-remodeling com-

plex. CHR2 represses pri-miRNA processing by direct interaction

with SE and unwinding of the secondary structure of pri-miRNAs

(Wang et al., 2018). Unlike CHR2, FHA2 does not seem to control

a specific processing step. Rather, it may affect the efficiency of

pri-miRNA cleavage by weakening the RNA-binding activity of

DCL1 and by increasing the RNA-binding activity of HYL1. Inter-

estingly, the binding orientation of DCL1 complexes in pri-

miRNAs is a key factor in determining whether the processing

events are productive or abortive (Zhu et al., 2013). FHA2
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depletion increased both the intermediate and mature miRNAs

that were generated from abortive and productive processing

(Figure 3). These observations suggest that FHA2 inhibits

DCL1, regardless of its mode of action. FHA2 is the second

suppressor, identified after CHR2, and plays a role in the

miRNA biogenesis process. There were similarities between

FHA2 and CHR2. They both form a complex with the

microprocessors. Furthermore, they are both components of

chromatin-remodeling complexes; FHA2 binds to the ISWI com-

plex (Gu et al., 2020), while CHR2 is the ATPase subunit of the

SWI/SNF complex (Wang et al., 2018). Investigations on the

relationship between FHA2 and CHR2 in conjunction with light-

mediated signaling would provide insight into the coordinated

role of each protein in miRNA biogenesis.

METHODS

Plant materials and growth conditions

The fha2-2, fha2-3, hyl1-2, and se-1 mutants and 35S:DCL1-6Myc trans-

genic lineswere obtained fromprevious studies (Lobbes et al., 2006; Song

et al., 2007; Ahn et al., 2013; Choi et al., 2020). To generate FHA2

overexpression lines, the pCAMBIA1390 plasmid containing the

35S:FHA2-3Flag construct was introduced into the Agrobacterium

tumefaciens GV3101 strain. Transformation was performed in

Arabidopsis thaliana (Col-0 ecotype) plants using the floral dipping

method (Clough and Bent, 1998). Arabidopsis plants (Col-0) were grown

in a growth chamber (22�C, 100–120 mmol m�2 s�1 light intensity, and a

cycle of 16-h light, 8-h dark). For the liquid culture, Arabidopsis seeds

were surface sterilized with 70% ethanol and then sown in six-well plates

containing 1 ml of liquid medium (half-strength MS medium [Duchefa,

Haarlem, Netherlands], pH 5.7, adjusted with KOH). After germination,

the seedlings were grown in half-strength MS medium containing

30 mM glucose. The medium was changed every other day. The dark-

to-light transition was performed following a previously describedmethod

with minor modifications (Choi et al., 2020). The 35S:FHA2-3Flag

overexpression seeds were sown in full-strength MS solid medium with

1% sucrose and incubated at 4�C for 3 days. The plates were wrapped

with aluminum foil and incubated at 22�C for 5 days (5D) and kept under

wrapped conditions for 1 day (+1D) to 3 days (+3D) or illuminated for

1 day (+1L) to 3 days (+3L). To observe plant phenotypes in reproductive

stages, WT, fha2-2, hyl1-2, and fha2-2 hyl1-2 seeds were sown on MS

solid medium with 1% sucrose and grown at 22�C. Then, 14-day-old
seedlings were transferred to soil for further growth for 4 weeks. For the

seedling survival analysis, WT and fha2 seeds were surface sterilized

and plated onto half-strength MS solid medium without sucrose. Immedi-

ately, a 1.5-cm thick soil cover was added to the top of the medium and

placed in the dark for 7 days tomaximize the endosperm depletion of etio-

lated seedlings. Then, the starved seedlings were transferred to long-day

growth conditions.

