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ABSTRACT

Characterization of AtSUVR3 Functionsin Arabidopsis thaliana
Using RNA Interference.
(August 2007)
Tao Wang, B.S., University of Science and Technology of China

Chair of Advisory Committee: Dr. Timothy C. Hall

Variability of transgene expression levels resulting from gene silencing is considered as a
hindrance to the successful application of plant genetic engineering. Towards aleviating
gene silencing, | decided to screen for novel genesinvolved in transgene silencing and to
investigatehow thesegenesregul ate plant devel opment. Genes encoding putative chromatin
remodeling factors, especialy those including a SET domain, were selected as candidate
targets. A bioinformatic analysisof the Arabidopsis SET genes (4¢tSET) was performed and
these genes were classified into 6 groups based on the domain architecture.

RNA interference (RNAI) vectors were constructed for ~ 20 AtSET genes and were
introduced into both wild type lines and transgenic lines silenced for a GFP reporter gene.
Surprisingly, altered developmenta phenotypes were only observed for three constructs,
raising gquestions as to the effectiveness of the RNAI approach for the chosen Arabidopsis
system. To assessthissituation, | targeted aphytoene desaturase (PDS) geneusing thesame
RNAI approach. Inactivation of PDS rendersplant areadilyidentifiable phenotype. Whereas
the RNAI penetrancein Arabidopsis can be very high, the expressivity of RNAI in various

tissues and among different plants can vary dramatically. Contradictory to previous reports,



| found that there is correlation between transcript level and silencing phenotype. Possible
reasonsfor thisdiscrepancy are discussed. No apparent corrédation between transgene copy
number and RNAI phenotypes was observed.

Among the three RNAI constructs that caused an abnormal development in
Arabidopsis, K-23 which targets SuvR 3 has the highest expressivity and could reactivate a
silenced GFP locus. SuvR3 RNAI lines were selfed for six generations and were screened
for morphological phenotypes. Abnorma number of flower organs, loss of viability of male
gametophytes, and decreased seedling germination percentage were found in SuvR3 RNAI
lines. A progressve increase in both severity and frequency of abnormal phenotypes were
seen in subsequent generations, suggesting an epigenetic regulatory mechanism involved
with SuvR3. Alternative splicing of SuvR3 wasalso observed in most of Arabidopsis tissues.
Oneof theproteinisoforms, SuvR3e, lacks 16 amino acidswithin thehighly conserved SET

domain. Possible effects of isoform interaction are proposed.
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CHAPTER1

INTRODUCTION

A fundamental and remarkable fact about complex organismsis that, while the nucleus of
each somatic cell of a given organism contans an identical complement of genetic
information, developmental regulatory events yield tissues or arrays of cells that have
differentiated forms and functions. Although great insight to the mechanismsinvolved has
come from molecular genetics, it is now evident that epigenetic events, which are largely
histone-based, are essential contributors (Strahl and Allis, 2000).

In general, actively expressing genes are typically found in euchromatic
chromosomal regions which are characterized by relatively loose interactions between
histonesand DNA. Thisopen chromatin architecture can changerapidly to aclosed, inactive
heterochromatic structure in response to specific modifications of histone residues,
especidly methylation and acetylation. Chemical modifications of DNA aso profoundly
affect gene expression and hence development. A crucial insight to the connection between
transcription factor-mediated regulation and chromatin-mediated regulation was the
discovery that methylation of certain histone lysine residues, e.g. lysine 9 of histone
H3(H3K9), can signal downstream processes|eading to methylation of cytosineresiduesin
DNA (Tamaru and Selker, 2001; Jackson et a., 2002). This modification frequently results

in gene inactivation or gene silencing.

This dissertation follows the style of Planta.



Transcriptional and post-transcriptional gene silencing

Genetic engineering techniques have opened awiderange of opportunitiesto study various
fundamental aspectsof plant biology. However, crop improvement through transformation
encountered a substantial obstacle in the unpredicted phenomenon of gene silencing, when
genes that are expected to be active are inactivated. Such features are not acceptable for
commercialization of a genetically engineered crop. Transcription factor interactions,
epigenetic events, chromatin structure and many other phenomena determine when, where,
and how a specific gene isto be expressed in the plant. Consequently, studying the effects
of associations between modified histones, chromatin architecture and gene function is
likely to provide novel insight to development processes, including gene silencing.

Gene silencing can occur both transcriptionally (TGS) or post-transcriptionally
(PTGS). Both transgenes and endogenous genes are subjected to these two regulatory
mechanisms. TGS isusually associated with heterochromatinization in which alteration of
chromatin conformation renderstargeted genesinaccessi ble to transcriptional machineries.
In contrast, transcripts can be produced in PTGS but they are degraded by RNA -dependent
silencing complexes. DNA methylaion is usudly associated with promoter regions and
coding regions in TGS and PTGS respectively (Jones et a., 1999; Morel et a., 2000).
Despite these differences between TGS and PTGS, these two silencing pathways are
mechanistically interlinked. For example, double-stranded RNA (dsRNA), an intermediate
product in PTGS processes, can beatrigger of TGS (Morel et al., 2000). A singletransgene

locus, 271, can trigger both TGS and PTGS by simultaneously producing dsRNA



corresponding to both promoter and transcribed sequences (Mourran et a., 2007).
Additiondly, mutation of Argonaute, agenethat isinvolvedin PTGS, can profoundly affect
heterochromatin formation (Martienssen et d., 2005; Kim et al., 2006). In summary, it is
evident that both PTGSand TGS processesareintimately involved inthe regulation of gene

expression (Sijen et al., 2001).

Histone code hypothesis

Thefundamental repeating unit of eukaryotic chromatin isthe nucleosome, in which acore
composed of an octamer of histones (two copies each of H2A, H2B, H3, and H4) around
which are wrapped 1.75 turns (~146 bp) of double stranded DNA in a left-handed
superhelix. A fifth histone, H1, istypically associated with ~ 50 bp double stranded DNA
to form alinker between two adjacent nucleosomes (Luger et al., 1997). Nucleosomes not
only providethefirstlevel of compaction of genomic DNA withinthenucleus, they arealso
carriersof two typesof epigeneticinformation: histone modificationsand DNA methylation.
Numerous experiments have demonstrated that both nucleosome structure and positioning
(Li et al., 1998; Liaet al., 2006; Ng et al., 2006) play important roles in regulating gene
expression.

The N-terminal tails (16 - 44 amino acid residues) of histones are subjected to
multiple types of post trandational modification. These include acetylation, methylation,
phosphorylation, ubiquitination, glycosylation, sumoylation and ADP-ribosylation

(Jenuweinand Allis, 2001; Fuchset a., 2006). From the el ectrostatic point of view, it was



generally concelved that histone acetyl ation could neutralize the positive charge of histones
to decondensethe chromatin structure, whereas histone methyl ation woul d havethe opposite
effect. Consequently, histone methylation and deacetylation are associated with gene
repression and expression, respectively. Exceptions to this situation, such as H4K12
acetylation in transcriptionally silent regions in yeast (Braunstein et al., 1996) and the
discovery of aspectrum of diverse histone modifications, hasled to amore comprehensive
model termed the Histone Code (Strahl and Allis, 2000; Jenuwein and Allis, 2001).
According to this model, various chromatin modifications, primarily on the histone N-
terminal domains and usually determined by upstream events can interact with each other
to compose a coded histone language. The histone modifications often occur in sequential
orders and the resulting codes can be deciphered by other proteins or protein domainsto
determine specific downstream events. This model is now well accepted and is supported
by multiple lines of evidence.

Among various histone modifications, acetylation is the most extensively
characterized. Two antagonistic enzymes, histone acetyl transferase (HAT) and histone
deacetylase (HDAC), reversibly and dynamically control the statusof acetylationin histones
(Tian and Chen, 2001). In contrast, methylation on the histones is more stable and is

suggested to be involved in epigenetic cellular memory (Volkel and Angrand, 2006).



Histone methylation

It has been known for over forty years tha nitrogen atoms of lysines and arginines on the
side chains of histones can be methylated (Allfrey et al., 1964; Murray, 1964). The arginine
residuein the histone can be mono- or di- methylated by protein arginine methyltransferase
(PRMT) inasymmetric (both side chain amino groups are methylated) or asymmetric (one
side chain amino group) manner. Histone argininemethyl ation can be associ ated with either
geneactivation (Strahl et al., 2001; Bauer et a., 2002) or generepression (Pal et al., 2004).
However, such modifications in Arabidopsis have not been identified.

Comparedto arginine methylation, histonelysinemethylationismore systematically
studied in both animals and plants and is now thought to play a central role in epigenetic
regulation of gene expression. Lysine residuesin the histonetails, including residues 4, 9,
27, and 36 in histone 3 (H3), and residue 20 in histone 4 (H4) can be mono-, di-, or tri-
methylated [for review, see Lachner and Jenuwein (2002)]. Another lysine residue in the
globular domain, K79 of H3, can be aso methylated (Ng et al., 2003). Generdly,
methylation at K4, K36, and K79 is associated with gene activation, whilst methylation at
H3K9, H3K79, and H4K20 is related to gene repression (Cheng et al., 2005). It is
noteworthy that the methylation status at H3K9 shows interesting, but distinct, correlation
with chromatin states in various species. In animals and fungi, euchromatin regions are
usually marked with H3K9 mono- or di- methylation and heterochromatin regionswith tri-

methylation. In contrast, heterochromatinregionsin plantsshow H3K 9 dimethylation. Little,



if any, H3K9 trimethylation is present in Arabidopsis chromatin (Jackson et al., 2004).

SET domain proteins and histone methylation

When studying the Drosophila polycomb-group (PcG) gene Enhancer of zeste [ E(2)], Jones
and Gel bart (1993) found that E(z) containsaC-terminus (C-ter) region (~ 130 aa) with high
sequence similarity to two previously identified Trithorax-group (TrxG) proteins: trithorax
(Trx, Drosophila) (Mazo et al., 1990) and acute lymphoblastic lymphocytic 1 (ALL-1/Hrx,
Human) (Gu et al., 1992; Tkachuk et al., 1992). PcG proteins are generally transcriptional
activators whereas TrxG proteins repress transcription. The presence of this conserved
regionintwo proteinswith antagonistic functionsled the authorsto surmisethat thisregion
may comprise a domain that interacts with common nucleic acid or protein targets. The
opposite effects of these two proteins on genetranscription are conjectured to be regulated
by other regions of the proteins. More recently, a suppressor of position-effect of
variegation, Su(var)3-9 (Tschiersch et d., 1994), was found to encode a proten that also
contains the C-ter domain shared by E(z) and Trx. This conserved domain was then named
as SET domain, after threefounding Drosophila proteins containing this conserved region:
Suppressor of variegation 3-9, Enhancer of zeste, and Trithorax. Subsequently, numerous
proteins containing the SET domain were found from various species and a small portion
of them have been functionally characterized. As of April, 2007, 1026 entries for SET

proteins from various species are cataloged in Pfam sequence alignment database (this



containsduplicate entriesfor some SET proteins), and studies of over 40 of them have been
reported.

