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Abstract

RNA silencing is a crucial regulatory mechanism for controlling gene expression,
primarily mediated by small RNAs such as short interfering RNAs (siRNAs) and
microRNAs (miRNAs), which regulate target mRNA cleavage or translational
repression. HUA ENHANCER 1 (HEN1), functioning as a 2'-O-methyltransferase, is
responsible for methylating the 3' termini of small RNAs to protect them from nuclease
degradation and maintain their stability. Loss of HEN1 activity results in the production
of unmethylated miRNAs, which are subsequently uridylated by HESO1 and targeted
for degradation. P1/HC-Pro™, serving as a viral suppressor of RNA silencing (VSR),
functions by inhibiting the methyltransferase (MTase) activity of HEN1 to bind
miRNAs, thereby disrupting RNA silencing mechanisms.

This study examines the impact of HEN1 MTase activity, both in vitro and in
vivo, on plant gene regulation and RNA silencing capacity. We successfully constructed
inducible HESO1 transgenic plants (HA-HESO1/P1/HC-Pro™/hesol-1 and HESOI-
HA/P1/HC-Pro™/hesol-1 plants) and established a foundation for further investigation
of HESO1-mediated autophagic AGO1 degradation. Moreover, through in vitro
methylation activity assay, we confirmed that his-AtHEN 17N (the mutant form of
AtHEN1) completely loses its ability to methylate miRNAs, directly demonstrating the
critical impact of the D719N mutation on RNA silencing function. Notably, the

v
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corresponding conserved site mutation (D760N) in Marchantia polymorpha HEN1
(MpHENT1) retains partial methylation activity, revealing evolutionary differences in
protein function between species. Transcriptomic analysis revealed similarities in gene
expression patterns between hen -8 mutant and P1/HC-Pro™ plants. Gene-to-gene
network analysis identified 76 common genes, of which 11 are associated with light
signaling pathways, including core circadian clock components CCA7, LHY, and PRR5.
This further reveals potential correlations between RNA silencing and other regulatory
mechanisms. Degradome analysis further elucidated the complex interactions among
HEN1, HESO1, and P1/HC-Pro™ in the regulation of RNA silencing. This study offers
valuable insights into the molecular mechanisms underlying HEN1 methylation activity
in plant development and environmental adaptation. We present the first in vitro
experimental evidence confirming the loss of methylation function in AtHEN 17N and
establish new research directions for RNA silencing mechanisms through gene-to-gene

network analysis.

Keywords: RNA silencing, HEN1, P1/HC-Pro™, HESO1, Methylation
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Introduction

RNA silencing is a crucial regulatory mechanism for gene expression. This

mechanism primarily involves small RNAs, such as short interfering RNAs (siRNAs)

and microRNAs (miRNAs), which can target their target mRNA, promote its

degradation, or inhibit translation (Incarbone and Dunoyer, 2013). The RNA silencing

pathway begins with the recognition of aberrant RNA structures, including double-

stranded RNA (dsRNA), highly structured single-stranded RNA, or transgene-derived

transcripts. These target RNAs are processed by DICER-LIKE (DCL) proteins,

primarily DCL1, DCL2, DCL3, and DCL4, which cleave the dsSRNA precursors into 21-

to 24-nucleotide (nt) small RNA duplexes (Deleris et al., 2006). The resulting small

RNA duplexes possess characteristic 2-nt 3' overhangs and 5' phosphate groups.

Following DCL processing, the small RNA duplexes undergo strand selection, where

one strand (guide strand) is preferentially loaded into RNA-induced silencing

complexes (RISC). In contrast, the passenger strand is typically degraded. The

incorporated guide strand directs RISC to target complementary mRNA sequences.

Crucially, Hua Enhancer 1 (HENT1), a 2'-O-methyltransferase (MTase), plays a crucial

role in the methylation of small RNA 3'-ends, which involves the addition of a methyl

group to the 2'-OH of the 3'-terminal nucleotides of small RNA, resulting in methylated

miRNAs (Met-miRNAs), which also protect them from 3' to 5' exonuclease degradation
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and ensure their stability (Yu et al., 2005). After HEN1 methylates siRNA or miRNA,

these stabilized small RNAs are loaded into the RISC complex and bind to argonaute 1

(AGO1). The RISC then recognizes and binds to target mRNAs through sequence

complementarity, ultimately executing gene silencing functions. MiRNAs primarily

inhibit translation or promote mRNA degradation (Bartel, 2004; Guo et al., 2010).

The processing of Met-miRNA prevents miRNA degradation by nucleases,

thereby stabilizing miRNAs. The full-length of Arabidopsis HEN1 (AtHENT1) is 942

amino acids. AtHEN1 has five domains, including two double-stranded RNA binding

domains (dsRBD1 and dsRBD2), La-motif-containing domain (LCD), PPIlase-like

domain (PLD), and MTase domain (Huang et al., 2009). Current studies demonstrate

that the hen -8 mutant of Arabidopsis exhibits a series of phenotypes (Chen et al., 2002;

Yu et al., 2005). The heni-8 plant of Arabidopsis has the D719N mutation on the MTase

of HEN1. These phenotypes clearly confirm the critical role of HEN1 in normal plant

growth and development. However, current research on /en /-8 mutant phenotypes

primarily relies on in vivo genetic analysis and phenotypic observations, lacking direct

biochemical evidence to elucidate how HEN1 lose its activity to regulate these

developmental processes at the molecular level.

Marchantia polymorpha, commonly known as liverwort, belongs to the

bryophytes, an early land plant. Previous studies have indicated that the HEN1 of plant
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species share a common ancestor and exhibit highly conserved sequence identities,
especially in the MTase domain. Moreover, M. polymorpha HEN1 (MpHEN1) contains
the same functional domains as AtHEN1 (Sanobar et al., 2021). Currently, M.
polymorpha has become one of the most studied model plants. However, research on M.
polymorpha RNA silencing is limited, mainly because M. polymorpha is haploid, and
the majority of RNA silencing component genes, such as MpHEN1 and MpAGOl, are
critical and exist in a single copy (Pietrykowska et al., 2022). Once these genes mutate,
it directly leads to lethality, making it impossible to produce viable mutant strains.
The P1/helper-component protease (P1/HC-Pro) from turnip mosaic virus (TuMV) is a
viral suppressor of RNA silencing (VSR) (Kasschau et al., 2003). Yu et al. (2006)
demonstrated that the miRNA methylation is inhibited in transgenic Arabidopsis
expressing the HC-Pro gene of TuMV. Pan et al. (2025) further confirmed that HC-Pro™
counteracts RNA silencing by inhibiting HEN1 from methylating miRNA, resulting in
unmethylated miRNAs (unMet-miRNAs), and leading to the autophagic degradation of
AGO1. When AGOL is degraded by autophagy, the amount of RISC decreases, leading
to a reduction in RNA silencing efficiency.

