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ABSTRACT

Study on the Imprinting
Mechanism of the UPWARD
CURLY LEAF1 (UCLI) Gene in

Arabidopsis

Jooyeon Hong
School of Biological Sciences
The Graduate School

Seoul National University

Genomic imprinting, an epigenetic process in mammals and
flowering plants, refers to the differential expression of alleles of
the same genes in a parent—of—origin—specific manner. In
flowering plants like Arabidopsis, genomic imprinting has been
detected only in the endosperm and it is regulated by Polycomb

Repressive Complex 2 (PRC2) through trimethylation of lysine



27 on histone H3 (H3K27me3). Recent high—throughput
sequencing analyses revealed that more than 200 loci are
imprinted in Arabidopsis; however, only a few of these imprinted
genes and their imprinting mechanisms have been examined iIn
detail. In a previous study, it was reported that UPWARD
CURLY LEAFI (UCLI), a gene encoding an E3 ligase that
degrades the CURLY LEAF (CLF) polycomb protein, is a
paternally expressed imprinted gene (PEG). After fertilization,
paternally inherited UCLI is expressed in the endosperm, but
not in the embryo. FERTILIZATION  INDEPENDENT
SEED2—-PRC2 (FIS2—PRC2) silences the maternal UCLI allele in
the central cell before fertilization and in the endosperm after

fertilization.

In this study, the expression pattern of the UCLI::GUS genes
suggests that the polycomb response element (PRE) of UCLI is
located between —2.5 and -2.4 kb upstream of the UCLI
translation start codon. To investigate exact PRE sequences of
UCLI, 1 generated UCLI_Z2.7k::GUS constructs with 10
bp—scanning transversion mutagenesis between —2.5 and -2.4
kb. Their GUS expressions need to be checked in the Col-0
background transformants after floral dip. The PRE cooperated
with the endosperm—specific factor binding element (ESFE),
—1.0 kb upstream of UCLI, to drive the paternal imprinting and
endosperm—specific expression of the UCLI::GUS gene.
However, the imprinting pattern of the UCLI_PRE+ESFE::GUS



was relatively unstable. To identify additional element which is
essential for repression of maternal UCLI allele with PRE, new
construct containing —1814 to -1478 bp upstream of UCLI, the
putative differentially methylated region (DMR), was generated.
UCLI_PRE+DMR+ESFE::GUS showed complete suppression of
maternal UCLI allele, that indicates DMR is essential for the
paternal imprinting of the UCLI gene. On the other hand, the
expression pattern of the UCLI:GUS genes  those contain
sequential deleted ESFE suggests that ESFE of UCLI is located
between -271 bp and -171 bp. Specific transcription factor may
bind to this ESFE sequence for endosperm—specific expression

of UCLIL.
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imprinting, paternally expressed imprinted gene (PEQ),
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I . Introduction

1. Composition of eukaryotic polycomb group

complexes

One feature of the plant's life cycle is the alternations of diploid
sporophytic generation and haploid gametophytic generation.
During the life cycle of a plant, significant developmental
changes occur, including the transition from gametophytic
generation to sporophytic generation, as well as the transition
from embryonic development to vegetative growth and from
vegetative to reproductive growth (Xiao et al., 2015). The
transition of the developmental stage of the plant leads to the
suitable regulation of gene expression. Polycomb group
complexes (PcG) play an important role in the transition of
these developmental stages through modulation of chromatin
structure (Mozgova et al., 2015).

The PcG complexes formed by the eukaryotic PcG proteins
inhibit the expression of target genes at the transcriptional stage
and lead to cell differentiation, stem cell formation, genomic
imprinting, and X chromosome inactivation in eukaryotes and so
on (Bemer et al.,, 2012; Derkacheva et al.,, 2013). Three types

of PcG complexes are known in animals: Polycomb—repressive



complex 1 (PRC1), PRC2 and Pcl-PRC2 and they cooperate with
each other to suppress the expression of target genes (Nekrasov
et al.,, 2007; Hennig et al., 2009; Morey et al., 2010).

In eukaryotes, the PRCZ complexes are known to exist in a
highly conserved form. The PRCZ complex of Drosophila consists
of Extra sex combs (Esc), p55, Suppressor of Zeste [Su(z)12]
and Enhancer of Zeste [E(z)]. Esc and pb5 encode the WD40
domains, Su(z)12 encodes the C2H2 zinc finger domain and E(z)
encodes the SET domain protein respectively (Czermin et al.,
2002). The SET domain protein has methyltransferase activity,
which is linked to the trimethylation of lysine 27 (H3K27) on
histone H3 (H3K27me3), which inhibits the expression of the
corresponding gene by altering the chromatin structure (Cao et

al., 2002, Sims et al., 2003).

2. Polycomb group complexes in Arabidopsis

thaliana and their functions

In Arabidopsis thaliana, a homologue of Esc is FERTILIZATION
INDEPENDENT ENDOSPERM (FIE), homologues of Su(z) are
EMBRYONIC FLOWERZ (EMF2), VERNALIZATIONZ2 (VRN2) and
FERTILAZATION INDEPENDENT SEEDZ2 (FIS2), a homologue



of pb55 is MULTICOPY SUPPRESSOR OF IRA1 (MSI1), and
homologues of E(z) are CURLY LEAF (CLF), SWINGER (SWN)
and MEDEA (MEA) (Goodrich et al., 1997; Grossniklaus et al.,
1998; Kiyosue et al., 1999; Chanvivattana et al., 2004; Hennig et
al., 2005). Arabidopsis PRC2 complexes are named after
Su(z)12, EMF—PRC2, VRN—PRC2 and FIS—PRC2, respectively
(Figure 1).

The epigenetic mark by PRCZ allows the cell to remember gene
silencing. As PRCZ is involved not only in the transition from the
vegetative growth stage to the reproductive growth stage in the
plant development process, but also in the role of recognizing
the response to the external environment, its role on the plant
life cycle is expanding (He et al., 2013, Baulcombe et al., 2014).
Recently, the existence of PRCZ in Arabidopsis and its target

genes have been actively studied.



Figure 1
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Figure 1. Arabidopsis Polycomb—group protein complexes

3. Arabidopsis genomic imprinting and Polycomb
group complexes

The genes specifically expressed in Arabidopsis central cell and

endosperm are differentially regulated (Gehring et al., 2006,



Hsieh et al., 2010). FIS—PRCZ2 is involved in the suppression of
the genes. In some of the genes whose expression is inhibited
by FIS—PRCZ, the maternal gene is expressed while the paternal
gene 1s inhibited. In other cases, the maternal gene 1is
suppressed while the paternal gene is expressed. These are
called maternally expressed imprinted genes (MEGs) and
paternally expressed imprinted genes (PEGs), respectively
(Chaudhury et al.,, 1997, Zhang et al,, 2013). MEGs are well
known and MEA, FISZ2 and FWA belong to them (Kinoshita et
al., 1999, Kinoshita et al., 2004, Jullien et al., 2006). The PEGs

are PHERES1 (PHED), ADMETOS (ADM) and UPWARD CURLY

LEAF1 (UCLI) (Kohler et al, 2005, Kradolfer et al., 2013,
Jeong et al., 2015, Wolff et al., 2015). Genomic imprinting is
described in several theories, the most notorious theory being
the parental conflict theory that the distribution of nutrients to
the embryo evolved by the interests of the parents (Haig et al.,
1989, Feil et al., 2007). In plants, genomic imprinting occurs
mainly in endosperm.