Thefirst functional analysis of the SET domain was done by Rea et al. (2000) in
human suppressor of variegation 3-9 (SUV39H1). The protein was shown to be a H3K9
histone methyltransferase (HMT) and the evolutionarily conserved SET domain to be the
catalyticmotif. Similar resultswere subsequently obtained infungd and plant SET proteins.
Thefirst characterized Arabidopsis SET domain HMT was KRY PTONITE (KY P), which
specifically di-methylates H3KO. Thus far, all HMTs that modify histone tails contain the
SET domain. A non-SET domain HMT, DOT1, was found to methylate H3K 79, aresidue
withinthe histone globular domain. In addition to being the catal ytic motif, the SET domain
in some proteins can direct protein-protein interactions. For example, the PR motif within
the SET domaininteractswith dual specificity phosphatase (dsPTP) to modulatecell growth

(Cui etdl., 19984). SET1 and SET2 contain amotif named as Single-stranded NucleicAcid

Binding Linked to SET (SSBLS) near the SET domain boundaries, indicating these SET
proteins could interact with RNAI machineries such as RNAI Induced Silencing Complex
(RISC) through binding to small interfering RNA (SSIRNA) (Krajewski et al., 2005).

Interestingly, SET domainswerefound invirusesand prokaryotic organismsthat do
not have histone proteins. This indicates SET domain proteins may originate from the
common ancestor of prokaryotesand eukaryotes. Accordingly, the substratesof theancestor
SET proteins may not be histones. Supportive evidence for this hypothesisisthe discovery

of SET domain-containing rubisco large subunit methyltransferase (RuBisCo LSMT or



LSMT). Alternatively, the SET domain could have originated from eukaryotes but was
introduced into prokaryotes through horizontal gene transfer. Thistheory isfavored by the
fact that all bacteriacontaining SET domain proteins are pathogenic bacteria (Aravind and
lyer, 2003). Only one vird SET domain protein (vSET) has been identified, and itsorigin
remainsunknown (Manzur et al., 2003). In solutions, vSET can form dimersto specifically
di-methylate H3K 27. Cumul ative evidenceindicatesthat vSET isinvolved in repression of
host gene transcription upon virus infection (Qian et a., 2006; Y amada et al., 2006).
Protein crystallization has been accomplished for a few fungal and animal SET
proteins, plant LSM T, and vSET. Conversely, structural andyssreveded that SET domain
proteins contain 5 regions within the SET domain and its vicinities. They are, from the
aminoterminal to the carboxyl terminal, N flanking, SET-N, SET-I, SET-C, and Cflanking,
respectively. In some SET proteins, N and C flanking regions are conserved motifs named
as Pre-SET and Post-SET, respectively. Each of these regions may contribute to a distinct
aspect of protein function. The N flanking region could interplay with SET-N to stabilize
the tertiary structure of the SET domain by a range of different surface interactions
(Marmorstein, 2003). The SET-I regionisless conserved than SET-N, and SET-C regions
and may contribute to substrate specificity. SET-C forms atopologically unusual “ pseudo-
knot” structure that contains the catalytic site (NHS motif). The C flanking regionin some

proteins can form a channel against the SET domain to provide binding surface for both



cofactor and protein substrate (Xiao et al., 2003). The C flanking region posses caalytic

activity (Esteve, 2005).

Histone demethylation

For along time, histone methylation was thought to be a permanent covalent modifications
to the histones. This hypothesis theory proved incorrect with the discoveries of two types
of histonedemethylase (HDM). Thefirst typeislysne-specific demethylase 1 (LSD1). This
type of histone demethylase is a flavin-dependent monoamine oxidase that can remove
mono- and di- methyl groups from H3K4 through an oxidation reaction, in which a
methylated lysine or arginine residue is converted to its non methylation status and a
formaldehyde (Shi et al., 2004; Forneris e a., 2005). Interestingly, functional interaction
between LSD1 and HDAC complexes has been demonstrated (Lee et a., 2005; Leeet al.,
2006). The other type of HDM isjumonji domain containing histone demethylase (JmjC).
Thistypeof histonedemethylase can target mono-, di-, and tri-methylated H3K 9 or H3K 36,
and demethylation is achieved through hydoxylation (Trewick et al., 2005; Tsukada et al.,
2006; Whetstine et a., 2006). In Arabidopsis, no histone demethylase has been
experimentally identified. However, JmjC domain, the histone demethyl ase signature motif
(Tsukada et al., 2006), has been found in 26 proteins (Pfam database), among which,
EARLY FLOWERING 6 and RELATIVE OF EARLY FLOWERING 6 were proposed to

have HDM activity. The presence of these histone demethylases suggests that histone
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methylation is dynamically regulated and the histone code can be readily reset during

developmental transitions.

Histone methylation and DNA methylation

Both histone methylation and DNA methylation areepigeneticinformation carriers, and they
often interact with each other. Recently, two alternative interaction mechanisms have been
observed. Thefirst model places histone methylation preceding DNA methylation. Thefirst
evidence to support this model came from Neurospora, a filamentous fungus. Loss of
DIM-5, a histone methyltransferase gene, can result in total loss of DNA methylation
(Tamaru and Selker, 2001). Arabidopsis KRYPTONITE (KYP, or SuvH4) control DNA
methylation (Jackson et al., 2002). KY Pisa SET domain containing HMT belonging to the
SuvH class. In kyp mutants, methylation on the CpNpG sitesin the SUPERMAN locus and
other retrotransposon loci are lost. Both KYP and a DNA methyltransferase,
CHROMOMETHYLASE 3 (CMT3), form physical interactions through
HETEROCHROMATIN ASSOCIATED PROTEIN 1 (HP1). Additionaly, H3K27
methylationisrecognized by CMT3 (Lindroth et al., 2001). Thus, amodel was proposed in
which methylated histones (K9 and K27) will be first recognized by HP1, which will then

recruit CM T3 to methylate DNA.

In the second model, DNA methylation is the prerequisite for histone methylation.

H3K9 methylation was drasticaly reduced a a tumor suppressor gene in cells that were
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deficientin DNA methyltransferases (Bachman et al., 2003). Similarly, in Arabidopsis met 1
mutants that are defective for METHY LASE 1, H3K9 methylation was greatly reduced
(Tarigetal., 2003). Furthermore, SETDB1interactswith methyl binding domain-containing
proteins, a group of proteins that bind to methylated DNA (Sarraf and Stancheva, 2004).
These observations place histone methylation as a downstream event triggered by DNA
methylation.

Thediscrepanciesin variousreports may reflect the diverseinteraction mechanisms
between different epigenetic information cariers. Collectively, the symmetric CG
methylation in DNA, maintained in mitosis by MET1, will recruit MBD proteins that
interact with HMTs. In turn, methylation in the histones will induce DNA methylation on

CpNpG and other non-symmetric sites.

RNA interference

One of the best ways to characterize the function of an unknown gene is to debilitate this
gene in the experimental organism and observe the phenotype displayed in the
loss-of -function mutants. The potential function of the unknown gene can then be deduced
from the mutant phenotypes. There are many different approaches for gene inactivation,
such as gene replacement by homologous recombination (HR), Targeting Induced L ocal
Lesions IN Genomes (TILLING), T-DNA tag, and RNAI.

Among these approaches, gene replacement by HR should be most effective in

silencing a gene as it can completely remove the gene itself from an organism.
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Unfortunatdy, HR hasnot yet been successful in plantsthusfar. Only one examplein plants
has been reported, and it is speculated that plants are inefficient in homologous
recombination asthey do not have doubl e stranded break repair genes(Kempinetal ., 1997).
TILLING isvery successful in many organisms, including plants. However, thecost of this
technology is till too high ($1500/gene) and can not be used on characterization of genes
on alarge scale.

RNA interference (RNAI) is proving to be a powerful approach for gene
characterization. In RNAI, the presence of dSRNA complementary to a gene of interest is
recognized by DICER and degraded into 21-25 nt small interfering (SRNA) fragmentsthat
are incorporated into a RNAi-induced silencing complex (RISC) that guides sequence-
specific degradation of the target RNA, thereby crippling or silencing the target gene.

Large-scale analyses of gene function using RNAI have been demondrated in
variousorganisms, including yeast (Giaever et al., 2002), C. elegans (Kamathet al., 2003),
Drosophila (Boutroset al., 2004) and mammalian cell lines(Bernset al., 2004). However,
such a high-throughput analysis has not been reported in plants. Although efficient RNAI
vector construction approaches, especially those based on Gateway recombination
technologies, are available, lack of phenotypes in RNAiI mutants and dependence on

Agrobacterium-mediated stable transformation still limit the scale of RNAI study in plants.

Compared with the other geneinactivation strategies for plant functiond genomics,
RNAI has several advantages. (1) It can precisely target the gene of interest without the

establishment of atagged library, whichisreguired for aT-DNA tag approach. (2) Various
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degrees of silencing are usually observed among transformant populations; this is highly
desirable when characterizing gene function. (3) RNAI can be inducible chemically (Guo
et al., 2003) and physicdly (Masclaux et al., 2004), making it possible to discover genes
whose loss of function will lead to lethality. (4) Genes present as more than one copy can
be silenced (Matthew, 2004).

There are some disadvantages for RNAiI compared with T-DNA inactivation
approaches. (1) RNAI usually resultsin“Knock-Down” instead of true* Knock-Out (KO)”,
thereby increasesthedifficultyin detection of mutant phenotypesand necessitatesmol ecul ar
characterization of transcript levelsin individual transgenic plants. (2) RNAI is based on
computational annotation of genes, which still hasmany errors(Gal perinand Koonin, 1998;
Andrade et al., 1999; lliopoulos et al., 2003). (3) A minimum of one transformation is
required per RNAi-targeted gene. Thisapparently rendersgenomic-scalefunctiona analysis

by RNAI relatively costly and tedious.
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CHAPTERII

BIOINFORMATIC ANALYSIS OF Arabidopsis thaliana SET DOMAIN GENES

Introduction

During the past decade, the SET (Suppressor of variegation, Enhancer of zeste, and
Trithorax) domain has been recognized to play an important rolein epigenetic regul ation of
gene expression. This domain, usually composed of ~ 130 amino acid residues and often
localized at the C-terminus (C-ter), is evolutionarily conserved (Jenuwein et a., 1998).
ProteinscontainingaSET domain (abbreviated as SET proteins) can be foundin organisms
ranging from virus to all three domains of life (Bacteria, Archaea, and Eukaryota). SET
proteinshaveproteinlysinemethyltransferase (LM T) activity and havetheability totransfer
one or multiple methyl groups to the e-Nitrogen of specific lysine residues in histones,
rubisco bicarboxyl phosphorylaselarge subunit, and cytochromec(Aravind and lyer, 2003).
Invarious SET proteins, the SET domain can either carry catalytic activity of LMT (Tamaru
and Selker, 2001) or mediate protein-protein interactions (Manzur et al., 2003). SET
proteins have been found to beinvolved in various molecular and devel opmental aspects of
life, including cell cycle (Raynaud et a., 2006), growth control (Cui et al., 1998b), genomic
imprinting (Vielle-Calzadaet al., 1999), and reproduction (Makarevich et al., 2006b).
AtSET proteins have been generally classified into four classes according to ther
SET domain similarity hierarchy: 1) ASH1 homologs and related; 2) Enhancer of zeste (E)z

homologs, 3) Trithorax (trx) homologs and related; and 4) Suppressor of variegation
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(suv(var)) homologsand related (Baumbusch et al., 2001; Alvarez-V enegasand Avramova,
2002; Springer et al., 2002). This classification method is of value since it is based on
evolutionary relatedness. However, we have observed caseswhere some of the proteinsthat
were classified within the same sub-group based on their general evolutionary relationship
have radically different domain composition. For example, the architecture of ASHR1, an
ASH1-related polypeptide, resembles that of the ATXR2. Similarly, the architecture of
ASHR3resemblesthat of ATXR5 and ATXR6. Given that the function of any polypeptide
can reasonably be predicted on the basis of its domain composition, polypeptideshaving a
similar protein domain composition arelikely to have related functions irrespective of their
evolutionary relatedness. Based on thisrationale, areclassification of the Arabidopsis SET
domain-containing proteins according to their domain architecture is presented in this

chapter.