When AGO1-bound miRNAs accomplish their functional roles and require
metabolic degradation, A family of DEDD 3' to 5' exonucleases known as small RNA

degrading nucleases (SDN5s) step in to initiate the degradation process by first removing
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the methyl group from the miRNA 3'-ends (Chen et al., 2018). Following
demethylation, HEN1 suppressor factor 1 (HESOI), a terminal uridylyl transferase
(TUTase), adds uridines to miRNA (Tu et al., 2015). This uridylation serves as a signal
for the degradation of the miRNA. Pan et al. (2025) observed the presence of
unmethylated miRNA and the restoration of AGO1 levels in PI/HC-Pro™/henl-
8/hesol-1 plants, suggesting that HESO1 may trigger the autophagic degradation of
AGO1 during the loading of unmethylated miRNA. However, the complex relationships
among P1/HC-Pro™, HEN1, HESO1, and AGO1 still require further research.
In light of recent findings, we propose four key questions: (1) Does HESOI reduce
AGO1 protein levels? (2) Does the D719N mutation in the AtHEN1 recombinant
protein possess methylation activity? Does MpHEN1, which carries a mutation at the
same conserved site, retain methylation capability? (3) Are there differentially
expressed genes in henl-8 mutants and PI/HC-Pro™ plants that influence regulatory
mechanisms other than RNA silencing? (4) What are the effects on RNA silencing in the
double mutant henl-8/hesol-1 plants, the P1/HC-Pro™/hesol-1 plants, and the PI/HC-
Pro"™/henl-8/hesol-1 plants?

In this study, we successfully induced the HESO1 transgene in the PI/HC-
Pro™/hesol-1 background, and the relationship between HESO1 and AGO1 can be

further explored in the future. Furthermore, we employed in vitro experiments to
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demonstrate that His-AtHEN 127N has lost the ability to methylate miRNAs, directly
proving that His-AtHEN 127N affects RNA silencing. Notably, the mutation at the same
conserved site of MpHENI retained the partial methylation activity, highlighting the
protein differences between species. Since hen -8 mutants and P1/HC-Pro™ plants both
generate unMet-miRNAs, we performed transcriptomic analysis with gene-to-gene
network modeling. This comparative approach revealed similarities between the henl-8
mutant and the P1/HC-Pro™ plants, paving the way for a new direction in investigating

RNA silencing mechanisms.
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Materials and methods
Plant material and growth conditions

Arabidopsis thaliana Columbia (Col-0), henl-8/hesol-1, P1/HC-Pro™/hesol-1,
P1/HC-Pro"™/henl-8/hesol-1 plants (Pan et al., 2024), HA-HESO1/P1/HC-Pro™/hesol-
1, HESO1-HA/P1/HC-Pro™/hesol-1 plants were used in this study. The seeds were
surface-sterilized with 70% ethanol and 3% bleach containing 0.01% Tween-20 before
germinating on half-strength MS (0.9% agar, pH 5.7) medium or MS media, both them
supplemented with or without the appropriate antibiotics. All plants were incubated in a
growth room (24 h light, 22-24°C). Seven-day-old seedling of HA-HESO1/P1/HC-
Pro™/hesol-1 and HESO1-HA/P1/HC-Pro™/hesol-1 were transferred to MS media with
or without the bestradiol inducer and maintained under 24 h light at 22-24°C for seven

days.

Purification of recombinant protein

Protein expression constructs of pET28a-his-AtHEN1, pET28a-his-
AtHENIP7PN pET28a-his-MpHEN1, and pET28a-his-MpHEN 127N plasmids were
introduced into Escherichia coli Rosetta BL21 strain, then propagated on Luria Agar
(LA) medium containing the appropriate antibiotics for 16 h. A single colony was

inoculated in 10 mL Luria Broth (LB) with the antibiotics for 16 h at 37°C, 220 rpm.
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Subsequently, the culture was diluted into LB medium at a 1:100 (v/v) ratio and

maintained at 37°C with agitation at 150 rpm. The bacteria were chilled at 19°C with

agitation at 150 rpm for 30 min, followed by the addition of IPTG to a final

concentration of 0.1 mM to trigger protein expression, and then maintained at 19°C with

agitation at 90 rpm for 16-20 h. Afterwards, the cells were collected by centrifugation at

4,000-5,000 rpm for 10 min at 4°C, then suspended in 60-100 mL of lysis buffer (50

mM Tris-HCI, pH 8.0, 300 mM NaCl, | mM DTT, and 10 mM imidazole)

supplemented with newly prepared 1 mM phenylmethylsulfonyl fluoride (PMSF). The

cells were disrupted at 15,000-18,000 psi using a high-pressure cell disrupter until the

solution became transparent. The cell lysate was centrifuged at 13,000 rpm for 30 min at

4°C, and the supernatant was passed through a 0.45 pm filter. The filtered sample was

loaded onto a HisTrap column. The column was washed with wash buffer (50 mM Tris-

HCI, pH 8.0, 300 mM NaCl, 1 mM DTT, and 20 mM imidazole), and the bound

proteins were recovered using elution buffer (50 mM Tris-HCI, pH 8.0, 300 mM NacCl,

I mM DTT, and 200 mM imidazole). The eluted fractions were examined via SDS-

PAGE, and the purified proteins were dialyzed overnight at 4°C in dialysis buffer (10

mM Tris-HCI, pH 8.0, 100 mM NaCl, I mM DTT, 0.1 mM EDTA, and 2 mM MgCl2)

ata 1:100 (v/v) ratio. The dialyzed proteins were preserved at 4°C.
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Western blot

The protein solution was mixed with an equal volume of 2x SDS loading buffer
(2% SDS, 10% glycerol, 1% B-mercaptoethanol, 0.05% bromophenol blue, and 50 mM
Tris-HCI pH 6.8). Subjected to 100°C for 5-10 min and chilled on ice for 5 min. 10-15
uL of each specimen was applied onto SDS-PAGE for examination. The gel was blotted
onto a PVDF membrane using migration buffer (50 mM Tris-base, 40 mM glycine, 1
mM SDS, and 20% methanol). The membrane was masked in rinse buffer containing
5% skim milk for 1 h at ambient temperature and maintained overnight at 4°C with the
primary antibody. The following day, the membrane was rinsed and maintained for 1 h
at ambient temperature with HRP-linked anti-rabbit IgG. After rinsing, the membrane
was visualized using the WesternBright ECL system. Results were measured with Image

J's gel analysis function.

HENTI1 activity assay

The synthetic miR159 sense and antisense strands were annealed using 5x
annealing buffer (300 mM KCI, 30 mM HEPES pH 7.5, and 1 mM MgCl,) at 95°C for
5 min and then cooled down gradually to room temperature. A total of 0.4 ng of ds-syn-
miR 159 was then subjected to a methylation process with different content of purified

proteins (his-AtHENT, his-AtHEN 127N his-MpHENT, and his-MpHEN1P7¢0N) 10 uL
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NEB Cutsmart buffer with 0.01 uL DTT, and 3.2 mM SAM. The solution was incubated

at 37°C for 90-120 min.

B-elimination

The periodate oxidation method was employed to examine methylation activity of

HENT. The isolated RNA was mixed in 176 pL of 0.06M borax/boric acid (pH 8.6) and

24 uL of newly prepared 0.2 M sodium periodate, followed by reaction in darkness at

room temperature for 1 h. The mixture was filtered through the pre-packed Sephadex G-

25 resin (GE Healthcare). One-tenth volume of glycerol was subsequently added,

followed by an additional 30-min reaction period. The mixture was precipitated with 1

uL of glycogen (15ug/uL), 22 pL of 3 M NaOAc, and 800 pL of 99% EtOH. The

solution was spun at 13,000 rpm, 4°C, for 15 min after being kept on ice for 10 min.