MEGs are demethylated by DNA glycosylation by DME in the
central cell, resulting in the expression of the maternal allele,
while the paternal allele of the MEG is regulated by methylation
and self—regulated by self—contained FIS—PRC2 (Choi et al.,
2002, Gehring et al.,, 2006, Kinoshita et al., 2004, Jullien et al.,
2006, Jullien et al.,, 2009). On the other hand, a maternal allele

of PHEI belonging to PEGs is repressed by histone methylation



by FIS—PRCZ2. Meanwhile, it is known that DNA methylation of
the repetitive sequences existing on the 3' end of the PHEI are
necessary for the PHEI imprinting (Makarevich et al., 2008,
Vilar et al., 2009). As in PHEI, the maternal allele of UCLI is
inhibited by FIS—PRCZ, but the expression of paternal UCLI
allele seems unrelated to the repeat sequences in the UCLI
promoter region (Jeong et al., 2015). This fact implies that
genes expressed in endosperm are controlled by various
mechanisms such as DNA methylation and histone methylation.
However, the mechanism by which FIS—PRCZ2 recognizes the
target gene (PRCZ2 recruitment) is not yet known. In particular,
since the UCLI gene is expressed specifically in the endosperm
and promotes the degradation of CLF, it not only maintains the
function of FIS—PRCZ2 but also is a PEG (Jeong et al.,, 2011).
Therefore, investigation of endosperm—specific expression
mechanism and imprinting mechanism of UCLI is expected to
contribute to food production by not only making an important
contribution to the recognition of gene expression in endosperm,
but also understanding the principle of endosperm development.
In animals, imprinted genes are clustered on chromosomes,
controlled by an imprinting control region (ICR), and ICRs have
a differentially methylated region (DMR) (Bartolomei, 2009). In
contrast, imprinted genes in plants are scattered throughout the
genome and are known to be regulated by their respective ICRs

(Feil et al., 2007, Makarevich et al., 2008).



Several target genes of PRCZ complexes have been identified
so far. It i1s known that EMF—-PRCZ containing CLF protein
regulates AG, AGL17, AP3, SEP3, KNATZ FLC, FT, MEA,
FUS3 and PHEI by methylation of histones and FIS—PRC2
containing MEA protein regulates MEA, PHEI and FUS3 (Kohler
et al.,, 2003, Katz et al.,, 2004, Guyomarc'h et al., 2005, Jiang et
al., 2008, Raissig et al.,, 2013). Although EMF—-PRC2 and
FIS-PRCZ2 have been identified as having common target genes
such as PHEI, it is thought that other genes are generally
controlled by different PRCZ. The reason for the differential
regulation of different genes is unknown. Furthermore, CLF and
MEA, belonging to EMF—PRC2 and FIS—PRCZ respectively, are
functionally different and can not be interchanged. When CLF is
overexpressed in endosperm, it has been observed that
FIS-PRCZ2 fails to perform its function by replacing MEA,
resulting in embryo abortion (Jeong et al., 2011). Therefore, it
is crucial to identify how the different PRC2 complexes adapt to
differential development of the endosperm that results from the
replacement of CLF with MEA in the central cell and endosperm

of Arabidopsis during the course of evolution.



4. Purpose of this study

UCL1 is a PEG in which a paternal allele is imprinted. It is
specifically expressed in Arabidopsis endosperm, and degrades
CLF protein, which forms EMF—-PRCZ2, by ubiquitination to
ensures the formation of FIS—PRC2 (Jeong et al., 2011, Jeong
et al.,, 2015). Jeong (2015) revealed that the imprinting control
region (ICR/PRE) of UCLI, that recognize FIS—PRC2 recruitment
protein, is located between —2.7 and -2.0 kb upstream of the
UCL1 translation start codon. On the other hand, Jeong et al.
(2015) also revealed that 922 bp upstream of the UCLI is
sufficient for endosperm—specific expression of UCLI.

In this study, I generated 100 bp—sequential deleted
UCL1::GUS genes to identify polycomb response element (PRE)
and endosperm—specific factor binding element (ESFE) of UCLI.
The expression pattern of UCLI:GUS genes suggested that the
PRE of UCLI is located between -2.5 to -2.4 kb and the ESFE
of UCLI is located between -271 and -171 bp upstream of UCLI
translation start codon. To investigate PRE sequences between
—2.5 and -2.4kb of UCLI, 1 generated 10 bp—scanning
transversion mutagenesis and their expressions need to be
checked in the Col—0 background transformants. Based on
hypothesis that PRE may cooperate with ESFE to drive the
paternal imprinting and endosperm-—specific expression of UCLI,

I also carried out experiments to check whether



UCLI_PRE+ESFE::GUS gene shows imprinting pattern. The
expression pattern of UCLI_PRE+ESFE..GUS gene showed
paternal imprinting and endosperm-—specific expression, however
unstably. It shows the possibility that additional element may be
required for stable suppression of the PRE by FIS complexes.
To check this possibility, I also generated new construct, which
contains specific sequence predicted to be differentially
methylated region (DMR) near short transposable element (TE)
of UCLI promoter region. This UCLI_PRE+DMR+ESFE::GUS
gene showed stable repression of maternal UCLI allele,
indicating the essential role of DMR on paternal imprinting of the
UCLI.

In addition, a transcription factor which is expressed specifically
in the endosperm and functions in endosperm development,
binding to ESFE, is expected to be involved in the
endosperm—specific expression pattern of UCLI. AGL6Z is a
gene that 1is expressed specifically in antipodal cells and
endosperm and is known to be unable to develop normal
endosperm development due to early cellularization when
mutation occurs (Kang et al.,, 2008). Therefore, AGL6Z2 could be
a candidate transcription factor which binds to ESFE of UCLI. In
order to confirm this possibility, I examined the expression of
UCLI in the aglo2, UCLI_4.1kb - GUS plants obtained by
crossing the ag/62 mutant with UCLI_4.1kb :: GUS. As a result,
the expression of UCLI was decreased in the agl62, UCL1_4.1kb



© GUS F1 plants, however not in the UCLI 4.1kb - GUS" /
*agl62” 7/ 7 F2 and F3 generations. Therefore, other

endosperm—specifc expressed transcription factors could be

involved in the expression pattern of UCLI and further study is

required.
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II. MATERIALS AND METHODS

1. Plant materials and growth conditions

Arabidopsis thaliana ecotype Columbia (Col—0) was used as the

wild type. ag/l62—1 (SALK_137707) and agl62—2
(SALK_022148) plants were ordered from the ABRC, Ohio State
University. Arabidopsis plants were grown in the growth room or
growth chamber under long day conditions (16h of light at 24C
/8h of darkness at 22C). Seeds were sown on the surface of
soil (Sunshine #5, Sungro), then put in 4C cold chamber with
darkness for 2~5 days before moved to growth room. For
transgenic plant screening, surface of seeds were sterilized by
treating with 75% ethanol containing 0.08% Triton X—100
(SIGMA) for 10min thrice, followed by washing briefly with
100% ethanol (MERCK). The seeds were dried on Whattman
filter paper and plated on solidified MS agar (0.5X Murashige
and Skoog salts including Gamborg’ s B5 vitamins [DUCHEFA],
0.025% MES monohydrate [DUCHEFA], 1% sucrose [JUNSEI]
and 0.07% plant agar [DUCHEFA], pH between 5.7 and 5.8 into
1L of distilled water was autoclaved in 121C for 20min) plates
containing appropriate antibiotics (25 x#g/ml of kanamycin).