Materials and methods

Examination of alternative splicing in AtSET

TheonlineAlternative Splicingin Arabidopsis (A S|P, Wang and Brendel 2006) and UniPro
databaseswere used to scan all 47 AtSET genes and proteins, respectively. A total number
of 16 AtSET were found to be alternatively spliced in ASIP database and UniProt revealed
that onemore AtSET (At1g77300 - SDG8/EFS/ASSH?2)) undergoesalternative splicing but

was missed by the ASIP database. The dternative splicing mechanismsfor the 16 AtSET
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have been provided by the online server. For ASSH2 dternative splicing, cDNA isoforms
were obtained from NCBI and were analyzed using Vector NTI to reveal its alternative
splicing mechanism. Alternatively spliced transcripts were then conceptually translated

using Gene Construction Kit to determine its effect on proteins sequences and whether the

SET domain is atered by alternative splicing.

Analysis of presence of antisense transcript

In scanning AtSET genesin the ASIP database , the orientation of each EST sequences for
each gene was examined. The presence of one or more natural antisense transcripts was
recorded and compared with the published or annotated gene structure to determine the

position of the antisense transcript.

Results

Classification of AtSET genes according to protein domain architecture

77 entriesfor Arabidopsis SET proteinswereretrieved from the Pfam database version 20.0
(Finn et al., 2006). The amino acid sequenceswere extracted from these proteins and were
used in BLASTP search againg Arabidopsis genometo determine the AGI locus for each

AtSET gene. Fragmented and exact duplicated entries were removed. Partial overlapping
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entries were analyzed for possible alternative spliced isoforms. 45 AtSET genes obtained
using this approach were then compared with the published list of AtSET genes in the
literature (Baumbusch eta ., 2001) and inthe online ChromDB server (http://chromdb.org/).
Two more AtSET (At2g19640 - ASHR2, and At5g06610 - ATXRS5) were found in this
comparison. Thus, we concluded that there are at least 47 AtSET genesin Arabidopsis. The
domain architecturesfor each of these AtSET proteinswere obtained from Pfam, SMART,
and Conserved Domain database (CDD). The presence of domains in the proteins were
visually inspected and summarized in Table 2.1.

Group 1iscomposed of Enhancer of Zeste homol ogs. Thisgroup hasthreemembers
with protein lengths ranging from 689 to 902 amino acids (aa). The SET domain islocated
at the C-terminal end and is usually preceded by conserved domains of unknown function
(e.g., Pfam-B_14655, Pfam-B_2595, and Pfam-B_53073). In addition to the C-termindly
located SET domain, aconserved SANT (SWI3, ADA2,N-CoRand TFI11B") DNA-binding
domainislocated in members of this group through the SMART annotation. This domain
can also be found in rice OSEZ1 and maize MEZ1, MEZ2 and MEZ3 E(z) homologs
(Springer et al., 2002). Therefore, it is highly likely that this domain is important for the
SET protein function within the PcG complex although its presence was considered to be

afalse positive by the conserved domain database (CDD) and not shown in Figure 2.1.



Fig. 2.1 Architecture of representativemembersof six classesof Arabidopsis SET proteinsandfive SET
proteinsfrom other species. Six classesof Arabidopsis SET proteins are: 1, Enhancer of zeste homol ogs;
2, ASH1 homologsand related, 3, Trx homologsand related; 4, Non histone protein methyltransferase;
5, unknown; 6 Suppressor of variegation 3-9 homologsand related. Five representative membersof SET
proteinsfrom speciesother than Arabidopsis are: 1, Neurospora DIM 5; I, human SETM AR; I11, fission
yeast CLR4; IV, baker'syeast SET1; V, fruit fly Suv9. The names for each representative member are
listed at the right side of the diagram. Black boxes containing white dots denote domains predicted by
SMART. Pfam-A database-predicted domains are represented by boxes of various shapes and colors.
Pfam-B database-predicted domains are represented by boxes filled with two colors and white spots.
Conserved domains are labeled: AWS, aconserved subdomain foundinthePre-SET; FYRC,: F/Y rich
C-terminal region; Pfam-B-10564, automatically annotated domain 10564 that may contain low
complexity regions; PHD: nt homeodomain that can fold into an interleaved type of Zn-finger that
chelatestwo Znions; PRE-SET, aZn-binding domain containing 9 conserved cysteines that coordinate
three Zn ions; PWWP, a domain named after its Pro-Trp-Trp-Pro motif but of unknown function;
YDG_SRA, adomain named after its conserved YD G motif but of unknown function.

18



Table 2.1 SET domain-containing proteins in Arabidopsis thaliana

Domalna
Group Hama Svnonyma aar Pram -1 SMALRT Locul Gl
1 CLF IZUA, PIF1, PIF2, DG, SETH a2 SET SANT AT AR12630
1 EZa SN, 50510, 5ET10 == SET SONT AHQENA AWA133E
1 MEDEA FI51, MEDER, 505, SETS =) SET SANT AHgr2sd] A2
2 &5HH1 S0G26, 5ETHS =2 SET ANs, PosHSET AHOIET 10 TS2 43465
2 BSHH2 EF5, S 0G3, SETR 17549 Z-Cnl, SET NS, P HSET LHOQITImM 9470110
2 BEHHI S0GT,SETT 3 SET NS, P SET Stqld1s] 4T 12S
2 BSHHL SOG2L, SET2 32 SET Ans, P ESET AOgEeE]  TS2EST S
- BTxRA T2P1304 b= TPR1,SET SET AHOETED TSI
o) BTxR3 S0G2, 5ET2 IE SET - Engis1al TE21EA
3 BTRT - 121 SET - AEQE2O TS2E231
X ASHR3 S0GL, SETL SML ar SET PHD, Post-5ET ahgIOEE]  TIIeEGL
X BTxRS ShG15, 5ETI1S 32 PHO,SET - AgETed  TS24E3524
X ATXRE S0G34, SETI A PHD,SET - AEglEA TS26ZT5E
i AT S0G2T, SETE, TR 1062 PIINR, FYRN, FYRC, 2 PHD,'SET  FYRC,C1, PHD, PeeBSET  ARGAIGSD 25147334
x aATx2 S0G30,5ETA 1193 PIINIP, FYRM, FYRC, 2 PHO, SET PHD, Post-=ET s 75191912
x ATx3 SOG14,SET1 a2 PIRIR, 2PHD, SET SET, PaetSET A0ET 0 TI2EEI6
a AT SD0E16,5ET16, Tl a12 PP, SET PHO,SET AngIraid 30
i ATHS S0G29, 5ET2 1043 PiniinIp, 2 PHD, SET PHD, Post4SET AEga A TSZdSE
i Ukpow prok s LW EM B D RIERASU-LSME 5p2 SET - AHgmiaa  kSRIRUT
i RACMT FrBECO LSMT 132 SET - aHaglddam  1r3essr0o
i QaFyYE3 FA LI pote e SET - AHgisi0 TS26321E
i L2015 S SET - AQiFE TS2SIT
i RACMT RuBnsCO 55T i SET - A00QIETD 75265353
i L0020 i3 SET - LOQ2A 75251252
i - Hypoth eticalpoke h TSP19_20 S SET - A0geasTd 75264350
i RECIHT Ry BECO LSOT 3 SET - AN 2566530
i LEg12e] Iypothe tical pro v S SET b AEgiiel TS2eEsE
i S0hGd0 SETH H1 SET b AEQIT240  TERITIET
- BSHR1 S0G3T, SETI L] ZHIND, SET - LRIt T 1dd
5 BSHR2 ShG39, 5ETA - ] - SET AgiEsid 7O 155
5 ATxR2 S0G36, SETXS i3 ZHIYHD, SET - A0gHEA  TI251251
3 ATRE 50635, 5ETH 25 - SET AtgeeA  TSITORS
5a SlwH1 S0G32, 5ETR2 &1 YOG _SRe, PR-GET, SET P BSET AtEglisd  Ao530525
g3 SUWH2 S0G3,5ET3 51 YOG _SRo, PR-GET, SET - Lt2gIxzed  A;SE0S1E
£a SUwHI ShG19,5ET13 =] W05 _SRe, PeSET, SET P HSET AHgimM ASEOE2S
ga SUWHE kYR, S0GE, SETH 24 WDG_SRe, PR-GET, SET P HSET Atgiea] AEE0520
Ba SUwHS S0G9, 5ETY Tai YOG _SRe, PR-GET, SET P BSET at2g31e0  AoSE0S1A
£a SUWHE S0G23, 5ETI a0 YOG _SRo, PR-GET, SET P HSET LRl 3053052
g3 SUWH? S0G1T, SETIT ==K YOG _SRo, PR-GET, SET AT _Hook, PostEET aHQITTT0  A;SES2 A
=] SUWHE S0OG21,5ETH T WDG_SRA, PR-GET, SET 2AT_Hookz, PosHsET A2gdiT il A05E0523
ga SUwHY S0hG22, 5ET22 =21 DG _SRe, PR-GET, SET b AWgQide]  AEF0S2S
Ba S HIO S0hG11,5ET1 32 YOG _SRe, PR-GET, SET - LAtrgam iAo a
[21) SUwR1 S0G13,5ET13 =X 1] Pre-SET,SET P HSET SHOMOSD  TS249533
2] SUWR3 S0G20,SETA I= Pre-SET,SET P HSET A0QT S0 ST 0=
1] SR S0G3, SETN [ Pre-SET, SET - A0Q0EE 7052
[21] SRS S0G6, SETE k) Pre-SET, SET P ESET SROZI A0 TE21SEST
Key to Table 2.1

AT Hook = DNA binding domain with preference for A/T rich region
AWS = associated with SET domain

ZF-CW = azinc finger with conserved cysteine and tryptophan residues
FYRC = F/Y rich C-terminus

FYRN = F/Y-rich N-terminus

PHD = Plant homeodomain

PWWP = domain named after a conserved Pro-Trp-Trp-Pro motif
SANT = SANT SWI3, ADA2, N-CoR and THIIB" DNA-binding domain
SRA = SET and Ring finger Associated

TPR = Tetratricopeptide repeat

YDG_SRA = SRA domain that contains a conserved YDG motif
Zf-MYND = Zinc finger MYND domain (myeloid, Nervy, and DEAF-1)
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Group 2 iscomposed of ASH1 homologs and related proteins. This group has four
members with protein lengths ranging from 352 to 1759-aa. The SET domain is usually
centraly located and isinvariantly preceded by an AWS SMART domain, a sub-domain of
the pre-SET domain. In addition to the canonical domains present in this group of proteins,
ASHH2 containsa CW (cysteine and tryptophan conserved) domain (Table2.1) that can be
found in at least five other protein families in higher plants (Perry and Zhao, 2003).