After RNA precipitation, B-elimination was conducted with 100 pL of 0.055M

borax/boric acid/NaOH (pH 9.5) at 45°C for 90 min. The mixture was then purified with

Sephadex G-25 resin. Finally, the RNA was precipitated once more and analyzed using

small RNA northern blot analysis.

Northern blot

In northern blot analysis, the FA dye was added to the RNA samples at a 1:1 ratio,
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and the mixture was incubated at 65°C for 10 min. The sample was then cooled on ice

for 5 min. The RNA samples were separated on a 20% polyacrylamide gel with 8 M

urea. After running gel electrophoresis in 1x TBE buffer, the gel was transferred to a

Hybond-N+ membrane by a Semi-Dry transfer system. The cross-linked membrane was

prehybridized with Ambion Ultrahyb-Oligo solution at 42°C for 1 h. Afterward, the

membrane was hybridized with y-32P labeled antisense miR159. The X-ray film

exposed the miR159 signals on the membrane at -80°C. The results were quantified

using the gel analysis function in ImageJ.

Electrophoretic mobility shift assay (EMSA)

The artificial complementary sequences of miR159 and miR160a were paired in

5% coupling buffer (30 mM HEPES pH 7.5, 300 mM KCIl, and 1 mM MgCI2) at 95°C

for 5 min. Subsequently, the temperature was slowly reduced to ambient temperature.

The ds-syn-miR159 and ds-syn-miR160a were y-32P-tagged using T4 polynucleotide

kinase and cleaned with G-25 beads. Isolated proteins were combined with 0.4 ng of y-

32P-tagged ds-syn-miR 159 solution with reaction mixture (5x; 40 mM Tris-HCI, pH

8.0, I mM MgCl2, 30 mM KCI, 0.01% NP-40, and 1 mM dithiothreitol). The solution

was maintained for 1 h at ambient temperature. Following incubation, the reaction was

blended with 6x loading buffer (0.25% bromophenol blue, 0.25% xylene cyanol, and
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40% glycerol) and applied onto a 5% native gel (30% acrylamide 37.5:1, 0.5% TBE

buffer, 10% APS, and 1% TEMED). Electrophoresis was conducted at 60V for 1 h. The

gel was dehydrated at 60°C for 45 min, then subjected to X-ray film at -20°C.

Degradome library construction and sequencing

Degradome analysis was performed to assess the expression levels of miRNA-

targeted mRNAs by analyzing the RISC 3'-cleavage fragments, following the protocol

by Hong et al. (2024). Total RNA was extracted from 14-day-old plant seedlings using

the Plant Total RNA Extraction Miniprep Kit (Viogene-Biotek Corporation, New Taipei

City, Taiwan). A total of 10 pg of extracted RNA was used to isolate mRNA using the

Dynabeads mRNA DIRECT Purification Kit (Thermo Fisher Scientific). To further

purify the mRNA, the eluted mRNA was repurified using Dynabeads. After isolation,

the RNA was heated to 70°C and ligated with a 5' adaptor (12 pM) using T4 RNA ligase

1 (New England Biolabs) at 25°C for 2 h. The ligated mRNA was then purified again

using Dynabeads to remove any excess 5' adaptors. The purified 5' ligated RNA was

precipitated with isopropanol (Honeywell) and glycoblue (Thermo Fisher Scientific) at -

80°C for 12 h to concentrate the samples. The precipitated mRNA was subjected to

reverse transcription using a 3' adaptor random primer (20 uM) and a poly(T) primer

(2.6 uM) with the SuperScript IV Reverse Transcriptase kit (Thermo Fisher Scientific).
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The resulting cDNA library was amplified via PCR using a forward primer and a unique
reverse primer (250 nM) each containing a 6-nt index for sequencing identification
using the LongAmp Taq 2% Master Mix kit (New England Biolabs) for 15 to 17 cycles.
The amplified cDNA library was purified using Agencourt AMPure XP beads
(Beckman-Coulter). Finally, cDNA concentration and fragment distribution were
measured using the Qubit dsSDNA HS Assay Kit (Thermo Fisher Scientific) and QSepl
(Bioptic). Sequencing was performed on the NovaSeq X platform (Illumina) in paired-
end mode with a read length of 150 bp. The degradome analysis was conducted as

described by Lin et al. (2016).

Whole-transcriptome analysis

The transcriptome analysis was conducted using the ContigViews platform
(www.contigviews.bioagri.ntu.edu.tw), developed by the Next-Generation Sequencing
Core Facility at National Taiwan University, which specializes in transcriptomic data
visualization and network analysis. For the network analysis performed in this study,
differentially expressed genes (DEGs) with a twofold change in expression levels
among Col-0, hen1-8, and P1/HC-Pro™ samples (n = 3) and an 80% success rate across
biological replicates were selected. To minimize background noise from low-expression
genes, genes with logio FPKM values below 1.14 were excluded. Pearson correlation
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coefficients were calculated to evaluate the interactions between gene expression levels,

with a cutoff of 0.92 for positive correlations and -0.92 for negative correlations.

Parameter selection was based on the expression levels and biological significance of

prominent genes while considering the complexity of the network structure to optimize

data exploration. The gene interaction network was constructed and visualized using the

ContigViews platform, where node size and edge thickness represent the importance of

genes and the strength of interactions, respectively.
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Results
Inducible HA-HESO1/P1/HC-Pro™/hesol-1 and HESOI-HA/P1/HC-Pro™/hesol-1
plants

We aim to generate inducible HESOI transgenic constructs, which are
incorporated in P1/HC-Pro™/hesol-1 plant background. To achieve this purpose, we
conducted two inducible HESO! constructs, HA-HESOI and HESOI-HA genes, driven
by pERS binary vector, named pER8-HA-HESO1 and pER8-HESO1-HA, respectively
(Fig.1A). Both inducible binary vectors were transferred into P1/HC-Pro™/hesol-1
plant by agrobacterium-mediated flowering transformation.