Small RNA and mRNA deep sequencing

Using 10-day-old seedlings of WT and fha2-2 and hyl1-2mutants, miRNA

and mRNA sequencing were performed using the Illumina platform. For

small RNA sequencing, we obtained 56, 53, 49, and 52million clean reads

for WT, fha2-2, fha2-3, and hyl1-2, respectively, which were aligned with

the Arabidopsis genome. The expression levels of miRNAs (RPTM) in

the samples were calculated by normalizing themiRNA counts with the to-

tal number of clean reads in the small RNA libraries. For mRNA

sequencing, we obtained 16 843 389, 13 322 541, and 16 931 599 read-

pairs from WT, fha2-2, and fha2-3 seedlings, respectively (Supplemental

Figure 4). The quality of the clean reads was assessed using FastQC.

Read mapping on the reference sequences was performed using STAR

(Spliced Transcripts Alignment to a Reference). Expression was

quantified by counting reads, followed by analysis of differentially

expressed genes using Cuffquant, Cuffnorm, and Cuffdiff of Cufflinks
package (http://cole-trapnell-lab.github.io/cufflinks/; Trapnell et al.,

2010). The values for correlations between target mRNAs and miRNAs

were collected from previous studies and predicted using a Web-based

program (http://mirtarbase.cuhk.edu.cn/php/search.php). Up- and

downregulation of genes was considered to have occurred when the P

value was <0.05, and the absolute fold changes were R2.0.

RT-qPCR

Total RNAwas extracted from 10-day-old seedlings using the IQeasy Plus

Plant RNA Extraction Kit (iNtRON Biotechnology, Seongnam, Republic of

Korea) according to the manufacturer’s instructions. cDNA synthesis was

performed with 2 mg of total RNA using the Revert Aid First Strand cDNA

synthesis kit (Thermo Fisher Scientific, Waltham, MA) and oligo(dT)

primers according to the manufacturer’s instructions. Real-time qRT-

PCR was performed with 1:50 diluted cDNAs in 96-well plates using the

QGreenBlue 23 qPCRMasterMix (Cellsafe, Yongin-si, Republic of Korea)

and the Step One Plus Real-Time PCR system (Applied Biosystems, Fos-

ter City, CA). Transcript levels were normalized to PP2AA3 (protein phos-

phatase 2A subunit A3) mRNA as a control. Experiments were performed

using three independent biological replicates. All primers used in this

study are listed in the Supplemental Table 1.

Small RNA northern blot analysis

Small RNA northern blot analyses were performed as previously

described (Choi et al., 2020). Total RNA was extracted from 10-day-old

seedlings of WT, fha2-2, hyl1-2, and fha2-2 hyl1-2 using XENOPURE re-

agent (Xenohelix, Jeonju-si, Republic of Korea). The extracted RNA was

precipitated twice with 2-propanol (100% and 75%) and dissolved in

50% formamide. The purified RNA was separated using 5%–15% dena-

turing polyacrylamide gel electrophoresis (National Diagnostics, Atlanta,

GA). The resolved RNA was transferred onto a nylon membrane (Amer-

sham, Amersham, UK). The membrane blots were incubated with end-

labeled DNA probes for 12 h for hybridization (Ambion, Austin, TX). The

blots were then washed twice with washing buffer (saline–sodium citrate

and 0.1% sodium dodecyl sulfate, SDS) for 20 min each. Hybridization

signals were detected using Amersham Typhoon IP (GE).

BiFC

BiFC analysis was performed as previously described (Walter et al., 2004).

The FHA2 coding sequence (CDS) was cloned into the pSPYNE vector

containing the YFP N-terminal region (amino acid residues 1–155).

CDSs of HYL1 and SE, and genomic DNA encoding DCL1 were cloned

into the pSPYCE vector containing the YFP C-terminal region (residues

156–239) (Walter et al., 2004). Agrobacterium C58C1 strains, each

containing the pSPYNE, pSPYCE, or 35S:P19 construct, were co-

infiltrated at a 1:1:1.5 ratio, based on the optical density at 600 nm

(OD600 ratio), into the leaves of 3- to 4-week-old N. benthamiana plants.