Group 3 consists of Trithorax homologs. This group has 11 members and can be
further classified into three sub-groups:. 3a, 3b and 3c.The 3a sub-group contains ATXR3
and ATXR?7 with protein length of 2,351 and 1423-aa respectively. Both members have
C-terminal located SET domains.

The 3b sub-group includes three memberswith protein lengths ranging from 349 to
497-aa. Raynaud et d. (2006) recently reveaed that Arabidopsis ATXR5 and ATXRG6 are
involved in cell cycleregulation or DNA replication through interactionswith proliferating
cell nuclear antigen (PCNA). The presence of adistinct plant homeodomain (PHD), which
isclassical of nuclear proteinsand believed to beinvolved inchromatin regulation (Aasland
et a., 1995; Bienz, 2006), further support their role in cdl cycle regulation. Interestingly,
the PHD finger is missing in other ATX or ATX-related protens that are classified into
group 3aand 5. In addition, sequence alignment of SET domain proteins from maize and
Arabidopsis revealed that certain conserved amino acid residuesimportant for histonelysine
methyltransferase activity aredifferentin ATXR5 and ATXR6 (Springer et al., 2003). This
further supported that classification based on domain architecturemay supplement sequence

homology based-classification and provide an aternative means of proteins classification
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within the same gene family. ASHR3 isthe only ASH-related protein that is classified into
this group of proteins containing trithorax homologs. Although its functions remain to be
determine, the presence of a PHD domain suggests that it may share functions smilar to
ATXR5 and ATXRG.

Thecomplex 3c sub-group includesfivememberswith proteinlengthsranging from
902 to 1,193-aa. Similar to the 3a and 3b sub-groups, al these proteins have a C-terminal
SET domain. In contrast, members of thislast sub-group contain several highly conserved
proteindomains (e.g., Pfam PWWP, Pfam FY RN, Pfam FY RC, and Pfam PHD). With the
exception of Pfam FY RN and Pfam FY RC, that are only present in two sub-members, the
Pfam PWWP and Pfam PHD domains are present in al polypeptides. The Pfam PHD
domain is sometimes present in more than one copy per protein.

Group 4 is likely to be composed of rubisco methyltransferase like proteins. This
group has 10 memberswith protein lengths ranging from 463 to 572-aa. Among these SET
genes, three are rubisco methyltransferase (RBCMT) and other unnamed/ hypothetical
proteinswere classified into thisgroup becausethey contain domain architectureresembling
that of RBCMT. Membersin this group usually have a SET domain that is N-terminally
located. It isworthy to note that the SET domain of this group of proteinsis usually bigger
than those found in the other groups (250 aa vs. 120-150 aa, respectively), due to the

presence of long SET-I regions.
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Group 5 has two and three proteins from the ASH-related and ATX-related group
respectively. Proteins within this group have sizes ranging from 258 to 969-aa and they dl
possess a truncated or non-canonical SET domains.

Group 6isSuppressor of variegation homol ogs. Thisgroup has 15 membersthat can
be sub-divided into two sub-groups. 6a and 6b. The 6a sub-group contains nine members
with protein lengthsrangingfrom 624 to 794-aa. In all these proteinsthe Pfam Pre-SET, and
the Pfam SET domains alwaysfollow the highly conserved Pfam YDG_SRA domain. The
presence of other, less conserved Pfam-B domains (e.g., Pfam-B 18882), sometimes
precedes the Pfam YDG_SRA domain. This sub-group is best exemplified by the
KRYPTONITE H3-K9 methyl-transferase. The highly conserved, plant-specific protein
domain distribution of these proteins suggests that this subgroup of proteins share arecent,
plant-specific common ancestor. The 6b sub-groupiscomposed of 5 memberswith protein
ranging from 203 to 734-aa. In contrast to the 6a sub-group, proteins belonging to the 6b
class al lack the Pfam YDG_SRA domain. However, as for the 6a sub-group, most
members of the 6b sub-group have a variety of Pfam-B domains preceding the Pfam Pre-
SET, and the Pfam SET domains. The distinct architecture of this sub-group of proteinsis
clearly morerelated to that of the founder member of the H3-K9 methyl-transferases, DIM-
5. Infact, SET domain-containing proteins having similar architecture can be found in al
metazoa. Amazingly, a dear example of the versatility of thisdomain combination can be
seen in the fusion of a Pfam Pre-SET and Pfam SET domains to a transposase in the
genomes of human beings and dogs. It seems very likely that this combination facilitated

theinsertion of these repeated el ementsinto recombinationally silent regions of thegenome.
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Natural antisense transcript is present for nine AtSET genes

Interestingly, naturally present antisense transcript wasfound in A SI P database ((Wang and
Brendd, 2006)) and Arabidopsis Cis-NAT pairsdatabase (Wang et al., 2005b) for 9 AtSET
genes (Table 2.1). Natural antisense transcripts (NAT), present in both prokaryotes and
eukaryotes, are involved in epigenetic regulation of gene expression such as genomic
imprinting (Moore et al., 1997) and X chromosome inactivation (Lee et a., 1999) through
either SRNA-mediated RNA interference or miRNA-mediated translational inhibition. It
is of vital importance to understand how the NAT can regulate the expression of AtSET
genes. NAT could facilitate a sensitive, rapid and dynamic control over AtSET expression
under different environmental cues. Determination of the spatial and temporal expression
patterns of these NAT and their corresponding geneswill provide some cluesto therole of
AtSET NAT in regulating plant development. Alternatively, NAT could assist the
permanent imprinting of AtSET genes. Except for MEDAE , a self regulated imprinting
SET gene (Kinoshita et al., 1999; Gehring & a., 2006; Jullien et a., 2006) devoid of
antisense transcript, no AtSET has been reported to be imprinted. These 9 AtSET genes

could be the candidate genes that are regulated by genomic imprinting.

Alternative splicing of AtSET genes

Although alternative splicing in AtSET genes has not been reported, scanning of all 47

AtSET genes(Table2.2) against alternative splicing in Arabidopsis database (ASIP, (Wang
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et a., 2002)) and UniProt consortium revealed that 18 (38%) AtSET genes undergo
aternative splicing (Table 2.2), a percentage higher than the overal | percentage (21.8%) of
Arabidopsis genes that have transcript isoforms. A diverse alternative splicing pattern and
possible consequences of alternative splicing arefound in AtSET. In ATX2, SuvH1, and an
uncharacterized SET gene (At5914260), aternative splicing occurs in the 3UTR region
which could influence protein expression levels (Mendrysa et al., 2001; Fetherson et al.,
2006). In contrast, in five other SET genes (4¢1g01920, SuvR3, At3g55080, AtxRS5, and
At5g17240), aternative splicing seemsto occur within regionsencoding theconserved SET
domains. Intheremaining 9 AtSET genes, alternative splicing isin regions encoding other
parts of the SET proteins. These observed alternative splicing events further enrich the
complexity of SET genes in Arabidopsis. Interestingly, a search in the ASIP reveals the
presence of conserved alternative splicing mechanisms between Arabidopsis and rice for
three pairs of orthologous SET genes (At5g14260 and Os02936740, At5g17240 and

0s07g28840, and, At2g19640 and Os08g10470 [AshR2)).
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Table 2.2 Arabidopsis SET genes that undergo aternative splicing

AGI locus AS pattern Protein Possible effects on proteins

Atlgl 9200 AltA (20; Infronk (3] MNA affect SET domain

At a0 Intronkil}) SuvRl affects S'UTHE and start codon sclection
Atlgh5830 Al (2 ATXZ affiects 3UTR

AtlgTaT 1 AlA 2y AshH1 affect SET C-flanking

Atlg 77300 AdeA (2): ExonS (1) [ASHH2 ne effect om SET domain

A2 19640 Intronk {1 AshR2 no effiect on SET domain, affect N-Tenminus
A2 1650 Al (2) ATX 3 nt difference close to the SET domain region
AL2aialal Al (2 SuvHS | ose a different start codon o produce a shoder protein, may cause MWD
At3oh3750 AP (2} SuvR3 affect SET domain, SET-M and SET-1
Ar3p438 Intronk {173; SuvR4 affeet N-side of the PreSET domain
AZgIS080 AlrA (6) Exon5 (1) [ NA affect SET domain by frame shift
AL3an ] 740 Intronk. ( 27; ATX3 two exir introns, may affeet SET-C flanking
Atda R0 Intronl (2 ) ASHRA no cffect on SET domain
AtFa940) Intronf (13 SuvHI affeet ¥UTR

ASa0OTHE AltA (2); Exons (1) [ATXRS affect SET domain

A5zl 42600A0D (3): IntronR {(3):]  NA affect 3UTR

AlSg] 7240 [mtronf (1) A afTect SET domain

A5z ) AltA (20 SuvR2 use & different start codon

The possible effects on proteins are summarized according to the conceptual translation of

aternatively spliced transcripts. NA denotes Arabidopsis SET proteins that have a similar

domain architecture to RuBisCo methyltransferase but have no assigned common name.

Abbreviations for aternative splicing mechanismsareasinFig1l. AltA, alternative

acceptor (3' side of introns); AltD, aternative donor (5' side of introns); AltP, alternative

positions (both 5' and 3' side of introns); IntronR, intron retention; ExonS, exon skipping.
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Discussion

Domain architecture can be used to classify proteins

Protein domain architecture based analysis can supplement the conventional sequence
alignment approaches to classify the protein relationship. Since domain identification is
based on protein sequences, two approaches often gave identical classification results, as
exemplified in thisstudy for Group 1 (E[z]), Group 2 (ASHH), Group3c (ATX1), Group 6a
(SUVH), and Group 6b (SUVR) SET domain proteins. However, while sequence alignment
is focusing on the evolutionary origin and relatedness anong various proteins, the domain
based method placesmore emphasison the protein functions. Theintuition that proteinsthat
share similar structure also have similar functions is the basis for the latter approach.
Discrepancies between two classification approaches are found in Group 3a, Group 3b,
Group4, and Group 5. In our gpproach, the seven ATXR members defined by Baubumsch

et al. (2001) are dismantled and reshuffled with members from other groupsto form 3 small
groups. 3a, 3b and 5. Webelievethisismore likely to reflect their functions. For example,
the two ATXR proteins we placed into Group 5 have only truncated SET domain and thus
probably lost their HMT activity. We also predict that ASHR3 may not have HM T activity
but could beinvolved in cell cycle control, asthis protein sharesidentical domain structure
withATXR5and ATXR6, two previously characterized SET proteinsthat do nothave HM T

activity and areinvolved in cell cycleregulation (Raynaud et a., 2006).
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A disadvantage of domain based classification isthe insufficient information about
domains and misannotation of domains (Finn et al., 2006). The addition or deletion of a

single domain may affect the classification result drastically.