Before transferring to the growth room, MS plates with seeds

1 ME-T



were also put in 4T for cold treatment for 2—5 days. Per
construct, around 20 Columbia—0 (Col—0) wild—type plants and
200 fisZ2—11 plants were used for Agrobacterium—mediated

transformation by the floral dipping method.

2. Characterization of the ag/62—1 and 62—2 allele

To confirm the T—DNA insertion, genotyping PCR was carried

out by using genomic DNA as a template. According to Kang
(2008), T—DNA in ag/62-1 is inserted into the intron, 474
nucleotides downstream of the start codon and T—DNA in
aglo2—2 is inserted in the second exon, 620 nucleotides
downstream of the start codon. The left border junction of
aglo2—1 and agl62—2 were determined using the T—DNA primer
LBal (JYHonglO) and genomic primer agl62 RP(JYHong50). For
amplification of the agl62—1 and ag/62—2 wild—type allele, gene
specific primers JYHong49/JYHong50 and JYHong51/JYHong50
primers sets were used respectively. After genotyping,
phenotype of the heterozygous ag/62—1 and agl62—2 plants were
observed, and they contained ~25% defective seeds in the

siliques.
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3. Recombinant plasmid construction

For analysis of interaction between PRE and ESFE of UCLI,

UCLI_PRE+ESFE::GUS construct including -2.7~—2.0 kb and
-1.0~0 kb sequences upstream of the UCLI translational start
codon was fused with GUS reporter gene sequences. The
regulatory regions of UCLI were obtained by PCR amplification
with primer sets of JYHongl/2 and JYHong8/7 using
pPJET—40PRO_2.7K, construct which contains -2.7~0 kb upstream
of UCL1 translation start codon, as a template. Amplified
fragments were cloned into Sal///BamH I sites of the
pBluescript I SK(+) vector and then blue—white screening was
performed. Cloned insert inside the pBluescriptll SK(+) vector
was then subcloned into Sa///BamH I sites of the pBIl101
vector. Additionally, UCLI_PRE+DMR+ESFE::GUS construct was
generated for investigating role of differentially methylated
region (DMR) on stable suppression of maternal UCLI allele by
FIS complex. For these, PRE, DMR and ESFE regions of UCLI
were obtained by PCR with primer sets of JYHongl1/2,
JYHong4/5 and JYHong6/7 using same template with previous
construct. All the fragments were amplified using

pJET—40PRO_2.7K as a template and subcloned into
Sal I/BamH I sites of the pBIlI01 vector.

For investigation of UCLI PRE, six different constructs were

generated. The UCLI_2.6/2.5/2.4/2.53/2.2/2.1K::GUS constructs

13 -":lx_= _'k.l_'\-'_-l-..i .li



include 2632/2532/2432/2332/2232/2132 bp sequences upstream
of the translational start codon of UCLI that was fused with
GUS reporter gene sequences. The regulatory regions of UCLI
were obtained by PCR amplification with primer sets of
JYHong35/7, JYHong36/7, JYHong37/7, JYHong38/7, JYHong39/7
and JYHong40/7 using pJET—40PRO_2.7K as a template.
Fragments were then subcloned into Sa///BamH I sites of the
pBI101 vector. Also, for identification of accurate PRE region,
six more constructs were generated. The

UCLI_—2.56~-2.36/ —2.55~-2.35/ —2.50~—2.30/ —2.47~-2.27] =2
A4~=2.24/-2.40~-2.20 kb + ESFE : GUS constructs include
2562~2362/2532~2332/2502~2302/2472~2272/2442~2242/2406
~2206 bp sequences upstream of the translational start codon of
UCL1, amplified by PCR with primer sets of JYHong69/70,
JYHong36/79, JYHong71/72, JYHong73/74, JYHong75/76 and
JYHong77/78, that was fused with UCLI_1.0k::GUS.

To figure out whether PRE orientation is significant for its role
on UCLI paternal imprinting, UCLI_—2.7~—2.0kbRev+ESFE::GUS
construct including reversed sequences of PRE and ESFE was
generated. Reversed PRE sequences harboring Hind/ll and Sal [
sites were obtained by PCR with primer sets JYHong82/83 and
subcloned into Sal/I/HindII sites of pBl101—-UCLI1_ESFE::GUS
cloned vector.

For investigation of UCLI ESFE, nine different constructs were

generated. The UCL1_0.8/0.7/0.6/0.5/0.4/0.5/0.2/0.1/ 0.07k::GUS

14 A L1



constructs include 871/771/671/571/471/371/271/171/71—bp
sequences upstream of the translational start codon of UCLI that
was fused with GUS reporter gene sequences. The regulatory
regions of UCLI were obtained by PCR amplification with primer
sets of JYHong26/JYHong7, JYHong27/JYHong?7,
JYHong28/JYHong7, JYHong29/JYHong7, JYHong30/JYHong7,
JYHong31/JYHong7, JYHong32/JYHong7, JYHong33/JYHong7 and
JYHong34/JYHong7 using pJET—40PRO_Z2.7K as a template.
Fragments were then subcloned into Sa///BamH I sites of the

pBI101 vector.

4. Agrobacterium tumefaciens transformation and

plant transformation by floral dipping

The cloned constructs were introduced into Agrobacterium
GV3101 by electroporation for transforming Arabidopsis genome.
For transformation, 50 ¢l Agrobacterium tumefaciens (GV3101)
cell stock in a 1.5ml tube was thawed on ice for 10min, and
then 2x1 of DNA of interest was added to the competent cell
mixing by gentle pipetting. After transferring the mixture into
glass cuvette, it was pursed by 1.8kV for 5.8mS with
Micro—Pulser™ (BIORAD). After electroporation, 400 1 of Luria
Broth (LB) medium was added to the cuvette and mixture was
transferred to a 1.5ml tube and incubated in shaking incubator at

28 C for 1h before spreading on solidified LB plate with proper

15 MET



antibiotics (50 ¢ g/ml kanamycin, 50 ¢ g/ml gentamicin). The plate
was incubated at 28C for 2 days.