BiFC signals were observed 48 h after infiltration in the abaxial side of

the leaf epidermis using a model LSM700 confocal laser scanning micro-

scope (Carl Zeiss).

To detect protein expression in BiFC experiments, approximately 100 mg

of leaf cell extract was resolved by SDS-PAGE and transferred to

Immobilon-P polyvinylidene fluoride (PVDF) membranes (Millipore, cat.

no. IPVH00010, Burlington, MA). Immunoblotting was performed using

an a-hemagglutinin-peroxidase-conjugated antibody (dilution 1:10 000,

cat. no. 12013819001; Roche, Basel, Switzerland), and an a-Myc-perox-

idase-conjugated antibody (dilution 1:10 000, cat. no. A5598; Sigma-

Aldrich, St. Louis, MO). Signals were detected using an ImageQuant

LAS 4000 (GE Healthcare Life Sciences, Amersham, UK).

Co-IP

Constructs of pCAMBIA1390-3Flag-FHA2, pCAMBIA1390-HYL1-6Myc,

pCAMBIA1390-SE-6Myc, and pEarleyGate-DCL1-6Myc were generated

as previously described (Choi et al., 2020). Agrobacterium C58C1 strains,

each containing the pCAMBIA1390-3Flag-FHA2, 6Myc-tagged construct,
Molecular Plant 14, 647–663, April 5 2021 ª The Author 2021. 659
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or 35S:p19 construct, were co-infiltrated at 1:1:1.5 OD600 ratio into leaves of

3- to 4-week-old N. benthamiana plants. Approximately 72 h after infiltra-

tion, 500 mg of infiltrated leaves were ground and mixed with an equal vol-

ume of cold IP buffer comprising 50mM sodium phosphate buffer (pH 7.4),

150 mM NaCl, 20 mM b-glycerophosphate, 2 mM NaF, 2 mM Na3VO4,

1 mM dithiothreitol, 10% glycerol, 0.5% Triton X-100, 0.5% NP-40, 50 mM

MG132, and EDTA-free cOmplete protease inhibitor cocktail (Sigma-Al-

drich). To remove cell debris, the mixed samples were centrifuged four

times at 15 000 rpm for 10min at 4�C.After centrifugation, each supernatant
containing 1.5 mg of total proteins was incubated with 10 mL of EZview Red

a-c-Myc affinity gel (Sigma-Aldrich) at 4�C for 4 h. After incubation, each af-

finity gel was washed five times with washing buffer (50 mM sodium phos-

phate buffer, pH 7.4, 150 mM NaCl, 1 mM dithiothreitol, 10% glycerol, and

0.1% Triton X-100). To elute proteins from affinity gels, each sample was

mixed with 30 mL of 23 SDS sample buffer and heated at 70�C for

10 min. After SDS-PAGE, immunoblotting was performed using an

a-Myc-peroxidase-conjugated antibody (dilution 1:10 000, cat. no. A5598;

Sigma-Aldrich), and an a-Flag M2-HRP-conjugated antibody (dilution

1:10 000, cat. no. A8592; Sigma-Aldrich). Signals were detected using an

ImageQuant LAS 4000 apparatus (GE Healthcare Life Sciences).

Purification of recombinant proteins and in vitro pull-down
assay

The CDS of FHA2 and SE were cloned into pMAL-C2X for MBP tagging.