Alternative splicing in AtSET genes

Alternative splicing can produce two or more forms of mature mRNA from a precursor
MRNA. For various genes, alternative splicing can occur ineither 5" or 3' UTRs, or incoding
sequences. Overall, alternative splicing in the non-translated regions can have an impact on
protein expression levels whereas aternative splicing in coding regions can alter protein
structure and functions. In extreme cases, alternative splicing can even lead to production
of two protei nswithantagoni sticfunctions (Mumberg etal., 1991). It isestimated that 60-80
% of human genesundergo dternative splicing (Lee and Wang, 2005) which may contribute
to human genome complexity. A smaller percentage of plant genes, ~22% in Arabidopsis
and 10% in rice (Wang and Brendd, 2006), aso undergo alternative splicing, probably
partialy due to the fact that fewer plant EST or cDNA seguences have been identified.
Whileaportion of these alternative splicing eventsareresults of experimental artifactssuch
as sequencing errors, or spliceosomal errors in which the aberrant transcripts are subjected

to nonsense-mediated decay (NMD)(Wang et d., 2002), some alternative splicing events

may be biologically important.
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Alternative splicing in SET genes has been documented in various species with
effects on protein function ranging from no apparent consequence to completely abolishing
or changing the protein activity. For example, Drosophila Su(var)3-9 can express two
distinct transcripts (2.4 kb and 2.0 kb) which encode two proteins only sharing the first 80
aa at the N-ter. While the 2.4 kb transcript is translated to a SET domain HMT, the 2.0 kb
transcript encodes the gammasubunit of the eukaryotic trandlation initiation factor 2 (el F2)
which doesnot haveaSET domain (Wangand Brendel, 2006). Similarly, maize SET protein
Mez2 has three isoforms resulted from aternative splicing: Mez2, Mez2**!, and Mez2 2,
Only Mez2 hasthe C-ter localized SET protein, the other two isoformshaveno SET domain
protein due to either frameshift or in-frame deletion (Springer et al., 2002). Alternative
splicing in SET proteins can also produce two or more proteins with possbly duplicate
functions. An exampleis zebrafish SmyD1 gene. Inactivation of either isoform of this gene
causes no morphological phenotype. Conversely, inactivation of both isoforms
simultaneously had severe effects on myofibril organization. Other SET genesthat generate
spliced variants include human G9a (Brown et a., 2001) and EZH1 (Abel et al., 1996),
mouse ESET (Blackburn et al., 2003), C. elegans SET2 (Y u et al., 2004), and Drosophila
WHSCI (Stecet al., 1998) and ASH2L (Wang et ., 2001). It isinteresting to know that the
non-SET-domain-containing HMT, mouse mDotl (Zhang et al., 2004), also undergoes
aternative splicing.

Although there is no experimental evidence demonstrating that the alternative

splicingin AtSET resultsin proteinisoformsand someisoform transcripts may besubjected
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to NMD, there may exist different protein isoforms for some AtSET. The presence of SET

protein isoforms may place an extralevel of regulation over SET protein functions.

Possible dimer formation of SET domain proteins.

Virus SET proteins can form homodimersin solution through interactions between domain
Il tethering (Manzur et al., 2003; Qian et a., 2006). Similarly, homodimerization has also

been observed for human ALL-I/MLL (a Trithorax homolog), G9, and GLP, and
Drosophila Ashl and Trithorax1 through SET-SET interactions (Rozovskaiaet a., 2000),
athough a different dimerization mechanism may be involved in these two Drosophila

proteins(Rozovskaiaet al. 2000). Heterodimer formation wasalso found for human G9aand
GLP, and Drosophila Ashl and Trithorax1. If plant SET proteins form dimers, aternative
splicingin AtSET could generate varioushomo- and hetero-dimers, which may havedistinct

biological activity. A good candidate for SET protein dimers in Arabidopsis iS SUvR3

protein isoforms (see Chapter V).
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CHAPTER III
ASSESSMENT OF PENETRANCE AND EXPRESSIVITY OF RNAI-MEDIATED

SILENCING OF THE Arabidopsis thaliana PHYTOENE DESATURASE GENE’

Introduction

An exciting challenge for modern biology is how to decipher the vast amount of raw
information from genome sequencing so that individual genes can be identified and their
biological function revealed. Among the various gain- or loss-of-function approaches
availablefor interpreting genefunction, RNA interference (RNAI) isespecially powerful and
well-suited for functional analysis of Arabidopsis and rice, plants for which physical
sequencing of the genome is essentially complete.

Thisdouble-stranded RNA (dsRNA)-induced gene-silencing phenomenon, conserved among
many organisms, including animals and plants, has several advantages over other
approaches. In contrast to virus-induced (Baulcombe, 1999) and agroinfiltration-mediated
(Schob et al., 1997) systemsfor transient gene silencing in plants, RNAI silencing is stable,
allowing its effects to be studied in progeny (Carthew, 2001). Unlike other mutagenesis
methodssuch as T-DNA insertion (Sallaud et al ., 2003), transposon tagging (Brutnell, 2002)

and TILLING (McCdlumetal., 2000), RNAI silencing canbemadeinducibleandreversible

* This chapter isreproduced with permission fromWang, et al. (2005). " Assessment of penetrance
and expressivity of RNAi-mediated silencing of the Arabidopsis phytoene desaturase gene." New
Phytal. 167(3): 751-760. Copyright 2005 New Phytologist Trust.
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(Guo et d., 2003), atributes that are especially useful in studying genes crucid to early
development. A single RNAI construct can silence duplicated genesor genes sharing coding
regionsof sequenceidentity, making it possibleto characterize geneswith redundant copies
in the genome (Waterhouse and Helliwell, 2003). Given that some 60% of known genesin
the small Arabidopsis genome are duplicated (Blanc et al., 2000), this is an important
consideration. In 2002, The AGRIKOLA project ( Arabidopsis Genomic RNAi Knock-out
Line Analysis) wasinitiated to study the function of 25,000 Arabidopsis genesusing RNAI
(Hilson et a., 2004).

Despite its many attributes, the value of RNAI for gene discovery and
characterization is diminished wheredehilitation of gene function failsto produce avisible
phenotype. Another caveat toitsuseisthat theeffectsmay vary for individual transformants.
For example, Wesley et al. (2001) found that transformation of Arabidopsis and rice plants
with constructs that generated hairpin-RNA (hpRNA) yielded aseries of independent lines
with various phenotypes and degrees of target mRNA reduction. Indeed, levels of the
targeted MRNA have been reported to range from wild typeto undetectable(Kerschenet al.,
2004). Weencountered asimilar situationintheuseof RNAi-induced silencingto determine
the function of a series of SET domain-containing genes in Arabidopsis as an altered
morphological phenotype was detected for only three of some 20 different constructs. In
such cases, quantitative determination of transcript reduction in the silenced populationis
essentia to confirm functionality of the RNAI construct. For the present studies, RT-PCR
was chosen for estimation of transcript abundance as it is more sensitive than are typical

genomic RNA blots and requires much lesstissue, permitting large-scale analysis of many



32

plants. This technique has been successfully used in several studies to measure transcript
abundance, usually expressed as a percentage of transcript depletion, defined in relaion to
controls for the specific investigation. The PDS gene that encodes phytoene desaturase
(PDS) waschosen asthetarget sinceitssilencing resultsin photobleached | eaves(Goodwin,
1988), areadily visible phenotype. Although silencing of PDS hasbeenused asaqualitative
reporter of RNAI vector-based silencing in various plants, quantitative anaysis of RNAI
silencing in these studies is limited to the objective of establishment of efficiency of the
proposed RNAI construct or reporter system under constitutive (Miki and Shimamoto, 2004)
or inducible systems (Guo et a., 2003). Since PDS silencing has been used by several
investigators, our results can be compared with their work to provide a general guide to
assessment of expectations for RNAi-mediated silencing.

However, none of these studieshavefocussed on theissuethat, usingthe sameRNA.
vector sysem, a uniform population of plants exhibiting equal level of silencing is rarely
obtained. Thissituationisnot likely to be uniqueto PDS and, therefore, hasimplicationsfor
all RNAi-mediated silencing studies in plants. Thus, in this study, we have used the terms
“penetrance” and “expressivity” in an attempt to address the issue of variable silencing
effects and their quantitative assessment in a more global connotation. These terms are
commonly used in population genetics and generd studies (Zlotogora, 2003). Classcally,
penetranceis defined asthe percentage of individual swith agiven genotype that exhibit the
phenotypeassociated with that genotype, whereas expressivity measuresthe extent towhich
a given genotype is expressed in an individual at the phenotypic levd (Griffiths, 1996).

Thus, for PDS silencing, the percentage of transgenic plants displaying an identifiable
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photobl eached phenotype represents penetrance and the percentage depl etion of endogenous

PDS mRNA defines expressivity.

Materials and methods

Plant material

Arabidopsis thaliana (ecotype Columbia) seedswere germinatedin soil (Redi Earth, Scotts)
and, following vernalization a 4°C for 48 h in the dark, grown at 22°C under a 16/8 h
light/dark cycle. Transformants were selected on Murashige and Skoog (MS) medium
(GIBCO™ Invitrogen Corporation, Carlsbad, CA) containing 100 pg ml™* Timentin
(ticarcllin disodium and clavulanate potassium, SmithKline Beecham Pharmaceuticals,
UK), 50 ug mi** kanamycin (Sigma, St. Louis, MO), 3% (w/v) sucrose and 0.2% (w/v)
phytagel (Sigma). After two weeks, resistant plantswere transferred to soil and grownin a
growth chamber. Pictures of plantswere taken 21 d after transfer to soil using an Olympus

C-3040ZOOM digital camera (Olympus, Melville, NY).

Plasmid construction and transformation

Two primer sets with different restriction enzyme recognition site overhangs were used to

amplify a 179 bp region (spanning exons 8 and 9) of PDS. One set, with Xkol and Kpnl

overhangs, was inserted in a sense orientation into pHannibal (Wesley et a., 2001); the
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other, with BamHI and Clal overhangs, was inserted in an antisense orientation. In the
second step, afragment containing 35S:PDS-s:intron: PDS-as:ocs was rel eased by Notl and
inserted into the binary vector pArt27 (Gleave, 1992) to form the RNAI construct K-1.
Primer sequences were:

BamH|: 5'-GTCAGTGGATCCCATGGTTCCAAGATGGCATTC-3

Clal: 5-ACGGACATCGATAGCTTCAGGATATCGACTGGAGCG-3

Xhol: 5'-GTCAGTCTCGAGCATGGTTCCAAGATGGCATTC-3

Kpnl: 5-ACGGACGGTACCAGCTTCAGGATATCGACTGGAGCG-3

Thermocydling conditions were 94°C for 5 min, followed by 35 cycles of 94°C for 1 min,
53°Cfor 1 minand 72°C for 2 min, with afinal polymerization step at 72°C for 10 min. The
K-1 construct was transformed into Agrobacterium (GV 3101) using electroporation with a
Gene Pulser (Bio-Rad, Hercules, CA). Arabidopsis plants were transformed using vacuum

infiltration (Bechtold and Pelletier, 1998).