For Arabidopsis transformation, floral dipping method was used.
Single colony of transformant Agrobacterium was selected and
inoculated into 5 ml of LB medium with adequate antibiotics
(50 ¢ g/ml kanamycin, 50 ¢ g/ml gentamicin) and grown for 24h at
28 C shaking incubator. To amplify the bacterium cell, mini—prep
cultures were then inoculated again into 300 ml of LB medium
containing same antibiotics and grown in the same condition.
Incubated Agrobacterium cell was harvested by centrifuge at
4000 rpm for 20min at 20T (SORVALL® RC 6 PLUS with
SLC—3000 rotor). After discarding supernatant, the cell pellet
was resuspended in infiltration media. 300ml of infiltration media
contains 0.63 g of MS salt, 15 g of sucrose and 150 gl of
Silwet (Vac—In—Stuff, Silwet L—77, LEHLE SEEDS). For
successful Arabidopsis transformation, Col—0 plants were grown
on soil until adequate number of inflorescences are generated in
a long day condition. Right before transformation, siliques and
open flowers were removed. Young buds were then dipped into
the infiltration media containing Agrobacterium for 10 sec. After
floral dipping, plants were laid on a tray and covered with black
plastic bag for blocking light for 24 h. Next day, the plants were
uncovered, put vertically and grown until their seeds were

mature enough to harvest.
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5. Histochemical GUS staining analysis

The expression of GUS was analyzed in the
UCL1_4.0/2.7/2.6/2.5/2.4/2.5/2.2/2.1/1.0/0.5/0. 7/0.6/0.5/0.4/0.3/0.
2/0.1/0.07k:GUS, UCLI_PRE+ESFE.::GUS,
UCL1_PRE+DMR+ESFE::GUS,
UCLI_—2.7~—2.0kbRev+ESFE::GUS,
UCLI_—2.56~=2.36/—2.53~—2.33/ —2.50~=2.30/ =2.47~=2.27] =2
Ad~—2.24] -2.40~—2.20k+ESFE::GUS plants. For analysis of
gene expression in the female gametophyte, matured floral buds
were emasculated and left for 2 days. Whereas, to investigate
gene expression in the developing endosperm, flowers were
emasculated, left for 1 day and pollinated, then grown for lday.
The tissues were dissected and sampled in the X—GLUC staining
solution containing 100mM sodium phosphate buffer (pH 7.0),
2mM each of potassium ferricyanide and ferrocyanide, 2mM
X—=GLUC (GOLDBIO) and 0.1% Triton X—100 (SIGMA) for

overnight at 37T in the dark condition.

6. Microscopy

The tissues were mounted by the clearing solution (1ml 70%
glycerol, 2.5g chloral hydrate) on a slide glass. GUS expressing
samples were observed on a Zeiss Axio Imager Al light
microscope under different interference contrast optics with 10x,

20x, 40x objectives and photographed by AxioCam HRc camera

17 -":lx_= _'k.l_'\-'_-l-..i .li



(Carl Zeiss).

7. Confocal laser scanning microscopic analysis

For the analysis of developing endosperm in
UCLI_4.1k::GUS;agl62—1 mutant and UCLI_4.1k::GUS mutant,
CLSM of the endosperms was performed as previously described
with slight modification (Christensen et al., 1997, Maruyama et
al., 2015). Developing seeds were harvested 36 hours after
pollination (36 HAP) and stained with GUS staining solution as
described above. For fixation, GUS—stained endosperms were
dipped into 4% glutaraldehyde (in 12.5 mM cacodylate buffer, pH
6.9) under vacuum (~200) for 20min. For stable fixation, fixed
samples were stored for 5 days at 4C. Samples were then
dehydrated with 20/35/50/65/80/95% ethanol series for 10min
respectively. The tissues were subsequently cleared in 2:1
benzyl benzoate:benzyl alcohol and observed with a LSM700

(Carl Zeiss).
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Table 1. List of primer sequences

Label \ QOligo name \ Sequences
Cloning
IVHonel |Sal.40PRO_ [ACG CGT CGA CCA ACC CTT
g 2.7K_F ACT CCC TTT CTT TC
. GCC GGC AAG CTT TCG TTA
JYHong? Hzmgﬁ‘lgpm TTA AAT AAA ATG TAG GAG
—£-Vh— AAA AA
. GGC CAA GCT TAA TAT CCC
JYHong4 Hlmgﬁ‘lgPRO TAA TAT CTA ACT ATA TTA
—1-Oh— AAC C
IVHone5 | ECo_40PRO_ [GCC GAA TTC AAT TAA CCT
g 1.5K_R CTA TCG TTT CAC CT
IVHone@ | ECO-40PRO_ | GCC GAA TTC TGA TTG ATT
g 1.0K_F TTA TGA GTT TTC ACA
IVHong7 | Bam_40PRO [CGC GGA TCC TTT GCT ACT
g R TTG ATT GTT TGT GAT
IVHones | Hind_40PRO | CGC GCA AGC TTT GAT TGA
8% | 1.0K_F TTT TAT GAG TTT TCA CA
TVHone26 | Hind_40PRO [ GCG GCC AAG CTT ATA AAT
g _0.8K_F CTC TTA AGA AAC AAG GAA
. GCG GCC AAG CTT TAA GAC
JYHong27 H(;HSK‘LQPRO ATA TCT CTT AAC ATA AGA
VB AT
IVHone2g | Hind_40PRO | GCG GCC AAG CTT TGT TCT
g _0.6K_F CTT ATC GCA AAA ACA ATA C
IVHone2g | HiINd_40PRO [ GCG GCC AAG CTT CAA ATT
g _0.5K_F GTC ATT CTA AAA GTC AT
IYHone30 | HINd_40PRO [GCG GCC AAG CTT TTG TTG
g _0.4K_F GGC TTT TGT TTT TGT TTA
TVHone3] | Hind_40PRO [GCG GCC AAG CTT TGT TTT
g _0.3K_F GGT GTA GTT TAG GGA AG
IYHong3o | HINd_40PRO [GCG GCC AAG CTT AAT GAT
g _0.2K_F GAA CCA TGA AAA TCA TT
IVHone33 | Hind_40PRO | GCG GCC AAG CTT GTA TTC
g _0.1K_F ATT CTT ATT TAT GGG AAT G
IYHoneg34 | HINd_40PRO [GCG GCC AAG CTT ACT TTT
g _0.07K_F AGG TAA GTA TAC GTA GTA
TVHone3s | SalL40PRO_ [ ACG CGT CGA CTA TAC CAT
8 2.6K_F AAA TGG TTT TCA TGG