CDS of HYL1, FHA2, and DCL1 domains (Helicase [239–779], DUF283

[836–942], PAZ [1176–1353], and RBD1 and RBD2 [1732-1909]) were

cloned into pGEX4T-1 with GST tag. These recombinant plasmids were

transformed into Escherichia coli BL21 (DE3) cells and cultured at 37�C
overnight in 10 ml of liquid LB medium. The bacterial culture was then

diluted to 1:100 and incubated at 37�C for 2 h. Then, 0.8 mM isopropylth-

iogalactoside (IPTG) was added to the culture and incubated at 37�C for 3

h. As an exception, the bacterial culture containing pMAL-C2X-SE was

grown overnight at 14�Cwith 0.25 mM IPTG. The bacteria were harvested

by centrifugation, resuspended in lysis buffer (20 mM Tris–HCl, 200 mM

NaCl, and 1 mM EDTA), and lysed by microsonication. After centrifuga-

tion, the supernatant was incubated overnight with amylose resin (New

England Biolabs, cat. no. E8021L; Ipswich, MA) for MBP or Glutathione–

Excellose (lot. no. 1712912801; Bioprogen, Daejeon, Republic of Korea)

for GST. The resins were washed with 50-times resin volumes of lysis

buffer. The recombinant proteins were eluted with 10 mM maltose or

10 mM glutathione, depending on the resin.

In vitro pull-down assays were performed using fusion proteins with MBP

or GST, including MBP-FHA2, GST-FHA2, GST-HYL1, MBP-SE, GST-

DCL1-Helicase, GST-DCL1-DUF283, GST-DCL1-PAZ, and GST-DCL1-

RBD. GST and MBP alone were used as the negative controls. These

fusion proteins and GST/MBP controls were expressed and purified

from E. coli. To examine the interactions between the FHA2 and DCL1 do-

mains, 4 mg of MBP-FHA2 and MBP-SE were bound to 50 ml of amylose

resin in lysis buffer containing 0.1% Triton X-100 at 4�C for 1 h and incu-

bated with GST-fused proteins (GST-DCL1-Helicase, GST-DCL1-

DUF283, GST-DCL1-PAZ, GST-DCL1-RBD, or GST) at 4�C for 4 h. After

incubation, the resins were washed 10 times with washing buffer (lysis

buffer with 1% Triton X-100), mixed with 50 ml of 23 SDS sample buffer,

and heated at 70�C for 10min. Inputs and pull-down samples were loaded

onto a 10% SDS-PAGE gel, and the resolved proteins were transferred to

a PVDF membrane (Millipore, cat. no. IPVH00010). Immunoblotting was

performed using a mouse monoclonal a-MBP antibody (dilution 1:5000;

CusaBio, cat. no. CSB-MA000061M0m; Houston, TX), and mouse mono-

clonal a-GST antibody (dilution 1:5000; ABM, cat. no. G018; Richmond,

BC, Canada). Signals were detected using an ImageQuant LAS 4000 de-

vice (GE Healthcare Life Sciences).

Yeast two-hybrid assay

Yeast two-hybrid assays were performed using the Matchmarker Gold

Yeast Two-Hybrid System (Clontech, Kusatsu, Japan), according to the
660 Molecular Plant 14, 647–663, April 5 2021 ª The Author 2021.
manufacturer’s instructions. The FHA2 CDS was cloned into the pGADT7

vector containing the GAL4 activation domain. The DCL1 domains (Heli-

case, DUF283, PAZ, and RBD) were cloned into the pGBKT7 vector con-

taining the GAL4 DNA-binding domain. Combinations of the recombinant

pGADT7 and pGBKT7 plasmids were transformed into the AH19 yeast

strain, and the growth of the yeast cells was observed in the selective

media.

In vitro pri-miRNA processing assay

The DCL1-associated microprocessor complex was immunoprecipitated

using an a-Myc antibody from 10-day-old 35S:DCL1-6Myc seedlings.