Genomic DNA blot analysis

Genomic DNA was extracted from four to fiveleaves automatically with an AutoGenprep
850al pha (Autogen, Holliston, MA). Genomic DNA (500 ng) was digested with 20 units of
BamH]I for 17 h. After electrophoretic separationin a0.7% agarose gel, the DNA fragments
were transferred to Hybond-N+ membrane (Amersham). DNA probes were labeed using
a DECAprime Il kit (Ambion, Austin, TX). Hybridizations were performed using

ULTRAhyb solution (Ambion) according to the manufacturer's recommendations.
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Hybridization signal swere detected by exposure to aPhosphorlmager (Fuji, Stamford, CT)
and guantitated usng the public domain NIH ImageJ program (developed a the U.S.
National Institutes of Health and available onthe Internet at http://rsb.info.nih.gov/ij//). The
densitometry ratiosfor theintact transgene to theendogenous PDS genewere cal culated and
the copy number of the transgene expressed as an integer relative to the plant having the
lowest ratio. The copy number of rearranged transgenes was estimated by counting the

aberrant transgenic bands.

Reverse transcription-PCR (RT-PCR)

L eavesexhibiting asimilar PDS silencing phenotypewere used for RNA extraction. If more
than one leaf on a plant exhibited the phenotype, the leaves were pooled. However, leaves
from different plantswere never pooled. RNA was extracted using TRIzol (Invitrogen, San
Diego, CA) according to the manufacturer's instructions. RNA (1 pg) was treated with
DNasel (1upl™?, Invitrogen) and RT-PCR was carried using the QIAGEN OneStep RT-PCR
Kit (Qiagen, Vaencia, CA) to amplify a PDS coding region upstream of the RNAI target
region. Reactions contained 250 ng RNA, 6 uM of each PDS primer and 0.08 uM of each
EFle primer in a final volume of 25 pl. Primer sequences for PDS were: 5-
GTATGAGACTGGTTTACATATTTTCT-3'and5-CCGCAAAATAGCCCAAATACC-3.
Primer sequences for the internal control EFla were: 5'-
TGCTGTCCTTATCATTGACTCCACCAC-3'" and 5'-

TTGGAGTACTTGGGGGTAGTGGCATC-3. Thermocyding conditions were: reverse-
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transcription at 50°C for 30 min, 95°C for 15 min, followed by 25 cyclesof 94°C for 1 min,
55°Cfor 1 minand 72°Cfor 1 min, with afinal polymerization step at 72°C for 10 min. The
products of the RT-PCR amplification were subjected to electrophoresis through a 2.0%
agarose gel, followed by staining with ethidium bromide (100 ng ml™). The gel was then

digitally imaged and was analyzed using Imagel.

Results

PDS s encoded by a single copy gene in Arabidopsis

That the Arabidopsis genome contains a single copy of PDS was validated by a BLAST
search (Altschul et a., 1997) using Accession NM 117498.2, the original full length cDNA
sequence (Scolnik and Bartley, 1994), against the Arabidopsis genome. Although two
additional cDNAs wereidentified, they differed from the original PDS cDNA by only one
or two nucleotides. Further examination revealed that PDS3 (Accession DI3154c) isaCto
G correction at position 42 of the 5'-UTR and the other (Accession NM202816.1) isasplice
variant of the original cDNA that resultsin a difference of two amino acid residues (GV to
Al, encoded by exons 7 and 8). Nevertheless, all three cDNA s (4344 bp) originated from the
same 4837 bp gene locus (At4g14210) on chromosome 4. Thus, only one copy of PDS' is

present in the Arabidopsis genome.
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High penetrance of RNAi-mediated silencing

Toinactivatethe Arabidopsis PDS gene, an RNAI construct (K-1, Fig. 3.1) containing sense-
and antisense-orientations of afragment spanning exons 8 and 9 of the PDS coding region
flanking the pHannibal intron, wastransformed into 4. thaliana ecotype Columbia. A series
of threereplicate transformations generated 485 kanamycin-resistant (Kan') T, plants. Only
5% of the Kan' plants lacked visible phenotype. Genomic DNA blot analysis reveded that
6 of 7 randomly selected PO plants contained at |east one copy of transgene. To simplify the
calculation, al PO Kan" were counted as bona fide transgenic plants. Thusthe penetrance of
the K-1 RNAI construct was 95%. This demonstrates the sensitivity of the PDS system for

evaluating the efficacy of silencinginduced by the RNAI construct.

Netl BamHl Clal Kpnl  Xhel Nofl BamHI

RB|0Cs| PDs-as | Intron | PDs:s <35S Nos ) NPriT | Nos |1B]|

179 bp
| 3103 bp |

Fig. 3.1 Organization of the T-DNA region of RNAI vector K-1 used to target PDS.
RB and LB: T-DNA right and left border; 35S, cauliflower mosaic virus 358
promater; PDS-s and PDS-as: sense and antisense orientation, respectively, of the
targeted PDS fragment. NPT11, neomycin phosphotransferase Il. The shaded boxes
marked OCS and NOS denoteterminators of Agrobacterium octopine synthase and
nopaline synthase genes, respectively; the arrow labeled NOS denotes a nopaline
synthase promoter. TheKpnl-Xhol region (179 bp, thick bar) correspondstothe PDS
coding sequence used to generate a probe for genomic DNA blot analysis. The
presence of a3103 bp BamHI-BamHI fragment in genomic blotswas usedto confirm
the presence of the intact RNAI construct.
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Fig. 3.2 Wide range of RNAi-induced PDS phenotypesin T, plants. (a) A representative
tray containing avariety of silencing phenotypes (21 d post transfer). Representative plants
exhibiting amild (P1) silencing phenotype and a severe (P4) phenotype are shown in (b)
and (c), respectively. A classification of phenotypesisgivenin Table 3.1.

Fig. 3.3 Range of phenotypes seen in PDS-silenced leaves. (a) A wild type leaf. (b-f)
Representative leaves showing PO to P4 phenotypes, respectively. A classification of
phenotypesisgivenin Table 3.1.

Relationship between expressivity and phenotype

The wide range of photobleached phenotypes present in T, progeny as a result of PDS

silencing (Fig. 3.2) indicated that the expressivity of the K-1 construct can be dramatically
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different in individual plants and often for different parts of a plant. To characterize the
efficacy of RNAi-mediated PDS silencing, the plantsweregrouped into six classes (PO-P5),
based on their phenotypes (Fig. 3.3 and Table 3.1, P5 plants were not shown in Fig.3.3
because they were already dead before the photos were taken).

Approximately 20% of the transformants displayed readily discernable mixed
phenotypes; these were classified according to their severest phenotypes. An example is
shown in Fig. 3.4a, in which six relatively old rosette leaves of a P2 plant had only very
small (< 1 mm) white patches, a typical P1 phenotype, whereas the cauline leaf and three
relatively young rosette | eaves showed a P2 phenotype, with bigger white patches (3-5mm).

Similarly, the T, plant in Fig. 3.4B displayed a P2 phenotype in old rosette leaves

Fig. 3.4 Expressivity of RNAi-mediated silencing in different plant parts
Representative plants exhibiting different PDS silencing phenotypes in various
tissues are shown. (&) Plant displayingamixture of P1 and P2 phenotypes. Arrow
lindicatesacaulineleaf showing aP2 phenotype; arrows 2 and 3 indicate rosette
leaves exhibiting P1 and P2 phenotypes, respectively. (b) Plant showing P3 (in
older rosette leaves) and P4 (in younger rosette leaves) phenotypes. (c) A wild-
type plant. Rare phenotypes (d) showing leaves variegated for PO and P4 and (e)

aplant with PO and P2 rosette leaves and P4 cauline |leaves, stems and flowers.



Table 3.1 High penetrance and various expressivities of

RNAi-mediated PDS silencing in T, plants

Class #0of T1 % of T1 Phenotype description Expre-
plants plants ssivity
PO 25 5 no visible phenotype 4%
P1 74 15 mild symptoms, ~1 mm white 21%
patches on the leaves
P2 158 33 3-5 mm white patches on the 48%
leaves
P3 27 6 leaves predominatly white, with 64%
green patches
P4 22 =) white leaves 85%
P5 179 37 white leaves, very stunted, died nd

within 14 dpt.

The penetrance of RNAi-mediated silencing was calculated as the percentage of
kanamycin-resistant T, plants displaying an identifiable PDS silencing phenotype
(P1-P5: see text and Fig. 3.3). The PDS transcript depletion leve was used as a
measure of expressivity for the K-1 construct (Fig. 3.1). nd: not determined.
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and a P2 phenotype in young rosette and cauline leaves. Two T, plants (out of 485 plants)

displayed rare phenotypes. In one plant (Fig. 3.4a), about 70% of rosette and cauline leaves

variously displayed PO, P2 and P2 phenotypes and the other 30% were variegated, having

one side (25-50%) of the leaf area completely white and the other completely green.

Whileitistempting to think that these effectsreflect the spread of silencing induced

by RNAI, current evidence does not support this possibility. For example, Vestige et d.

(2002) have shown that Arabidopsis PDS mMRNA cannot be used asatemplate by theRNA-

dependent RNA polymerase SDEL. Theproduction of dsRNA that could trigger the spread

of PDSsilencing (Himber et d ., 2003) islacking . The plant shown in Fig. 3.4awould have
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been valuable for studying the possibility that systemic gene silencing of PDS occurred.
Unfortunatdy, it was sterile and two attemptsto regenerateit through young silique culture
were not successful. Similarly, the plant shown in Fig. 3.4e, with rosette leaves that
displayed no or mild silencing whiletherest of the shoot system was completely white, was

also sterile.