To confirm AtHESO1 expression, we first performed Agrobacterium-mediated
transient transformation in Nicotiana benthamiana leaves with AtHESO1-YFP and YFP
control constructs (Fig. 1B). We obtained an HA-HESO1/P1/HC-Pro™/hesol-1 plant
line #6, which has a HA-tag fusion at the N-terminal of HESO1 (Fig. 1A, panel 1). In
addition, we obtained another line, HESOI-HA/P1/HC-Pro™/hesol-1 plants line #7,
which has a HA-tag fusion at the C-terminal of HESO1 (Fig. 1A, panel ii). Both lines
were capable of being induced by B-estradiol inducer to generate HA-HESO1 and
HESO1-HA (Fig. 1C, panel i). Western blot analysis revealed that HA-HESO1/P1/HC-
Pro™/hesol-1 plants induced HA-HESO1, approximately 66 kDa by B-estradiol

treatment; whereas HESO1-HA/P1/HC-Pro™/hesol-1 plants induced HESO1-HA,
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approximately 64 kDa (Fig. 1C, panel 1). Quantitative analysis showed that HA-HESO1
expression was 2.38-fold higher than HESO1-HA expression (Fig. 1C, panel ii).
Notably, transient-expressed AtHESO1-YFP showed at 75 kDa, which was used as
HESOI1 positive control (Fig. 1C, panel 1). Neither the mock treatment of NV.
Benthamiana nor Col-0 plants exhibited undetectable HESO1 (Fig. 1C, panel i), thereby
both transgenic HESO1 plants in P1/HC-Pro™/hesol-1 background has been confirmed
successful inducting HESOL1. The results of the failure to detect the endogenous HESO1
in Col-0 plants may be due to the low levels of endogenous HESOI that are out of the
detection limit of the a-HESO1 antibody. To investigate whether HESO1 affects AGO1
levels, we used Actin as an internal reference gene for normalization and quantified
AGOL1 expression levels relative to Actin loading. HA-HESO1 induction showed
increased AGOI levels; however, the Actin loading in this sample differed substantially
from other samples, making it difficult to establish a clear correlation. In contrast,
HESOI1-HA induction showed a decreasing trend in AGO1 levels compared to the

control group (Fig. 1C, panel ii).

D719 of HENI1 is a conserved amino acid in the MTase domain
We compared the AtHEN1 amino acid sequences of Arabidopsis (AtHEN1),
which belongs to angiosperms, and Marchantia polymorpha (MpHEN1), which belongs
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to bryophytes (Fig. 2). The sequence alignment between AtHEN1 and MpHEN 1
revealed a 54% similarity, suggesting potential functional similarities. Yu et al. (2010)
demonstrated that the sen/-8 mutant, which has a D719N mutation on the MTase of
AtHEN]1, affects the MTase activity. The D719 residue on the MTase of AtHENI is a
highly conserved amino acid, whereas MpHENI, it is also conserved at position 760
(D760). We suggested that D760 in MpHENT1 might also play a critical role in the
activity of MTase.

Although the hen -8 mutant has been shown to have the unMet-miRNA in vivo
(Zhao et al., 2012), there is no evidence that any AtHEN1P7!°N methylation activity has
been demonstrated in vitro. Therefore, we would like to demonstrate recombinant His-
AtHENI1P7N methyltransferase activity in vitro. Additionally, we aim to create a

recombinant MpHEN1P76N tg assess the methyltransferase activity in this study.
p y y y

Construction and purification of the HEN1 recombinant protein

To investigate how the functionality of the hen /-8 mutant is altered, we used the
pET28a-his-AtHENI1 plasmid as a template and employed site-directed mutagenesis to
generate the his-AtHEN 1PN in the pET28a vector, named pET28a-his-AtHEN1P719N
(Fig. 3). We employed E. coli to express pET28a-his-AtHEN1 and pET28a-his-
AtHEN1P7N 'We utilized FPLC for purification of these recombinant proteins (Fig. 4).
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Given that only one amino acid was modified, the a-AtHEN1 antibody retained its
ability to recognize his-AtHEN1P7!°N (Fig. 5). Western blot analysis indicated that we
successfully purified the his-AtHEN1 (130 kDa) and his-AtHEN1P7!°N (130 kDa).
Based on our successful expression of the his-AtHEN1P7!°N in bacteria, we aim
to purify his-MpHEN1P76N to investigate the MpHEN1 MTase activity. Therefore, we
collaborated with a laboratory at Kyoto University and obtained the his-MpHEN1P760N
for the in vitro activity evaluation. his-AtHEN1, his-AtHEN1P7!°N his-MpHEN1, and
his-MpHEN P76 were purified by His-Trap column. The solubilized his-HEN1
showed a 130 kDa band in the eluted fractions (Fig. 4). The purified proteins can be

subjected to functional assays in vitro.

Small RNA binding of AtHENT1 is not affected by the D719N mutation in the
MTase domain

First, we aimed to examine how the stability of his-AtHEN1 and his-AtHEN1P71°N
affects their activity. To assess this, we purified two batches of his-AtHEN1 and his-
AtHENIP7PN at different time points. One batch was stored at 4°C for 6 weeks, while
the other batch was stored at 4°C for 3 weeks. We utilized electrophoretic mobility shift
assays (EMSA) to evaluate the binding capability of his-AtHEN1 and his-AtHEN 171N
to miRNA duplex. The EMSA results indicated that his-AtHEN1 and his-AtHEN1P71°N,
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stored for 6 weeks, lost their ability to bind miRNA duplexes, whereas the proteins
stored for 3 weeks retained the ability to bind most miRNA duplexes (Fig. 6A). These
results indicate that the stability of his-AtHEN1 and his-AtHEN1P7"N ig critical for in
vitro experiments.

Next, we aimed to demonstrate that his-AtHEN1P7!°N retains the capacity to bind
small RNAs. We separately used miR159 duplex and miR160a duplex with his-
AtHENI and his-AtHEN1P7PN, The EMSA results showed that both his-AtHEN1 and
his-AtHEN 1PN retained the ability to bind miRNA duplexes (Fig. 6B and C). These
findings suggested that the D719N mutation on the MTase of AtHEN1 does not affect

small RNA binding.

D719N on MTase domain of AtHEN]1 affects MTase activity

We demonstrated that the ability of his-AtHEN1P7!°N in binding small RNAs.
Next, we aimed to determine whether his-AtHEN1P7!°N retains the ability to methylate
the small RNAs. The B-elimination-treated miRNAs revealed methylated miR159 (Met-
miR159), where the band was present at the 21-nt positions, while unmethylated
miR159 (unMet-miR159) showed at the 20-nt positions (Fig. 7A). Quantitative results
of three biological replicates indicate that his-AtHEN1 exhibited an average of 55%
Met-miR159 and 45% unMet-miR 159 (Fig. 7A and B). In contrast, his-AtHEN1P7!°N
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displayed 100% unMet-miR159 (Fig. 7A and B). These findings demonstrated that his-
AtHENIP7N has lost the ability to methylate miRNAs. This indicates that the D719N
mutation in the MTase of AtHEN1 affects its methylation capability.

In principle, the in vitro his-HENT activity assay should show most Met-miRNA.
However, the his-AtHENT1 only showed an average 55% Met-miR159 (Fig. 7).
Therefore, we aim to develop several approaches to reduce the proportion of unMet-
miRNA. The first approach was to re-anneal the miR160a duplex. Before performing
the HEN1 activity assay, we incubate the miR160a duplex at 50°C for 1 min, then allow
it to cool to room temperature slowly. The result of the re-annealing miR160a duplex
reacted with his-AtHEN1 showed 64% and 51% Met-miR160a (Fig. 8A). The non-
reannealed miR160a duplex reacted with his-AtHEN1 showed 52% and 59% Met-
miR160a (Fig. 8A). The data suggested that the reannealed miR160a duplex might solve
the unMet-miRNA problem in his-HENT1 activity assay.