Ground samples were mixed with IP buffer (40 mM Tris–HCl [pH 7.5],

300mMKCl, 5mMMgCl2, 5mMDTT, 1mMphenylmethylsulfonyl fluoride

[PMSF], 0.2 mM EDTA, 2% glycerol, 0.2% Triton X-100, 0.3% [v/v] prote-

ase inhibitor cocktail [Sigma-Aldrich], and EDTA-free protease inhibitor

cocktail [Sigma-Aldrich]) to extract protein-small RNA complexes. After

removal of debris by centrifugation twice at 15 000 g for 15 min at 4�C,
the supernatant was incubated with a-Myc antibody (cat. no. A00704;

GenScript, Piscataway, NJ) for 3 h at 4�C, followed by incubation with

SureBeads Protein A Magnetic Beads (cat. no. 1614013; Bio-Rad, Hercu-

les, CA) for 3 h at 4�C. The beads were washed three times with IP buffer

and then three times with washing buffer (20 mM Tris–HCl [pH 7.5], 1 mM

DTT, 4 mMMgCl2, and 100mMKCl). The substrates pri-miR166c and pri-

miR159a were produced by in vitro transcription using MEGAscript T7

transcription kits (cat. no. AM1333; Invitrogen, Carlsbad, CA) with

[a-32P]-UTP for radiolabeling, following the manufacturer’s instructions.

In vitro DCL1 enzyme assays were performed in a total volume of 30 ml of

reaction buffer (20 mM Tris–HCl [pH 7.5], 50 mM KCl, 4 mMMgCl2, 1 mM

DTT, 7.5 mM ATP, 1 mMGTP, and 1 ml RNase Inhibitor [Ambion]) contain-

ing 1 ml of radiolabeled pri-miRNA (�2000 cpm) and 15 ml of the DCL1-

associated magnetic beads. The reaction mixture was incubated at

37�C for 3 h. After extraction with phenol-chloroform and precipitation

with ethanol, the processing products were separated using 5%–15%

denaturing PAGE. The denaturing gel was dried in a gel dryer (Bio-Rad)

at 65�C for 2 h. The processed RNA products were detected using a

BAS-2500 phosphorimager (Fujifilm, Tokyo, Japan).

EMSA

Small RNA EMSA was performed as previously described (Yang et al.,

2010) with minor modifications. Single strands of miR160, miR160*

(complementary sequences of miR160), miR164, and miR164*

(complementary sequences of miR164) (GenePharma, Shanghai, China)

were synthesized and end-labeled with [g-32P]-ATP (PerkinElmer, Wal-

tham, MA) using T4 polynucleotide kinase (cat. no. M0201s; New England

Biolabs) at 37�C for 30 min. These single-stranded miRNAs were hybrid-

ized to double-stranded forms (miR160/miR160* andmiR164/miR164*) by

heating for 20 min at 60�C and cooling for 1 h at room temperature. Pri-

miRNA166c was produced by in vitro transcription and radiolabeled

with [a-32P]-UTP, as described above. These radiolabeled RNA con-

structs were incubated with increasing amounts of MBP-FHA2, His-

HYL1, or His-DCL1-PRR for 1–2 h in EMSA binding buffer (10 mM Tris–

HCl [pH 7.9], 50 mM NaCl). After the reactions, RNA sample buffer and

formamide were added to the mixtures, and the reaction mixtures were

loaded into a Tris-Borate-EDTA (TBE; pH 8.0) PAGE gel (5%–13%

gradient) at ice-cold temperature. After electrophoresis, the gel was dried

in a gel dryer (Bio-Rad) at 60�C for 30 min. The RNA-protein binding prod-

ucts were detected using a phosphorimager (Typhoon IP, GE Healthcare).

Size-exclusion chromatography

Two-week-old WT/35S:FHA2-3Flag seedlings grown under constant

white light were homogenized in size-exclusion column (SEC) buffer

(50 mM Tris–HCl [pH 7.4], 1 mM MgCl2, 100 mM NaCl, 10% glycerol,

0.01% Triton X-100, 1 mM MG132, and 0.13 PI cocktail). The total cell

extract was centrifuged at 15 000 g for 20 min to remove cell debris.