Penetrance and expressivity of RNAi-mediated silencing in T, progeny

Compared with agroinfiltration (Schob et al., 1997) and other transient methods for
expressi ng transgenes, Agrobacterium-mediated stabl etransf ormation hasthe advantage that

transgenic progeny can be obtained. Opportunity was taken of this advantage to inspect
whether RNAi-induced silencing washeritableand, if so, to determinethe penetrance of K-1

in T, progeny. Flowers and small siliques developed and T, seeds were obtained from six

PO, ten P1, ten P2 and five P2 plants (P2 plants were sterile and P5 plants were dead before

Table 3.2 Penetrance of RNAi-mediated silencingin T, progeny

T1 plant Kanamycin RNAI
Bhenetme resistant T2 P0 P1 P2 P3 P4 penetrancein
progeny No. T2 progeny
PO 62 62 0 0 0 0 0%
P1 72 39 33 0 0 0 46%
P2 70 30 27 9 3 1 57%
P3 53 9 14 20 6 4 83%
Overall 257 140 74 29 9 5 46%
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reaching areproductive stage). A portion of seed (20 to 30 from each plant) was germinated
under kanamycin selection. T, progeny derived from agiven classof T, parental plantswere
grouped together and screened for PDS silencing (Table 3.2). The penetrance of K-1in T,
progeny of PO plants was 0 as none displayed detectable PDS silencing. T, progeny of P1
plantsshowed both PO and P1 phenotypes, with apenetrance of ~46%. For P2 and P3 plants,
PDS silencing decreased in most T, progeny but enhanced in a few (< 8%). Overal,
penetranceof the K-1 construct in T, progeny dropped sharply to 46%from 95%in T, plants

(Table 3.2).

Relationship between transgene copy number and severity of RNAi-mediated silencing

The number of transgene copies present can be either positively or negatively associated
with the level of transgene expression. Usually, increased expression corresponds with
higher transgene copy number if the copies of the transgene are intact and the copy number
is below athreshold whose value is dependent on the transgene itself (Hobbs et al., 1993,
Lechtenbergetal., 2003). However, transcript |evel sthat areabovethisthreshold or aberrant
transcripts can trigger posttranscriptional gene silencing (PTGS) (Garrick et al., 1998).
Therefore we considered the possibility that the level of hairpin RNA (hpRNA), the RNAI

silencing trigger generated from the K-1 construct (Wesley et al. 2001) , was rlated to
transgene copy number.
Todeterminethe K -1 transgene copy number, genomic DNA wasisolated from more

than 70 randomly selected kanamycin-resistant plants, digested with BamHI and subjected
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to Southern (Southern, 1975) analysis. A single 7083 bp fragment corresponding to the
endogenous PDS gene was detected in all of the transformants tested. Fig. 3.5 is a

representative blot for 12 independently transformed plants, hybridized with a PDS probe
(Fig. 3.1). Oneto three copies of a3103 bp fragment, representing the intact transgene, was
detected in all Kan' plants except for one PO plant (Fig. 3.5, lane 4), in which only a
rearranged copy of the transgene (~ 5.5 kb) was found. One to four partial or rearranged
transgene fragments were present in many transformants. Phenotypes PO to P2 were
represented in this sample, but P2 and P5 plantswere excluded asthey provided insufficient
plant material.

Figure 3.5 shows the phenotype and copy number for each of the plants for which
Southern analysis was conducted. From these data, it appears that a single intact transgene
Isnot necessarily associated with a severe silencing phenotype. For example, it can be seen
inFig. 3.5 that singleintact copy transgenic plantsdisplayed PO (lane 2), P1 (lanes5,11), P2
(lanes 6, 7 and 9) and P2 (lane 10) phenotypes. A range of phenotypeswas also evident from
the data shown in Fig. 3.5 for plants containing two or more copies of an intact transgene:

PO, lane 1; P1, lanes8 and 12; P2, lane 3). Indeed, the copy number of rearranged transgenes
also showed little correlation with the severity of the phenotype as plantswith 3 or 4 copies

of rearranged transgene displayed PO (Fig. 3.5, lanes 1 and 2); P1 (Fig. 3.5, lane 12), P2
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Fig. 3.5 Transgene copy number showslittle correlation with phenotypic severity. DNA extracted from
twelve T, plants (lanes 1-12) randomly selected from a total of 485 plants transgenic for the K-1
construct, and awild-type plant (wt, lane 13), was digested with BamH| and subjected to genomic DNA
blot analysis. The PD S phenotypes (see Table 3.1) and number of intact and rearranged PDS transgene
fragments are indicated at the bottom of each lane. The probe used for hybridization corresponded to
the PCR amplicon (Xkol-Kpnl fragment, Fig. 3.1) employed intheconstruction of the K-1 vector. I ntact
transgene copy numbers were calculated as described in Materials and methods with the signal ratio of
transgene to endogenous PD S for lane 10 set at 1. The positions of the endogenous gene (7083 bp) and
the transgene (3103 bp) are indicated by arrows. Lane 14 contained a1 kb DNA ladder (New England

Biolabs).

(Fig. 3.5, lanes 3, 6, and 9) and P2 (Fig. 3.5, lane 10) phenotypes. Another blot of Xhol-
digested DNA from adifferent set of 12 independent transformants showed similar results
(datanot shown). Taken together, the results from these plants do not provide any evidence
that a corrdation exists between transgene copy number and severity of RNAi-mediated

silencing.
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Correlation between PDS transcript level and PDS silencing phenotype

Since the photobleaching phenotype in PDS plants is caused by reduction of endogenous
PDS mRNA leve by the K-1 RNAI construct, we conjectured that the depletion level of
PDS mRNA isin positive correlation with PDS silencing phenotypes. The level of PDS
transcriptsin Arabidopsis has beenreported to be below the detectablelimit of Northern blot
analysis (von Lintig et al., 1997, Wetzel and Rodermel, 1998). Therefore, a semi-
quantitative relative RT-PCR technique (Dean et a., 2002) was used. In thistechnique, the
gene of interest is co-amplified with an internal control gene to determine the relative
abundance of endogenous PDS transcriptsin each class of PDS plants. EF-1« was chosen

as the internal control because it produces stable transcripts and its amplification remains

a WT-1'WT-2 PO-1 P0O-2 P1-1 Pl-2 P21 P2-2 PE-1 P32 P4-1 P42 —RT -FHAL
FLE2 — — —
EF1l- — N N — — N S—

hi
| —
——

wt PO P1 P2 P3 P4

Fig. 3.6 PDS transcript levels diminish in correspondence with severity of
photobleaching. (a) Relaive RT-PCR analysis in wild type and transgenic plants
displaying various degreesof bleaching (PO to P4: seetext and Tablel). Arrowsdenote
the predicted position of PDS amplicon and the control (EF-1«) amplicon. (b)
Normalized PDS transcript levels for the various phenotypes. RDI: relative
densitometric intensities (pixelsmm?), normalized relative to EF-1a, was obtained
using MacBA S v2.5 software (Fuji, Tokyo, Japan). The RDI for wild-type plants was
set as 1.0. Error bars denote standard error of the mean.
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inalog-linear stage at the sameoptimal conditionsasthosefor PDS. Theamplified products
were subjected to DNA gel analysis followed by densitometry quantitation and the relative
PDS : EF-1a expression ratio was calculated in wild-type and PDS plants. As expected, a
closerelationship between severity of phenotype and depression of PDS transcript level was
displayed (Fig. 3.6). In plants displaying no- (PO) or mild-silencing (P1) PDS plants, PDS
transcriptslevel averaged 96% and 79% of wild-type plants, respectively. This number had
dropped to ~ 40% in medium-silencing PDS plants (P2 and P2) and only 15% in severe-
silencing plants (P2). Thus, the depletion level of PDS transcript, adirect result form K-1
expression, was consistent with the silencing phenotype and was used as a measure of

expressivity of K-1 construct (Table 3.1).

Discussion

The apparent penetrance of RNAI inactivation isinfluenced by phenotype

Using the intron-containing vector pHannibal (Wesley et a., 2001), high RNAI penetrance
(95%) was observed (Table 3.1) that may be attributed to the ease of identification of the
silencing phenotype, permitting the detection of even amild degree of PDS silencing. For
example, if P1 and P2 plants could not be visually identified, RNAI penetrance would drop
to 47%, lessthan half of the original level. High RNAI penetranceis unlikely to be limited
to PDS and may beroutinely achieved if optimal target regions areused in the construction

of RNAI vectors. Conversely, RNAI penetrance could be greatly underestimated for genes
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whose | oss-of -function mutants result in little or no visible phenotype. In regard to this, an
important consideration is that expression of the targeted gene may be limited to specific
tissues or certain developmental stages and/or certain environmental conditions. In such
cases, phenotypic changes resulting from down-regulation may only be detectable in the
relevant tissuesand conditions. These caveats complicate genediscovery or characterization
by RNAi-mediated gene silencing as biochemical, rather than phenotypic, analysis may be
required. However, for genes whaose function is predicted but not proven, RNAI remains a

valuable discovery tool as it permits aguided analysis of the predicted function.

Endogenous gene expression level and RNAI efficacy

RNAI phenotype or RNAI efficiency may be related to the nature of the target gene. For
example, in C. elegans, RNAI phenotypes were shown to be more scoreable for highly

expressed genes than for genes expressed at low levels (Cutter et al., 2003). However,
although Kerschen er al. (2004) found that transcript levels were effectively reduced by
RNAI in Arabidopsis for several moderately and highly expressed genes, they found that
RNAI was effective for HDA9, HDT4 and SGA 1, genes normally expressed at low levels.
Smilarly, despite the low endogenous level of PDS mMRNA expression in Arabidopsis
(Wetzel and Rodermel, 1998), very high RNAI penetrance (95%; Table 1) and expressivity
(Fig. 3.3f) wereobserved, suggesting that RN A efficiency and the endogenoustranscription

level of the targeted gene are not necessarily related.
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Transgene copy number and variability of silencing

Several sudies on RNAi-mediated gene silencing have shown a wide variability for
individual plants (Chuang and Meyerowitz, 2000; Levin et al., 2000; Stoutjesdijk et al.,
2002). Kerschen et al. (2004) reported little variability in target transcript reduction for
single copy RNAI lines and implicated that the presence of multiple copies of the RNAI
construct were a mgjor cause of variability. Evidence supporting this view included the
observation that no multi-copy line depl eted the target transcript morethan single-copy lines.
However, their data show variability in transcript depletion for both single-copy and multi-
copy linestargeting HDA2, HAGS5 and CHR?2, with the greatest variability for HAGS5 being
among single copy lines. For PDS, silencing was considerably more effective for some
multi-copy transgenic plants than for single copy transgenic plants and no correlation was
found between copy number and silencing severity (Fig. 3.5). Another consideration isthat
Kerschen ef al. (2004) used pooled RNA from several seedlings, thus obtai ning an average
transcript level that would mask any plant to plant variation.

Theestablishment of singlecopy transgeniclinesisusually preferred over multicopy
lines becausethey are more readily taken to homozygosity. In general, transgene expression
levels from single copy lines are more stable than from multi-copy lines. However, this
probably reflects the organization, rather than the copy number, of the transgene
(Lechtenberget al., 2003). Thisfollowsfrom thefinding that genesilencing typicdly arises
asaposttranscriptional eventincited by aberrant RNA transcribed fromtherearranged insert

rather than as a homology-dependent event (Mette et al., 2000; Matzke et al., 2002).
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Consequently, the presence of multipleintact copiesof the RNAi-generating transgene may
be beneficial, as they have the potential to provide higher RNAI transcript levels than can

single copy inserts.