Next, we increased the dose of his-AtHENT in the in vitro assay. The results
showed that the dose of his-AtHEN1 was 0.3 ng, with a Met-miRNA ratio of 34% (Fig.
8B). However, increasing the dose of his-AtHEN1 to 0.6 ng resulted in a Met-miRNA
ratio of 59%. Moreover, the dose of his-AtHEN1 was 1.8 ng and showed that 79% Met-
miRNAs (Fig. 8B). These findings indicated that the dose of his-AtHENI1 affects the
amount of methylation of small RNAs, and reannealing miRNA duplexes is a necessary
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step before performing the in vitro HEN1 activity assay.

His-MpHEN1P76N retained its methylation capability

We also aimed to investigate his-MpHEN1P70N to evaluate its MTase activity.
First, we utilized EMSA to evaluate the small RNA binding activity of his-MpHENI
and his-MpHEN 1PN 'We incubated the miR159 duplex with his-MpHEN1 and his-
MpHEN P76 The results indicated that both his-MpHENT1 and his-MpHEN P76 can
bind with the miR159 duplexes (Fig. 9A), which is consistent with the findings
observed for his-AtHEN1 and his-AtHEN1P71°N,

1D760N retains the

Furthermore, we aimed to determine whether his-MpHEN
ability to methylate small RNAs. The B-elimination results revealed that negative
control (miR159 duplexes) appeared as a 100% of 21-nt Met-miR159, and 0% of 20-nt
unMet-miR 159 (Fig. 9B). Quantitative analysis indicated that the methylation activity
of his-MpHENI1 increased in a dose-dependent manner with the amount of recombinant
protein present (Fig. 9B). The dose of his-MpHENT1 as 0.55 ng, the results showed 67%
Met-miR 159 and 33% unMet-miR 159 (Fig. 9B). And increasing the dose of his-
MpHENT1 as 1.1 ng, the result showed that 100% Met-miR159. In contrast, 0.62ng of
his-MpHEN 1PN showed 38% Met-miR159 and 62% unMet-miR159 (Fig. 9B).

Interestingly, 3.1 ng of his-MpHEN1P76N showed 46% Met-miR 159 and 54% unMet-
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miR159 (Fig. 9B). These results revealed that his-MpHENI1 is capable of miRNA
methylation. However, his-MpHEN 170N gtil] retains partial MTase activity, unlike his-

AtHENIP7N which has completely lost the MTase capability.

Comparative gene-to-gene network and transcriptome analysis

In previous studies, comparative network analysis of P1/HC-Pro™ revealed an
overall perspective to identify many critical genes involved in RNA silencing (Hu et al.,
2020). P1/HC-Pro™ suppresses HEN1 to produce unMet-miRNA, while the henl-8
mutant loss-of-function mutation also generates unMet-miRNA. This prompted us to
further explore whether the gene networks resulting from these two conditions are
similar. The comparative analyses of the RNA-Seq profiles of Col-0 vs. PI/HC-Pro™,
sample, and Col-0 vs. henl-8 sample sets revealed 1990 and 1454 DEGs, respectively.
These DEGs were then used for a network analysis using the ContigViews system,
which revealed 247 and 170 genes in the networks, respectively (Fig. 10A). A Venn
diagram showed that 76 genes were found in both comparative analyses (Fig. 10B).

To further elucidate the functions of the common genes in the P1/HC-Pro™ plants
and hen -8 mutants, we performed gene annotation and functional classification.
Among these 76 common genes, 11 genes are indicated to be related to light signaling.

CIRCADIAN CLOCK ASSOCIATED 1 (CCAI), LATE ELONGATED HYPOCOTYL
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(LHY), and PSEUDO-RESPONSE REGULATOR 5 (PRR5) are core components of the

biological clock that affect plant growth and development by regulating the circadian

rhythm (Alabadi et al., 2002; Nakamichi et al., 2012). CCAI and LHY were positively

correlated and PRR) is located in negatively correlated regions (Fig. 11). Siré et al.

(2009) pointed out that changes in miRNA accumulation throughout the day appear to

be a response to light and are not governed by the circadian clock. This finding provides

a valuable perspective for investigating whether genes related to the circadian clock,

such as CCAI and LHY, may have other regulatory effects. The molecular mechanism

by which CCA1 influences the circadian expression of GRP7 and its significance for

clock output—specifically, pathogen defense—has been emphasized important defense

gene in plants (Gao et al., 2022).

CONSTANS-LIKE 2 (COL2), FLAVIN-BINDING KELCH REPEAT F-BOX 1

(FKFI), CYCLING DOF FACTOR 3 (CDF3), CYCLING DOF FACTOR 5 (CDFY5), and

SALT TOLERANCE HOMOLOGUE (STH) participate in light signal perception and

transduction (Imaizumi et al., 2003; Gangappa et al., 2013; Corrales et al., 2017; Zhang

et al., 2023). CDF3 was shown to be positively correlated with CCA/ and COL2, and

STH (Fig. 11). PRR5 and CDF5 are located in negatively correlated regions. HYS

HOMOLOG (HYH), GOLDEN2-LIKE 2 (GLK?2), and HOMEOBOX PROTEIN 23

(HB23) are involved in the transcriptional regulation of light-signaling response (Choi
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et al., 2014; Marzi et al., 2020; Zhang et al., 2024). GLK? is positively correlated with
STH, COL2, and HYH (Fig. 11). HB23 is related to genes such as GLUTATHIONE §-
TRANSFERASE F8 (GSTFS8) and HIGH MOBILITY GROUP B2 (HMGB?2), which
respond to environmental changes. These 11 light-signaling miRNA target transcripts
were downregulated in senl-8 mutants and P1/HC-Pro™ plants compared to Col-0
plants (Fig. 12A-K).

Next, we focused on 9 genes responsive to environmental changes.
NUCLEOBASE-CATION SYMPORTER 1 (NCSI), CYSTEINE PROTEINASE 1 (CP1),
and ABSCISIC ACID RESPONSIVE ELEMENTS-BINDING FACTOR 1 (ABF1I) are
positively correlated with light signaling genes and were downregulated in heni-8
mutants and P1/HC-Pro™ plants compared to Col-0 plants. UDP-
GLYCOSYLTRANSFERASE 72E1 (UGT72E]) is positively correlated with ERBB-3
BINDING PROTEIN (EBP), and FIONA 4 (FIN4). FIN4 is positively correlated with
NCS!I and CP1. NAC DOMAIN CONTAINING PROTEIN 83 (NAC083) is positively
correlated with HMGB2 and SERINE ACETYLTRANSFERASE 32 (SAT32). HMGB_2 is
positively correlated with HB23 and negatively correlated with GSTFS. These 9 miRNA
target transcripts that respond to environmental changes were downregulated in henl-8
mutants and P1/HC-Pro™ plants compared to Col-0 plants (Fig. 13A-I).