The supernatant was transferred to a new tube and filtered through a
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0.45-mm non-pyrogenic filter (Sartorius, Goettingen, Germany) before be-

ing loaded into an SEC column (HiPrep16/60 Sephacryl S-200 HR; GE

Healthcare). €AKTA Pure (GE Healthcare) was used for further SEC auto-

matic analyses. The filtered supernatant was pre-equilibrated with the

SEC buffer and separated at a flow rate of 0.2 ml/min and each fraction

(0.5 ml) was collected. After concentration by StrataClean Resin (Agilent,

Santa Clara, CA), each protein sample was separated by 8%or 10%SDS-

PAGE gel with 63 protein sample buffer.

Analyses of FHA2 stability in light and in the dark

WT/35S:FHA2-3Flag overexpressing seedlings were grown in half-

strength MS liquid medium containing 30 mM glucose for 10 days. They

were then incubated for 16 h with 50 mM or 100 mMMG132, 0.5–13 com-

plete protease inhibitor cocktail (Sigma-Aldrich), or 100 mg/ml of CHX. To

inhibit 26S proteasome activity in dark-grown plants and plants undergo-

ing the dark-to-light transition, WT/35S:FHA2-3Flag overexpressing

seedlings grown in the dark for 5 days (5D) were illuminated or kept in

the dark for 2 days (+2L or +2D) and transferred to half-strength MS liquid

medium containing 50 mM MG132 for 16 h. Seedlings were ground and

mixed with IP buffer, and centrifuged twice at 15 000 rpm for 10 min at

4�C to remove debris. Samples were mixed with 53 SDS sample buffer

and heated at 70�C for 10 min. Five micrograms of total protein samples

were subjected to SDS-PAGE, and the resolved proteins were transferred

to PVDF membranes (cat. no. IPVH00010; Millipore). Immunoblotting was

performed using an a-Flag M2-horseradish peroxidase-conjugated anti-

body (dilution 1:10 000; cat. no. A8592; Sigma-Aldrich) and a-ACT2 anti-

body (dilution 1:5000; cat. no. AS13 2640, Agrisera, V€ann€as, Sweden).

Signals were detected using an ImageQuant LAS 4000 device (GE Health-

care Life Sciences).

RIP RT-qPCR

Twelve days after germination, the WT and fha2-2 seedlings were used to

extract immunoprecipitated RNA using HYL1 antibody. Approximately 1 g

of seedlings was ground and mixed with an equal volume of cold RIP

buffer (20 mM Tris–HCl [pH 7.4], 135 mM NaCl, 20 mM KCl, 2.5 mM

MgCl2, 0.1% Triton X-100, 10 mM MG132, 0.1% RNase inhibitor [Thermo

Scientific], and EDTA-free cOmplete protease inhibitor cocktail [Sigma-

Aldrich]). The mixed samples were centrifuged six times at 15 000 rpm

for 10min at 4�C to remove cell debris. After centrifugation, equal amounts

of each supernatant were incubated with 10 mL of the HYL1 antibody at

4�C for 2 h. Subsequently, 40 mL of Protein A beads was added to each

mixture and incubated at 4�C overnight. After incubation, each bead

was washed four times with washing buffer (20 mM Tris–HCl [pH 7.4],

135 mM NaCl, 20 mM KCl, 2.5 mM MgCl2, 0.5% Triton X-100, and

0.1% RNase inhibitor [Thermo Scientific]). To elute HYL1-bound RNA,

the QIAquick Nucleotide Removal Kit (Qiagen, Hilden, Germany) was

used and RNA was collected according to the manufacturer’s instruc-

tions. cDNA was synthesized using a cDNA synthesis kit (Thermo Fisher

Scientific) and Random Hexamer Primers (Thermo Fisher Scientific, cat.

no. SO142). RT-PCR was performed in 96-well plates using Real-Time

qPCR 2X Master Mix (Elpis, Daejeon, Republic of Korea) and the Step

One Plus Real-Time PCR system (Applied Biosystems). The experiments

were performed in four independent biological replicates. All primers used

in this study are listed in Supplemental Table 1.
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