3 1 £ 7] ]
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Sal 10PRO_ | ACG CGT CGA CTA GAT GAA
JYHong36 | 5°5% AGA TTT TGG GTT GA
IHongs7 | Sal40PRO_ | ACG CGT CGA CAT AAT TTA
9 AK T TTA TCA GAA TTA ACT TGA
VHone3s | SalL40PRO_ |ACG CGT CGA CAA AAA GAA
838 |53k | AAG AAA AGA AAA GTA AAT C
VHone3g | SalL40PRO_ |ACG CGT CGA CTG_AGA TTG
g 2.2K_F AAG GGA TAA CTT TT
Sal 40PRO_ | ACG CGT CGA CTA TCT TCT
JYHong40 | 55 ATG TAC GCA CAT CG
WHong69 | S21-40PRO_|ACG CGT CGA CTG TAG CAT
9.56K_F TAC AAA ATA TTC TCT CC
J¥Hong70 | Hind_40PRO|CGG CAA GCT TAA ATC TCT
236K R GAA ATA TCA AAT CCC T
FYHong71 | S21-40PRO_[ACG CGT CGA CAA CAC CAA
2.50K_F ATA TAG TGT TTA TTG TT
: CGG CAA GCT TTG AGA TTT
JYHong72 |HNd_40PRO | Xcr TPT ¢TT TTC TTT TCT
2.30K_R A
VHona73 | SaL40PRO_|ACG CGT CGA CTT ACT TTT
873 | 547K F TTG TGG TAT GGA TAT CT
. CGG CAA GCT TTG TAT TTC
JYHong74 | HNd_40PRO | 7A AAA TTA AAA CTA AAA
2.27K_R L8
al 40PRO | ACG CGT CGA CGC_ ATT AAT
TYHong75 |33l FRO-1ATA TAA TTT ATT ATC AGA
A4K_ ATT AAC T
VHoneg | Hind_40PRO [CGG CAA GCT TTC TCT CCT
876 | 5 9fK R TTC TTA TAT TTC CAT T
Wione77 | 98 40PRO_[ACG CGT CGA CTT TAC AGA
87T 1 540K F TTG TAT TAG ATT AGG GAT
WHoneg | Hind 40PRO [CGG CAA GCT TAG TCA AAA
878 | 5 20K R GTT ATC CCT TCA AT
Vione7g | Hind 40PRO [CGG CAA GCT TGT TTT TAA
g79 | 933K R AAG AAT ACA TAA CAA CCT
Vionegz | Hind 40PRO [CGG CAA GCT_TCA ACC CTT
g _2.7K_F ACT CCC TTT CTT TC
VHoness | Sal 40PRO_|ACG CGT CGA CAA AAT CTC
g 2.0K_R GTA CAA TCT ACC AA
Genotyping
YHongl0 | LBal Kgg GTTC ACG TAG TGG GCC
JYHong49 |agl62—1 LP | AGT TGT GTT CTC ACC TGG
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TCG

JYHong50

agle2 RP

CAA GAA CAA GAA AAA CAA

CAA CAA C

JYHongb51

agle2—2 LP

TGG ATC TTT CTG GCA GAT

TTG
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[OI. Results

1. Analysis of an interaction between the polycomb
response element (PRE), involved in UCLI
expression, and endosperm—specific factor binding
element (ESFE)

In the previous study, UCLI was reported as a paternally
expressed imprinted gene (PEG) which is not expressed in the
ovule but expressed only in the endosperm after fertilization
(Jeong et al., 2015).

Also, Jeong et al. (2015) reported that UCLI_2. 7k::GUS
transgenic plants show a paternally expressed imprinted pattern
of UCLI while UCLI_2.0k:*GUS transgenic plants show biallelic
expression of UCLI, which means that ICR/PRE of the UCLI is
located between -2.7 kb and -2.0 kb of the UCLI promoter
region. On the other hand, the —1.0 kb promoter region was
verified to be sufficient for endosperm—specific expression of
UCLI (Jeong et al.,, 2015). To confirm whether the —2.7 to
—2.0 kb region present in the UCLI promoter and the —1.0 kb
promoter region expressing the endosperm—specific expression
induce paternal imprinting and endosperm—specific expression, a

basic construct containing these two regions was generated
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(Figure 2A). I checked GUS activity of the
UCLI1_PRE+ESFE::GUS transgenic plant in the ovules before
fertilization to see whether the maternal allele of UCLI is
repressed. As a result, maternal UCLI expression was not
detected in the ovules; however UCLI expressed strongly in the
endosperm after fertilization (Figure 2B). To check
parent—of—origin specificity of UCLI, 1 performed reciprocal
crosses between UCLI_PRE+ESFE::GUS transgenic plants and
Col=0 wild type plants. GUS activity was not detected in the
developing endosperm of UCLI_PRE_ESFE.'GUS transgenic
plants pollinated by Col—0; however, Col—0 plants pollinated by
the UCLI_PRE+ESFE::GUS transgenic plants showed high
percentage of GUS expression in the endosperm (Figure 2C).
However, UCLI_PRE+ESFE:-GUS transgenic plants showed
incomplete maternal gene suppression compare to
UCL1_4.1k::GUS transgenic plants. When unfertilized floral ovules
were emasculated and GUS was stained after 1 day and 4 days,
0.9% (The total number of ovules scored=424) and 24.63%
(total n=1141) of UCLI_PRE+ESFE.::GUS ovules showed GUS
expression, otherwise 0% (total n=413) and 1.2% (total n=557)
of UCL1_4.1k::GUS ovules showed GUS expression (Figure 3A).
I also performed reciprocal crosses between
UCLI1_PRE+ESFE::GUS transgenic plants and Col—0 wild type
plants. 33.43% (The total number of seeds scored=1588) of

GUS activity was detected in the developing endosperm of
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UCL1_PRE+ESFE::GUS transgenic plants pollinated by Col—0;
however, UCL1_4.1k::GUS transgenic plants pollinated by Col—0
showed 0.8% (total n=583) of GUS expression and
UCL1_1.0k::GUS transgenic plants pollinated by Col—0 showed
76.32% (total n=561) of GUS activity in the developing
endosperms (Figure 3B). These results demonstrate considerable
role of PRE and ESFE for the UCLI imprinting, but also show
the possibility that a specific element between —1.0 kb and —2.0
kb may be additionally required for stable suppression of PRE by

FIS complexes.
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Figure 2

-5228 -2694 -2070 -1560 -1048 +1 +1116
ucL 1
ATLINEIL 1 ATLINEL 1
(LILNE/L1) (LILNE/LI) GUS staining of
Maternal allele
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element(PRE) specific factor
binding
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PRE  ESFE | GUS

Before fertilization After fertilization UCLI_PRE+ESFE::GUS x WT WT x UCL1_PRE+ESFE:GUS

Figure 2. Expression pattern of UCLI1_PRE+ESFE.:GUS
(A) UCLI_PRE+ESFE::GUS construct containing PRE and ESFE
of UCLI fused with GUS.
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(B) Expression of UCLI_PRE+ESFE::GUS in the ovule before
fertilization and in the endosperm after fertilization.

(C) Cytoplasmic GUS expression of endosperm resulting from
reciprocal crosses between UCLI_PRE+ESFE..GUS

transgenic plants and Col—0 wild—type plants.

2 2 ]S



Figure 3
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Figure 3. Percentage of GUS expression in the

UCL1_PRE+ESFE::GUS

(A) Expression percentage of GUS activity in UCLI_4.1k::GUS
and UCLI_PRE+ESFE::GUS at 1 day after emasculation
(DAE), 4 DAE and 1 day after pollination (DAP). The total
number of ovules scored is denoted on top of the graph
column.

(B) Expression percentage of GUS activity in developing
endosperm after being pollinated with wild—type pollen.
Maternal UCLI allele is de—repressed at 33.43%. The total
number of seeds scored is denoted on top of the graph

column.
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2. Investigation of the polycomb response element
(PRE) of UCLI by the FIS—PRC2 complex

A polycomb response element (PRE) —2.0 to —2.7 kb, which
is present in the UCLI gene promoter region, was sequentially
deleted by 100 bp, and then GUS fusion constructs were
prepared (Figure 4A). The results showed that the expression of
the maternal allele was repressed in the GUS reporter fused
with -2.7/—2.6/—2.5 kb of the UCLI promoter region whereas
the expression of the maternal allele was observed from —2.4kb
(Figure 4B). These results suggest that the PRE of the UCLI
gene is located between —2.5 and —2.4 kb of the UCLI
promoter region.