Finally, we focused on the other 5 genes responsive to environmental changes.
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FLOWERING LOCUS RI (FLORI) is negatively correlated with COL2, CP1 and
UGT72E1. GLYCOSYL HYDROLASE 9B13 (GH9B13) is negatively correlated with
UGT72E1. ARABINOGALACTAN PROTEIN 18 (AGP18) is positively correlated with
GSTF8, which is responsible for regulating the selection and survival of plant cells
(Demesa-Arévalo and Vielle-Calzada, 2013b). GSTF'§ is an important gene in plant
defense responses (Dixon et al., 2002), which is negatively correlated with HMGB2 and
HB23. HMGB2, as a high mobility group protein, participates in chromatin remodeling
and transcriptional regulation (Pedersen and Grasser, 2010). Its downregulation may
compromise the plant's transcriptional response capacity to environmental stresses.
LIPOXYGENASE 2 (LOX?) regulates the expression of defense genes by synthesizing
signaling molecules such as Jasmonic acid (Bell et al., 1995; Wasternack and Song,
2016). These 5 miRNA target transcripts that respond to environmental changes were
upregulated in hen-8 mutants and P1/HC-Pro™ plants compared to Col-0 plants (Fig.
14A-E).

The henl-8 mutants and P1/HC-Pro™ plants exhibited similar transcript
expression patterns, providing important insights into understanding the role of plant
RNA silencing mechanisms in regulating light signal transduction and environmental
adaptation.

Due to the presence of numerous distinct genes in the networks of hen /-8 and
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P1/HC-Pro™, after analyzing the common genes shared between henl-8 and P1/HC-
Pro™, we further focused on the gene-to-gene interaction network unique to Col-0 vs
hen-8 network. We observed that AGP18 appears among the common genes; however, it
exhibits significant negative correlations with several unique genes of Col-0 vs hen-8
network (Fig.11). AGP18 plays a critical role in the structure and stability of the cell
wall (Demesa-Arévalo and Vielle-Calzada, 2013a). Interestingly, AGP18 shows a
positive correlation with RAPID ALKALINIZATION FACTOR 22 (RALFL22), a gene
known to regulate plant growth, development, and immune responses (Morcillo et al.,
2024). We investigated the transcript expression of genes related to AGP18 and
RALFL22, and found that the transcript expression patterns of these genes differed
between henl-8 and P1/HC-Pro™ plants (Fig. 15). Based on these findings, we propose
that the differences between the networks of henl-8 and P1/HC-Pro™ may, in part,

involve the regulation of genes affecting cell wall stability.

Degradome analysis of Col-0, hen1-8/hesol-1, PI/HC-Pro™/hesol-1, and P1/HC-
Pro™/henl-8/hesol-1 plants

According to Zhao et al. (2012) findings, the hesol-1 mutation can partially
rescue the developmental and molecular defects of hen -8 plants. To further explore the

effects of interactions between these genes on RNA silencing. We used degradome
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sequencing to detect RNA-specific cleavage and miRNA-mediated cleavage. We
analyzed Col-0, henl-8/hesol-1, P1/HC-Pro™/hesol-1, and P1/HC-Pro™/henl-8/hesol-
1 plants to focus on degradome variations of the RISC cleavage fragments for the
miRNA target genes.

Compared with Col-0 plants, the henl-8/hesol-1 mutants exhibited an increase in
RISC cleavage fragments for some miRNA target genes, including AGO2, GRF1 etc.
(Fig 16 and 17). In addition, the degradome reads of ARF'16, SPL6, and NAC2
decreased. In contrast, both P1/HC-Pro™/hesol-1 and P1/HC-Pro™/henl-8/hesol-1
plants showed a general decrease in RISC cleavage fragments for most miRNA target
genes, with the exceptions of MYB65, SPL3, and GRF 1, which exhibited increased
cleavage fragments in their respective results (Fig. 16). Furthermore, ARF'16, SPL6, and
NAC?2 showed decreased cleavage fragments in all mutants compared with Col-0 plants,
while AGO2, GRF3, MYB635, and SPL3 showed an increase in RISC 5' cleavage
fragments only in henl-8/hesol-1 plants (Fig. 18). These results indicate that the hen!-
8/hesol-1 mutation disrupts miRNA homeostasis, leading to selective changes in RISC
cleavage activity rather than general functional restoration. In contrast, the expression of
P1/HC-Pro™ generally inhibits miRNA-mediated cleavage, with exceptions in certain

genes. This reflects the high complexity of the RNA silencing regulatory mechanism.
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Discussion
Transgenic HESO1 successes were induced in PI/HC-Pro™/hesol-1 plants

In this study, under the PI/HC-Pro™/hesol-1 background, we successfully
induced the expression of HA-HESO1 or HESO1-HA (Fig.1C). With B-estradiol
induction, the HESO1-HA was induced while the AGO1 protein content showed a
decrease in HESO1-HA/P1/HC-Pro™/hesol-1 plants. Pan et al. (2025) demonstrated
that HC-Pro™ inhibits HEN1 activity and triggers the autophagic degradation of AGO1,
which is triggered by HESO1 when unMet-miRNAs are loaded onto AGO1. Further
experiments are needed to clarify the relationship between HESO1 expression and
AGOL levels through more consistent dose-response studies. To be able to demonstrate
that HESO1 reduces AGOI levels.

In future studies, we can adjust the timing of B-estradiol induction, the
concentration of B-estradiol, or consider that HESO1 may have been induced at an
earlier time, such as during seed germination. Also, in the P1/HC-Pro™/hesol-1
background, the transgene of P1/HC-Pro™ was driven by the constitutive expression of
the CaMV 35S promoter, which is active throughout seed development. However, due
to the hesol-1 mutation, HESO1-mediated degradation of AtAGO1 does not occur,
resulting in continuous accumulation of AtAGO1. Additionally, AtAGO1 protein may
have a relatively slow degradation rate, making AtAGO1 difficult to observe significant
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changes within a short induction period.

Another experiment, which we can try, will treat the plants with the
cycloheximide (CHX) to block new AtAGO1 synthesis after b-estradiol induction and
monitor AGO1 levels over time to determine protein half-life. Moreover, HESO1
induced in both transgenic plants was only seven days, which may not have been
sufficient to impact the stability or degradation of AGO1 significantly. In future studies,
the effect of HESO1 on AGO1 degradation could be further investigated by varying the
duration of induction or by altering the developmental stage at which induction is

initiated.

Species-specific effects of conserved HEN1 point mutations on RNA methylation
activity

This study confirmed that the his-AtHEN 127N completely loses the ability to
methylate miRNAs in vitro (Fig. 7A), consistent with previous in vivo observations of
hen -8 mutant (Yu et al., 2010). This demonstrates that D719 in AtHEN1, as the key
catalytic amino acid in the MTase domain, is essential for maintaining methyl transfer
activity. Interestingly, although the D760 in MpHEN1 occurs at the corresponding
conserved position, it only partially loses its methyl transfer activity (Fig. 9B). Based on
the amino acid sequences of AtHEN1 and MpHEN1, we found that the protein sequence
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similarity between AtHEN1 and MpHENT1 is 54%. In comparison, the similarity of their
MTase domains is only 42%, suggesting that even highly conserved catalytic sites can
still be influenced by the overall protein structure and the evolutionary context of the
species.

These findings have important implications for understanding the evolution and
adaptability of RNA silencing mechanisms, and also suggest that M. polymorpha may
possess higher functional redundancy or mechanistic flexibility. Currently, there are
very few studies on MpHENT. To further understand the role of RNA silencing in M.
polymorpha, we can knock out the senl gene and introduce the MphenP7N gene,
thereby generating MpHEN1P79%¥/Mphen 8¢ mutant lines. These transgenic and mutant
plants will provide a valuable platform for investigating the role of RNA silencing in the

development of antheridia in M. polymorpha.

Evaluation of HEN1 activity and the significance of reannealing miRNA duplexes
This study employed three variables to improve HEN1 in vitro experiments: (1)
re-annealed versus non-re-annealed miRNA, (2) HEN1 content dosage, and (3) HEN1
with different storage durations. The experiments confirmed that miRNA duplex re-
annealing, HEN1 content, and HEN1 stability all influence experimental outcomes. This
study also demonstrated that his-AtHEN1 completely lost its miRNA binding activity
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after six weeks of storage at 4°C (Fig. 6A), indicating that protein stability is crucial for
in vitro experiments. Furthermore, we utilized EMSA to detect the ability of HENI to
bind small RNAs, suggesting that EMSA can be employed to assess HEN1 activity
prior to conducting future HEN1 in vitro experiments. Biotechnology companies
previously commercialized HEN1 but may have discontinued sales due to storage
difficulties. Yu et al. (2005) stored purified HEN1 at -80°C. In our study, we used
purified HEN1 within three weeks under 4°C storage conditions for experiments. In
future studies, we can evaluate different storage methods for purified HEN1 to ensure

its stability and avoid compromising the interpretation of experimental results.

Network reveals hen1-8 mutants and PI/HC-Pro™ plants association with light
signaling

In the gene-to-gene network, hen -8 mutants and P1/HC-Pro™ plants share 76
common genes, among which 26 genes exhibit similar miRNA target transcript
expression patterns (Fig. 12, 13, and 14). According to the study by Tsai et al. (2014),
HENI1 is a negative regulator of photomorphogenesis and is closely associated with the
expression of photoreceptors (such as PHYA, PHYB, CRY1, and CRY?2) and key
transcription factors HYS and HYH. Notably, HYH is also among these 76 common
genes, further supporting the association between HEN1 and the light signaling
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mechanism. Based on the similarity in miRNA target transcript expression patterns of
the common genes between henl-8 mutants and P1/HC-Pro™ plants, we propose a
hypothesis suggesting that RNA silencing may be related to light signaling (Fig.19). The
plant circadian clock and light signaling systems form a complex regulatory network
through RNA silencing mechanisms. Under normal conditions, core clock genes CCA1
and LHY are expressed in the morning and directly suppress PRRS transcription. PRRS
protein accumulates in the afternoon and provides negative feedback to inhibit CCA1
and LHY, creating circadian oscillations. This clock system regulates downstream
photomorphogenesis genes (HY5, HYH) and flowering time regulators (FKFI, CDF3,
CDF5, COL2). Crucially, HYS and HYH activate HEN1, promoting miRNA
methylation. Met-miR157d can cleave its target mRNA, providing negative feedback
regulation of HY S to maintain system balance (Fig. 19A). This precise regulatory
mechanism ensures plants can appropriately respond to light signals while maintaining
normal physiological rhythms. When the RNA silencing system is disrupted, plant light
signaling becomes abnormal. In #en -8 mutants, HEN1 loses its methylation function,
causing unMet-miRNAs to become unstable. These unmethylated miRNAs are
uridylated by HESO1 and subsequently degraded. Similarly, P1/HC-Pro™ inhibits
HEN1 methylation activity, producing the same result. Due to the degradation of
miR157d, the negative feedback regulation of HYS is lost, leading to HYS
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overexpression (Fig. 19B). This regulatory imbalance may disrupt the entire light
signaling network, affecting plant photomorphogenesis, flowering time regulation, and
the maintenance of circadian rhythms. This hypothesis requires further investigation to
validate these observations.

Unlike the Col-0 HC network, the Col-0_hen1-8 network contains only a few
genes that may be indirectly involved in RNA silencing, such as RNE and DOF5, whose
specific roles require further investigation. Additionally, appropriately adjusting the
parameter settings for correlation thresholds during the construction of expressional
correlational networks may help to explore these genes more comprehensively.

Our degradome analysis revealed the complex interactions among HEN1, HESOI,
and P1/HC-Pro™ in regulating RNA silencing. Degradome reads represent the number
of 5' fragments generated from mRNA cleavage by the miRNA-guided RISC complex,
detected through sequencing. The loss-of-function Aen /-8 mutation results in unMet-
miRNAs being uridylated by HESO1 and subsequently degraded, leading to reduced
miRNA levels and impaired RNA silencing regulation. The henl-8/hesol-1 double
mutant exhibits partial restoration of miRNA function, as evidenced by the increased
RISC cleavage fragments of specific target genes such as AGO2 and GRF1. These
findings are consistent with findings of Zhao et al. (2012), which showed that the Aeni-
8/hesol-1 phenotype is partially restored to normal. Pan et al. (2025) observed that in
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P1/HC-Pro"™/henl-8/hesol-1 plants, unMet-miRNAs are present, and AGO1 levels are
restored. However, our data show that only GRF1 exhibits increased RISC cleavage
fragments in P1/HC-Pro™/henl-8/hesol-1 plants. Due to the lack of replicates and
control groups, these observations require further studies to clarify unknown
mechanisms. Future studies incorporating degradome analyses of henl-8, hesol-1, and
P1/HC-Pro™ will enable more precise comparisons of RISC-mediated cleavage

patterns.
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Conclusion

Through in vitro biochemical assays, we successfully demonstrated that the
D719N mutation in AtHEN1 completely lost its MTase activity, providing direct
biochemical evidence for the critical role of this conserved amino acid residue.
Interestingly, the corresponding mutation (D760N) in MpHENI1 retained partial
methylation activity, revealing evolutionary divergence in protein function between
different plant species. We constructed inducible HESO1 transgenic plants, although
whether HESO1 can reduce AGO1 levels remains to be investigated. Transcriptomic
analysis revealed striking similarities between /ien -8 mutants and P1/HC-Pro™ plants,
with gene network analysis identifying 76 common genes, including many light-
signaling-related genes. This discovery unveils the connection between RNA silencing
and light-responsive pathways. Our degradome analysis further elucidated the intricate
regulatory network involving HEN1, HESOI, and P1/HC-Pro™ in RNA silencing.
These findings not only advance our fundamental understanding of RNA silencing
mechanisms but also provide new perspectives on the evolutionary conservation and

functional diversification of HEN1 across plant species.
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Figure 1. Detect HESO1 and AGO1 by western blot in HA-HESO1/P1/HC-
ProTu/hesol-1 and HESO1-HA/P1/HC-ProTu/hesol-1. (A)The schematic binary of
pER8-HA-HESOI1 (i) and pER8-HESO1-HA (ii). (B)The subcellular localization of
YFP or AtHESO1-YFP, Bar, 75 um. (C) Detection of AGO1, HESO1, and Actin from
mock and AtHESO1-YFP in N. benthamiana and Col-0, HA-HESO1/P1/HC-
Pro™/hesol-1, and HESOI1-HA/P1/HC-Pro™/hesol-1 in Arabidopsis thaliana (i).
Quantification of AGO1 levels in Col-0 plants and mutants by bar chart, * indicates

unexpected differences (ii).
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Figure 2. Comparing the amino acids sequence of AtHEN]1, henl-8, and MpHEN1
in A. thaliana and M. polymorpha. The results of AtHEN1, henl-8, and MpHEN1

amino acid alignment. Amino acid sequence alignment for AtHEN1 and MpHEN1. The
five domains are highlighted by a box based on AtHENT structure studies. The red box

indicated the D719 of AtHEN1, N719 of henl-8, and D760 of MpHENI.
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Figure 3. Construction of the his-AtHEN1?7"N, The pET-his-AtHEN1P7PN wag

constructed from a pET-his-AtHEN1.