Therefore, fine—deletion of the UCLI promoter —2.5 to —2.4 kb
site was performed for more accurate PRE identification. For
this, —2.5~—2.4 kb of the UCLI promoter region was deleted
sequentially by 30 bp into 200 bp size and then combined with
UCL1_1.0kb::GUS construct (Figure 5A). For checking the
allele—specific expression, UCL1_—2.56~-2.36 | —2.565~—2.33 /
—2.50~=2.30] —247~-2.27 | —2.44~-224 ] —2.40~-2.20 kb
+ ESFE :: GUS transgenic plants were reciprocally crossed with
Col—0 wild—type plants, respectively and the endosperms were
stained with GUS solution 1 day after pollination. As a result, all

of the transgenes showed biallelic expression of GUS

29 -":l'h._i 'ILI:' L



activity (Figure 5B). These results suggest that the 200 bp
sequence of the PRE is not sufficient for repression of the UCLI
maternal allele by the FIS complex. Another possibility is the
requirement of DMR to repress the maternal UCLI allele stably.
On the other hand, generation of 10 bp—scanning transversion
mutagenesis on —2.5 to 2.4 kb of UCLI promoter region is on
going (Figure 6A). These constructs contain -2.7 to 0 kb
upstream of the UCLI translation start codon with 10 bp
transversion (Figure 6B). Once the sequence is identified,
Chromatin Immunoprecipitation (ChIP) will be performed around
this location to check H3KZ27me3 accumulation on this PRE

region.
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Figure 4
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Figure 4. Identification of PRE in the UCLI promoter region

(A) Constructs of sequential deletion of PRE fused with GUS.

(B) Analysis of GUS activity in the ovules and developing
endosperms, before and after fertilization. The results show
PRE is located between -2.5 and -2.4kb of UCLI promoter

region.
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Figure 5
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Figure 5. Identification of PRE

(A) Constructs of fine—deleted PRE fused with
UCLI1_ESFE:GUS.

(B) Analysis of GUS activity in the developing endosperm after

reciprocal crosses. The results show biallelic expression of

UCLI.
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Figure 6
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Figure 6. 10—bp scanning transversion mutagenesis of PRE

(A) Sequences showing 10—bp scanning transversion between

-2532 and -2432 bp upstream of UCLI, that was confirmed

as

PRE. T and G were substituted while A and C were

substituted each other.

(B) Scheme for generating 10—bp scanning transversion

mutagenesis constructs.
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3. Significance of PRE orientation, controlled by

the FIS complex

In order to confirm whether the orientation of the UCLI PRE
affects the repression of the maternal UCLI allele by the FIS
complex, I generated UCLI_—2.7~—2.0kbRev+ESFE.:GUS
construct containing the UCLI promoter region -2.0~—2.7 kb,
reversed PRE sequences of UCLI, and ESFE fused with GUS
(Figure 7A). UCLI1_—2.7~—2.0kbRev+ESFE::GUS transgenic
plants were then reciprocally crossed with Col—0 wild—type
plants and the expression of GUS activity was analyzed in the
developing endosperms 1 day after pollination (1DAP). As a
result, there were transgenic plants showing maternal allele
repression, GUS activity is only expressed when wild—type plant
was pollinated by UCLI_—2.7~—=2.0kbRev+ESFE::GUS plant,
which were the same as UCLI_—2.7~—2.0kb+ESFE::GUS
(Figure 7B, C). To investigate this result clearly, I checked the
GUS expression in the unfertilized ovules of 20 different
UCL1_—2.7~—2 0kbRev+ESFE.::GUS transgenic plants and
analyzed statistically. As a result, 40% (total n=1076) of
UCLI_—=2.7~=2.0kbRev+ESFE::GUS transgenic plants showed
none or weakly stained GUS expression, which means repression
of the maternal UCLI allele. On the other hand,
UCLI_—=2.7~=2.0k+ESFE::GUS transgenic plants that contain
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forward oriented PRE and ESFE fused with GUS, showed
76.59% (total n=1880) of none or weakly stained GUS
expression and homozygous UCLI_4.1k::GUS transgenic plants
showed 99.6% (total n=1282) of maternal UCLI repression
(Figure 8A, B).

Partial repression of maternal UCLI allele at low probability in
UCL1_ —2.7~=2.0kbRev+ESFE::GUS transgenic plants suggests
that orientation of the PRE is significant for recruitment of

FIS—PRC2 and repression of maternal allele of UCLI by

FIS—PRC2.
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Figure 7
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Figure 7. Investigation on significance of PRE orientation
(A) Construct of UCL1_—2.7~—2.0kbRev+ESFE::GUS.
(B) GUS expression in the endosperm after reciprocal cross

between UCL1_—2.7~—2 0kbRev+ESFE:.GUS transgenic
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plant and Col—0 wild—type plant (1DAP). Paternal
UCLI_—2.7~—2.0kbRev+ESFE::GUS is detected otherwise
maternal is not.

(C) GUS expression in the endosperm after reciprocal cross
between UCLI_—2.7~—2.0k+ESFE::GUS
(UCLI_PRE+ESFE::GUS) transgenic plant and Col—0
wild—type plant (1DAP).
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Figure 8
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Figure 8. GUS Expression pattern in

UCL1_—2.7~—2.0kbRev+ESFE..GUS compare to other transgenic

plants

(A) Division of GUS expression pattern in the transgenic plants.

(B) Expression pattern of GUS in unfertilized ovules of
UCLI_—2.7~—2.0k+ESFE:GUS,
UCLI_—2.7~—2.0kbRev+ESFE::GUS and UCLI1_4.1k::GUS

transgenic plants (2DAE).
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4. Additional element near short transposable
element (TE) is essential for stable repression of
UCL 1 maternal allele

The results of the UCLI_PRE + ESFE :° GUS suggested that
additional element could be required for stable suppression of
the maternal UCLI allele. Jeong et al. (2015) reported that
repression of the maternal UCLI allele is related to CpG DNA
methylation. Jeong et al. (2015) also demonstrated that there is
a short transposable element (TE) in the —2070 to -1560 bp
upstream of the UCLI translation start codon, and this region is
significantly hypomethylated, suggesting this region may be
required for maternal UCLI silencing. Based on these facts, I
checked H3K27me3 pattern of the UCLI promoter using the
integrated genome browser (IGB) 8.3.1 program

(https://wiki.transvar.org/confluence/display/igbman/Quick+Start).

The result showed that H3K27me3 disappears at the -1814 to
-1478 bp upstream of the UCLI translation start codon, nearby
short TE, while H3K27me3 was found on both sides of this
region (Figure 9). This alteration of H3K27me3 could be related
to different methylation in this region, designated as differentially
methylated region (DMR). To confirm whether this putative DMR
is a specific element essential for repression of the maternal

UCL1 allele, I generated UCLI_PRE+DMR+ESFE..GUS construct
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(Figure 10A). GUS activity of the UCLI_PRE+DMR+ESFE::GUS
transgenic plant was analyzed in the ovules 2 days after
emasculation to see whether the maternal allele of UCLI is
repressed. As a result, maternal UCLI expression was not
detected in the ovules; however UCLI:GUS was strongly
expressed in the self fertilized seeds after fertilization (Figure
10B).