44

doi:10.6342/NTU202503912



Fractions
kDa M PFTW 12 3 4 5 6 7

180 —
130 — S S e s -— his-AtHEN1
100 — "=
B .
Fractions
kba M PFTW 1 2 3 4 56 7 8 9
180 —
130— L e e e e e —  his-AtHEN 107t
100 —
75— W ¥ _—
B - -
c Fractions
kDa M P FTW 7 8 9 10 11 12 13 14 15
130 — - W i voHENT
') ) :
100 — w & 3
75 - oo
D Fractions
kDa M P FTWE®6 7 8 9 10 11 12 13 14 15
180 —
W «— his-MpHEN 1076
N T
S B W
100 — i ) # A" AT AN

Figure 4. Recombinant proteins purification. (A) Purification of his-AtHEN1. (B)
Purification of his-AtHEN1P7!°N_(C) Purification of his-MpHEN1. (D) Purification of
his-MpHEN1P7¢0N_ M represents marker; P represents pellet; FT represents flow

through; W represents wash. The numbers indicate the number of fractionation tubes.
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Figure 5. Detection of his-AtHENT1 and his-AtHEN1?"N jn vitro. His-AtHEN1 and

his-AtHEN 1P7PN recombinant protein were detected by his-AtHEN1 antibody with

Western blot.
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Figure 6. Evaluation for miRNA/miRNA* duplex binding activity of his-AtHEN1

and his-AtHEN1P7"N, (A) Compares the ability of binding miRNA for his-AtHEN1

and his-AtHEN1P71°N 6 weeks versus 3 weeks. The 0.4 ng of radioisotope-labeled

double-stranded synthetic miRNA was used. In vitro EMSA for his-AtHENT1 and his-

AtHEN1P7N binding to miR159 duplexes (B) and miR160a duplexes (C).
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Figure 7. Evaluation of miRNA methylation status in his-AtHEN1 and his-

AtHENI1D719N by B-elimination. (A) miRNA samples were treated with -

elimination (+) or without treatment (—). The 0.4 ng of radioisotope-labeled double-

stranded synthetic miR159 without any protein was used negative control. The panels (i

to iii) represent the results of three independent experiments. (B) Bar charts represent

the percentage of methylated (Met) and unmethylated (unMet) miR159 in the samples.
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Figure 8. Evaluation of miRNA methylation status in his-AtHEN1. (A) The
miR160a duplex with re-annealing or without re-annealing reacted with his-AtHENT.
(B) The re-annealing miR160a duplex reacted with different doses of his-AtHENT1. The
0.4 ng of radioisotope-labeled double-stranded synthetic miR160a without any protein
was used negative control. Negative control consisted of 0.4 ng of radioisotope-labeled

double-stranded synthetic miR159 or miR160a without any protein.
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Figure 9. Evaluation of his-MpHEN1 and his-MpHEN1P76"N hinding small RNAs

capability and methylation activity in vitro. (A) EMSA for his-MpHENI and his-

MpHEN1P7¢N binding to miR160a duplexes. The 0.4 ng of radioisotope-labeled

double-stranded synthetic miR160a was used a negative control. (B) The

methyltransferase activity of his-sMpHEN1 and his-MpHEN1P7N were treated with -

elimination (+) or without treatment (—). (C) Normalized his-MpHEN1and his-

MpHEN 1P76N methylation efficiency for miR159 duplex.
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Figure 10. Comparison of gene expression and networks obtained with Col-0 vs.
hen1-8 mutants and Col-0 vs. P1/HC-Pro™ plants (A) The comparative networks
Col-0 vs. henl-8 mutants and Col-0 vs. PI/HC-Pro™ plants. (B) Venn diagram showing

the distributions of shared and unique network genes.
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Figure 11. The gene-to-gene network of Col-0 vs. hen1-8 mutants. A dot represents a
gene, a red line represents a positive correlation, and a green line represents a negative
correlation. Genes with a green background are unique to seni-8, while genes with a

blue background are common to both 4en -8 mutants and P1/HC-Pro™ plants.
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Figure 12. Transcript expression comparisons of light signaling genes in the
networks. (A-K) Genes that showed a significant connection, function, or position in
the network were selected to demonstrate their transcript expression. The fragments per
kilobase of transcript per million (FPKM) were used to represent the normalized

transcript expression. The bars represent standard deviations (n = 3).
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Figure 13. Downregulation of transcript expression in the common genes of henl-8
and P1/HC-Pro™ network. (A-I) Genes showing a response to environmental changes
in the network were selected to demonstrate the downregulation of their transcript
expression. The fragments per kilobase of transcript per million reads (FPKM) were
used to represent the normalized transcript expression. The bars represent standard

deviations (n=3).
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Figure 14. Upregulation of transcript expression in the common genes of henl-8
and P1/HC-Pro™ network. (A-E) Genes showing a response to environmental
changes in the network were selected to demonstrate the upregulation of their transcript
expression. The fragments per kilobase of transcript per million reads (FPKM) were
used to represent the normalized transcript expression. The bars represent standard

deviations (n=3).
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Figure 15. Transcript expression in the unique genes of Col-0 vs henl-8 network.
(A-L) The fragments per kilobase of transcript per million reads (FPKM) were used to

represent the normalized transcript expression. The bars represent standard deviations
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Figure 16. Degradome map of miRNA target AGO2, ARF16, GRF1, and GRF3 in

Col-0 and various mutants. Red triangles indicate the miRNA cleavage position on

mRNA. Red lines and numbers indicate the depth of degradome reads.
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Figure 17. Degradome map of miRNA target MYB65, SPL3, SPL6, and NAC2 in

Col-0 and various mutants. Red triangles indicate the miRNA cleavage position on

mRNA. Red lines and numbers indicate the depth of degradome reads.
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Figure 18. Comparison of RPM mapped reads at the miRNA cleavage position on
mRNA between Col-0, henl-8/hesol-1, P1/HC-Pro™/hesol-1, and P1/HC-

Pro™/henl-8/hesol-1. The Y-axis represents the RPM mapped reads of the degradome.
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Figure 19. Schematic diagram of the proposed working hypothesis. (A) HY5 and
HYH activate the expression of HEN1. HENI stabilizes miR157d, which targets the
mRNA of HYS for cleavage, inhibiting the expression of HY 5. This forms a negative
feedback loop that helps fine-tune the response of photomorphogenesis. (B) When
P1/HC-Pro™ inhibits HEN1 function or HEN1 is inactivated, HEN1 cannot stabilize
miR157d, leading to unMet-miR57d being degraded, which cannot suppress the

expression of HY'S.
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