To compare the imprinting pattern of
UCL1_PRE+DMR+ESFE::GUS with that of
UCL1_PRE+ESFE::GUS, 1 checked the GUS activity in the
unfertilized ovules of the UCLI_PRE+DMR+ESFE::GUS
transgenic plants 2 days after emasculation (2 DAE) and
analyzed statistically (Figure 11). As a result, 99.57% (total
n=1855) of none or weakly stained GUS expression was
detected in the UCLI_PRE+DMR+ESFE::GUS ovules, whereas
76.59% (total n=1880) of which was detected in the
UCLI_PRE+ESFE::GUS ovules. Suppression percentage of the
maternal UCL1 allele in the UCLI_PRE+DMR+ESFE::GUS
transgenic plants was similar with that of UCL1_4.1k::GUS,
99.6% (total n=1282). The results so far suggests that DMR
region is essential for the stable repression of the maternal

UCL1 allele.
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Figure 9. H3K27me3 pattern in UCL1 promoter region
Red arrow indicates -1814 bp to -1478 bp upstream of UCLI
translation start codon, that is predicted to be differentially

methylated region (DMR).
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Figure 10
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Figure 10. Expression pattern of UCLI_PRE+DMR+ESFE::GUS

(A) UCLI1_PRE+DMR+ESFE::GUS construct containing PRE,
DMR and ESFE of UCLI fused with GUS. The pink box,
yvellow box and blue box indicate PRE, DMR and ESFE
respectively.

(B) Expression of UCLI_PRE+DMR+ESFE.::GUS in the ovule
2 DAE and in the endosperm 1 DAP.
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Figure 11
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Figure 11. GUS Expression pattern in

UCL1_PRE+DMR+ESFE::GUS compare to other transgenic plants

(A) Division of GUS expression pattern in the transgenic plants.

(B) Expression pattern of GUS in unfertilized ovules of
UCLI1_PRE+ESFE::GUS, UCLI_PRE+DMR+ESFE::GUS and
UCL1_4.1k::GUS transgenic plants (2DAE).
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5. Investigation of the endosperm-—specific factor
binding element (ESFE) of UCLI

In order to investigate whether the specific nucleotide sequence
is involved in endosperm—specific expression of UCLI, 1 kb of
the UCLI promoter region, which is presumed to be
Endosperm—Specific Factor binding Element (ESFE), was
sequentially deleted in 100 bp and fused with GUS gene (Figure
12A).

As a result, cytoplasmic GUS activity was detected in the
endosperm of UCLI_0.8k:*GUS to UCLI_0.Zk::GUS transgenic
plants; however, not in UCLI_0.1k::GUS and UCLI1_0.07k::GUS
(Figure 12B). Based on the results thus far, it is expected that
there will be a region that regulates endosperm—specific

expression of UCLI, between -271 and —171 bp of the UCLI

promoter region.
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Figure 12
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Figure 12. Identification of ESFE

(A) Constructs of 100bp—deleted ESFE.

(B) Analysis of GUS activity in the developing endosperm of
transgenic plants. The result indicate ESFE is located
between -271 and -171 bp upstream of UCLI translation

start codon.
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6. Analysis of the UCLI gene expression in the

endosperm development—defective mutants

In Arabidopsis, transcription factors are likely to be involved in
recognition of UCLI PRE by the FIS complex or
endosperm—specific expression. One of factors that are
expressed specifically in the central cell or endosperm could be
the candidate. AGL6Z is a gene which is expressed specifically
in the endosperm after fertilization, and repressed by FIS
complex just before cellularization (Kang et al., 2008).

To confirm the possibility, [ crossed UCLI_4.1k::GUS transgenic
plants with ag/62 mutant plants and obtained
UCL1_4.1k::GUS™ ;agi627" F1 generation plants. As a result,
the expression of GUS in the ag/62 mutant was reduced by an
average of 34% (total n=1095) compared to wild—type
Arabidopsis (Figure 13). This suggests that AGL62 may directly
or indirectly affect the endosperm—specific expression of UCLI.
Based on these possibilities, UCLI_4.1k::GUS homozygous
plants among UCLI1_4.1k::GUS agl62 F2 plants were selected and
the GUS expression pattern of specimens 24~36 hours after
fertilization was observed. As a result, most of the samples
showed GUS activity while some of the samples did not show
GUS activity (Figure 14A). To confirm whether absent GUS

expression is related to effect of AGL62 1 also observed cross
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section with confocal laser scanning microscope of the
endosperm which did not show GUS activity. Confocal laser
microscopy of specimens without GUS expression revealed a
phenotype different from that of normal GUS expression (Figure
14B, C). In the seed development stage of normal wild—type
Arabidopsis, cellularization occurs after 5 days of fertilization,
whereas in the case of ag/62 mutant, early cellularization occurs
3 days after fertilization (Kang et al., 2008). As a result, the
specimen of abnormal GUS expression was similar to the "early
cellularization" phenotype of the ag/62 mutant, suggesting that
the expression of UCLI may be regulated by AGL6Z. To confirm
these results further, I increased the number of
UCL1_4.1k::GUS"";agl62”" F2 plants and
UCLI_4.1k::GUS"";agl62”* F3 plants and observed the GUS
expression patterns 39 hours after fertilization. As a result, |
observed that GUS expression pattern of

UCLI_4.1k::GUS"" agl62”" F2 plants and
UCLI_4.1k::GUS"";agl62”* F3 plants were almost similar with
that of UCLI_4.1k.:GUS in wild—type plants (Figure 15).
Therefore, there is no direct relation between the expression of
UCL1I and the function of AGL6Z. Other endosperm—defective
mutants are under investigation, and it is expected that
transcription factors that regulate the endosperm—specific

expression of genes could be elucidated.
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Figure 13
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Figure 13. Expression pattern of UCLI1::GUS in the developing
endosperms of UCLI1 4.1k::GUS;agl62 F1 mutants and
UCL1_4.1k::GUS™" plants

GUS expression in the ag/62 mutants were decreased by 34%

compare to that in the wild—type.
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Figure 14

UCL1_4.1k::GUS;agl62-1

Figure 14. Analysis of UCL1::GUS activity in the
UCL1 4.1k.:GUS ;agl62—1 and phenotype of early cellularization

(A) Analysis of GUS expression in the developing endosperm of

UCLI_4.1k::GUS’agl62—1 mutant.

(B) Cross section of the specimen which showed strong GUS

expression. Arrowheads indicate the phenotype of wild—type

seed (24~36HAP).

(C) Cross section of the specimen which did not show GUS
expression. Arrowheads indicate the early cellularization

phenotype of ag/62 mutant seed (24~36HAP).
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Figure 15
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Figure 15. Expression pattern of UCLI1::GUS in
UCL1_4.1k:'GUS;agl62 F3 plants, 39HAP

(A) Percentage of GUS expression (39HAP) in
UCLI1_4.1k::GUS™*;a¢gl627" F3 mutants compare to
UCLI1_4.1k::GUS™™*. There was no significant difference in

GUS expression. (S: Strongly stained, W: Weakly stained, N:

Non—stained)
(B) GUS expression in UCLI_4.1k:GUS™" and
UCL1_4.1k::GUS™" ;agl62”" F3 mutant, 39HAP. Significant

difference of GUS activity between them was not observed.
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IV. Discussion

The previous study on the UCLI gene suggested that UCLI is
a paternally expressed imprinted gene which is expressed
specifically in the developing endosperm only after fertilization
(Jeong et al., 2015). Also, Jeong et al. (2015) identified —2.0 to
—2.7 kb region of UCLI promoter as ICR/PRE, that involves in
recruitment of FIS2—PRCZ complex to repress maternal allele of
UCL1. Otherwise, 1.0 kb of UCLI promoter region showed
biallelic expression, specifically in the endosperm which shows
repeat sequences in this region is not the imprinting control
region (ICR) of UCLI (Jeong et al., 2015).

In this study, I analyzed the interaction between polycomb
response element (PRE) and endosperm—specific factor binding
element (ESFE) on the expression of UCLI paternal allele. The
—2.7~—2.0 kb upstream region of UCLI translation start codon
was used as PRE, while the -1.0~0 kb region was used as
ESFE. In the analysis of GUS activity in the
UCLI_PRE+ESFE::GUS transgenic plants, GUS activity was
detected in the 24.63% of unfertilized ovules. Therefore,
imprinting pattern of the UCLI_PRE+ESFE::GUS was unstable as
compared to UCLI_4.1k:GUS which displayed only 1.2% of
ovules showed de—repression. When UCLI_PRE+ESFE::GUS
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plants were pollinated with Col—0 wild—type pollen, 33.43%
(total n=1588) of the 1DAP developing endosperms showed
de—repression of maternal UCL/ allele. When PRE was inserted
in the reversed orientation, only 40% (total n=1076) of ovules
was repressed, compared to 76.59% (total n=1880) of ovules
was repressed in UCLI_PRE+ESFE::GUS. This result indicate
that the orentation of PRE might be significant for suppression of
the maternal UCLI allele.

Many imprinted genes are orchestrated by histone and DNA
methylation and their control mechanism is various. DNA
methylation can regulate expression or repression of the
imprinted genes, and TEs have been suggested as differentially
methylated region (DMR) that is related to this regulation
mechanism (Lippman et al., 2004, Martienssen et al., 2004,
Kinoshita et al., 2006).

Jeong et al. (2015) reported that maternal allele of UCLI was
de—repressed not only in the mea and fie mutants but also in
the metl and dme mutants, demonstrating that the maternal
allele of UCL1 is suppressed by the FIS complex as well as
DNA methylation multiply. Also, the promoter region of the
UCL1I includes a short transposable element (TE), from -2070 to
-1560 bp, conserved in Col—0, En—2, Ler, RLD, C24 ecotypes
(Jeong et al., 2015). Therefore, it is possible that specific
element in or nearby this short TE of the UCLI promoter could
be involved in UCLI imprinting. H3K27me3 pattern in UCLI
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promoter using IGB program showed that H3K27me3 disappears
at the -1814 to -1478 region of the UCLI promoter. This region
was considerably overlapped with short TE of UCLI promoter,
-2070 to -1560 bp upstream region. Normally H3K27me3 is
related to hypomethylation of the target genes. Based on
possibility that the disappearance of H3K27me3 could be related
to hypermethylation of this region, I designated this region as
differentially methylated region (DMR).

UCLI1_PRE+DMR+ESFE::GUS including PRE, putative DMR and
ESFE fused with GUS showed stable repression of the maternal
UCL1 allele with 99.57% (total n=1855) ratio in the ovules.
This may suggests that putative DMR is essential for the
complete repression of the maternal UCLI allele cooperating with
PRE.

In case of PHEI gene belonging to PEGs, hypomethylation of
maternal PHE] allele in tandom triple repeat of 3’ region is
required for repression of maternal PHE] allele by FIS—PRCZ.
By contrast, this tandom triple repeat of paternal PHE] allele is
hypermethylated, so that FIS—PRCZ2 can not bind to this locus.
Also, lack of DNA methylation caused de—repression of the
maternal PHEI and reduced expression of the paternal PHE],
ensuring that different methylation level in the different parental
allele is essential for PHEI imprinting. However, imprinting
mechanism of the UCLI seems different from that of PHE].

DMR did not affect expression of the paternal UCLI allele, but
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only affected repression of the maternal UCLI. Further sequence
analysis of the PRE and DMR is needed to elucidate imprinting
mechanism of the UCLI.

On the other hand, 100—bp sequential deletion from -2.7 to

-2.1 kb upstream of the UCLI translation start codon showed
that PRE of UCLI is located between -2.5 and -2.4 kb of UCLI
promoter region. Therefore PRE fragments in 200 bp size were
fused with ESFE."GUS to drive paternal imprinting of the UCLI,
however showed biallelic expression. This may suggests that
sequences longer than 200 bp may be necessary for the
recruitment and maintenance of FIS—PRCZ by PRE, unlike other
imprinted genes. Further studies based on 10—bp scanning
transversion of this region may trace the critical sequences
those involve in recruitment of FIS—PRCZ to repress maternal
allele of UCLI.

Meanwhile, 100—bp sequential deletion from -971 to =71 bp of
the UCL1 promoter region fused with GUS showed that ESFE of
UCL1 is located between -271 and -171 bp sequences of the
UCL1 promoter region.

To elucidate a transcription factor that binds to ESFE of UCLI,
inducing endosperm—specific expression, I set a candidate as
AGL6Z2 which expresses specifically in the endosperm and
checked the expression of UCLI in agl6Z mutants. F1, FZ2 and
F3 generations of UCL1_4.1k::GUS;agl62 double mutants were
obscured statistically. As a result, UCLI_4.1k::GUS"" agl627"
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F3 mutants showed no significant difference with
UCL1_4.1k::GUS™" transgenic plants, that suggests AGL62 is not
realted to endosperm—specific expression of the UCLI gene.
One possibility is that another transcription factor that is
specifically expressed in the endosperm could be a candidate.
Based on this possibility, I also conducted investigation on
AGL61, AGLE0, MYB64 and MYE119 genes, those are
specifically expressed in the central cell and developing
endosperm. In the ag/6] and feml11, loss—of—function mutants
of AGL61 and AGLS0, and myb64,mybl119 double mutants show
arrest on female gametophyte development, that causes seed
abortion (Portereiko et al., 2006, Bemer et al., 2008, Steffen at
al., 2008, Rabiger et al., 2013). However, when the expression
of UCLI_4.1k::GUS was analyzed in those mutants background,
there was no significant relation between those genes and
endosperm—specific expression of UCLI. Therefore other genes,
those are specifically expressed in the endosperm and related to
endosperm development, are required to be investigated.
Another possibility is that there is unknown factor that
represses paternal UCLI allele in the pollen grain that is absent
in the endosperm (Jeong et al., 2015). In this case, specific
factor that is expressed only in the mature pollen grain may
involve in endosperm—specific expression of paternal UCLI

allele. Further studies on these two points of view are needed.
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