High-throughput characterization of plant genes by RNAI

While fabrication of RNAi constructs is rarely a limiting step in high-throughput
identification of gene function using RNAI, delivery and analysis can be constraining. In C.
elegans, highly efficient delivery of small interfering RNA (siRNA) occursbyingestion, and
phenotypic analysis of function is straightforward (Kamath et al., 2003). In Drosophila and
mammal s, the establishment of an in vitro system and the availability of numerouscell lines
have ssmplified the delivery of SSRNA or long double-stranded RNA (dsRNA), and greatly
facilitated screening of genesinvolved in particular pathways at the cellular level (Boutros
et a., 2004; Foley and O'Farrell, 2004; Paddison et a., 2004).

In plants, agroinfiltration and virus induced gene silencing (Waterhouse and
Helliwell, 2003) can provide approachesfor large scale temporary and non-heritable gene
silencing. However, the understanding of gene function at the organismal level requires
Agrobacterium-mediated stable transformation. For this, the development of intron-
containing hairpin RNA constructs (Smith et al., 2000) and Gateway recombination-based
cloning technology (Wesley et a., 2001) have facilitated high throughput construction of

RNAI vectors.
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For gene discovery using RNAI, many primary transformants need to be screened.
Transcriptional inactivation and an associ aed phenotype can beexpectedtorangefromlittle
to complete and from no phenotypeto extreme phenotypeor lethality. Lineshaving avisible
phenotype are retained for further study. When no phenotype is apparent, the functionality
of the RNAI construct needs to be demonstrated by analysis of transcript depletion. The
completefunctional inactivation of some genes can be predicted to belethal . Sincethecause
of lethality, rather than lethality per se is of interest, advantage can be taken of lines that
express RNAI weakly. Even more valuable is the ability to use RNAI expressed from an
induciblepromoter (Guo et a., 2003) sincethisprovidesflexibility for thetiming and degree
of gene inactivation and has the potential for reversal of silencing by withdrawal of the
inducer (Guptaet a., 2004). If effective depletion is not substantiated, the use of alternative
target or promoter sequencesfor the RNAI vector isindicated. Estimation of transgene copy
number will identify single copy transformants. If it is assumed that single copy lines are
aways more effective in transcript depletion, then multicopy lines will be discarded.
However, in contrast to the studies of Kerschen et al. (2004), our data show that multicopy
lines can have higher expressivity than somesingle copy lines. In such situations, transcript
depletionisamore meaningful selection criterion than iscopy number. Evenfor single copy
lines, variation in expressivity can be expected and screening of these lines for those
showing greatest transcript depletion isstill desirable. For detalled functional investigation
of the newly identified gene, well-defined stably-expressing RNAI lines need to be
established. Clearly, whatever protocol is followed, functional analysis will be time-

consuming.
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CHAPTER1V
CHARACTERIZATION OF SUPPRESSOR OF VARIEGATION RELATED 3,

AN Arabidopsis thaliana SET DOMAIN GENE

Introduction

In an emerging model for transgene silencing (Mutskov and Felsenfeld, 2004), the initial
event isrecruitment of histone deacetylase (HDAC), resultinginloss of histone acetylation
and inactivation of transcription. Although plantsuse an HD2-type HDAC that differsfrom
other HDA C classesand requiresphosphorylationfor activity (Lusser etal., 2001), it appears
to play asimilar rolein transgene silencing. Whileit islikely that several different stimuli
incite recruitment of HDAC to a genetic locus, various forms of RNA appear to be major
factors. These indude dsRNA that acts as a trigger for silencing by RNA interference
(RNAI) pathways (Hamilton and Baulcombe, 1999; Hamilton et al., 2002), aberrant RNA
(Mette et al., 2000) and small RNAs (Grewal and Rice, 2004).

Methylation of H3K4, H3K36 and of H3K79 is correlated with transcriptional
activation, whereas methylation of H3K 9, H3K 27 and H4K 20 are characteristic of repressive
chromatin (Lachner e al., 2003; Schotta et al., 2004). The occurrence of mono-, di- or
trimethylation (Tamaru and Selker, 2001) providesan opportunity for additional epigenetic
signaling. Intransgene silencing, lossof di- or tri-methylation at H3K4 occursconcurrently
with histone deacetylation. Silencing of the transgene is subsequently reinforced and

stabilized as a result of methylation of H3K9 by histone methyltransferase (HMT) and of
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CpG by DNA methyltransferase (DNMT). Jackson et al. (2004), and Mal agnac et al . (2002),
studying the SET domain-containing gene KRYPTONITE (KYP, aso known as SuvH4),
found amgjor difference between plants and other organisms (animds, Neurospora) in that
H3K 9m?, rather than H3K 9m?, markssilent loci inArabidopsis. Indeed, littleif any H3K 9m?
was found in bulk chromatin of Arabidopsis (Jackson et a., 2004).

Whereas developmental decisionsregarding gene expression and differentiation are
completeat an early stage of animal devel opment, plantscan switchtheir developmental fate
throughout their life cycle, especially in response to environmental stimuli (Kohler and
Spatz, 2002). From an analysis of phylogenetic relationships of 37 SET domain proteins
from Arabidopsis, Baumbusch et al. (2001) concluded that there are 7 dasses of SET
domain proteins in plants. Enhancer of zeste homologs (E[Zz]), Trithorx homologs and
related (ATXH and ATXR), Suppressor of variegation homologs and related (SUVH and
SUVR), and Aabsent, small or homeotic discsl homologs and related (ASHH and ASHR).
Thus far, members from five of these groups (all except groups SUVR and ASHR) have
been experimentally characterized.

CURLY LEAF (CLF) and its close relative SWINGER (SWN) are (E)z type
Polycomb group (PcG) proteins with H3K27 HMT activity (Goodrich et al., 1997;

Makarevich et al., 2006a). They have redundant functions in controlling leaf and flower
morphology aswell asflowering timethrough repression of the flord homeotic gene (Katz
et a., 2004; Schubert et d., 2006). The third member of in E(z) group, MEDEA (MEA)is
also an H3K27 HMT but is involved in seed development and can maintan its own

imprinting during endosperm devel opment (Chanvivattana et al., 2004; Makarevich et al.,
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2006a; Schubert et al., 2006). In ASHH group, ASHH2 has H3K36 HMT activity and is
involved in flowering control through histone methylation at the FLOWERING LOCUS C

(FLC). Loss of ASHH?2 (SDGS8) function resulted in early flowering (Zhao et d., 2005). In
ATXH and ATXR groups, three members have been studied. ATX1 wasthefirst confirmed
H3K4 methyltransferasein plantsanditisinvolvedinfloral development (Alvarez-Venegas
et a., 2003). The other two reported ATX proteins, ATXR5 and AT XR6, have only aPHD
domain and atruncated SET domain. They were found to regulate the cell cyce or DNA
replicationthroughinteractionswith proliferating cell nuclear antigen (Raynaudet al., 2006).
Four membersof the AtSUVH SET proteinshave been functionally characterized ashaving
H3K9 dimethylation specificity. While SuvH4 (also known asasKY P), SuvH5 and SuvH6
areinvolved in locus specific control of H3K9 dimethylation (Jackson et al., 2002)(Ebbs,
2006), SuvH2 isinvolved in overall heterochromatin formation (Naumann et al., 2005).
Acceptance of histone methylation as amajor regulatory event in the regulation of

eukaryotic gene expression required that it existed in all major model species. It is of

interest, therefore, that Dim-5, thefirst and, thusfar theonly, HMT identified in Neurospora

has a similar domain architecture to that of the plant SUVR proteins. In the Neurospora

Dim-5 mutant, DNA methylation is abolished at nearly dl genomic loci. This mutant also
shows a slow growth rate and produces few spores, most of which are not viable (Tamaru
and Selker, 2001). Because both Neurospora Dim5 and Arabidopsis SUVR proteins have
intact SET, Pre-SET and Pos-SET domains but are devoid of other domains, it is a
reasonabl e speculation that SUVR SET proteins may have HMT activity and could thus be

involved in gene silencing. We conjectured that depletion of SUVR transcript would



interfere with the silencing, resulting in restoration of wild type functions. To evaluate this
possibility, SUVR3 wasclonedintothe RNAi vector pHANNIBAL (Wesley et al., 2001) and

used for Arabidopsis transformation.

Materials and methods

RNAI vector construction

Two primer setswith different restriction enzyme recognition site overhangs were used to
amplify a400 bp coding region (spanning boh exons 1 and 2) of SuvR3. The PCR product
digested with Xhol and Kpnl was inserted in a sense orientation into pHannibal (Wesley et
al., 2001); the same PCR product digested with BamHI and Clal wasinserted in an antisense
orientation. Inthe second step, afragment containing 355:SuvR 3-s:intron:SuvR 3-as:ocs was
released by Notl digestion and inserted into the binary vector pArt27 (Gleave, 1992) toform
the RNAI construct K-23. Primer sequences were:

BamHI| and Xhol: 5'-gtc agt ggatcc ctc gag ctc aac gat acg cgt act tc-3'

Clal and Kpnl: 5'-acg gac atc gat ggt acc gcatat tca cag atg aat tgg c-3'

Thermocyding conditions were 94°C for 5 min, followed by 35 cycles of 94°C for 1 min,
53°Cfor 1 minand 72°Cfor 2 min, with afinal polymerization step at 72°C for 10 min. The
K-1 construct wastransformed into Agrobacterium (GV 3101) using electroporation with a
Gene Pulser (Bio-Rad, Hercules, CA). Arabidopsis plants were transformed using vacuum

infiltration (Bechtold and Pelletier, 1998).



55

Reversetranscription PCR (RT-PCR)

RNA was extracted using TRIzol (Invitrogen, San Diego, CA) according to the
manuf acturer'sinstructions. RNA (1 ug) wastreated with DNasel (1 upul™, Invitrogen) and
RT-PCR was carried out using the QIAGEN OneStep RT-PCR Kit (Qiagen, Valencia, CA)
to amplify a SuvR3 coding region upstream of the RNAI target region. Reactions contained
250 ng RNA, 6 uM of each SuvR3 primer and 0.08 uM of each EFle« primer in afinal
volume of 25 pul. Primer sequences for SuvR3 were:

Forward: 5-CTCAACGATACGCGTACTTC-3 and

Reverse: 5-GCATATTCACAGATGAATTGGC-3.

Primer sequences for the internal control EFle were:

Forward: 5-TGCTGTCCTTATCATTGACTCCACCAC-3 and

Reverse: 5-TTGGAGTACTTGGGGGTAGTGGCATC-3.

Thermocyding conditionswere: reverse-transcription at 50°C for 30 min, 95°C for 15min,
followed by 25 cycles of 94°C for 1 min, 55°C for 1 min and 72°C for 1 min, with afinal
polymerization step at 72°C for 10 min. The products of the RT-PCR amplification were
subjected to el ectrophoresisthrough a2.0% agarose gel, followed by staining with ethidium

bromide (100 ng mI™*). The gel was then digitaly imaged and was analysed using ImageJ.
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Plant genomic DNA blot

Genomic DNA was extracted from four to five leaves using an AutoGenprep 850d pha
(Autogen, Halliston, MA). Genomic DNA (500 ng) was digested with 20 units of BamHI
for 17 h. After el ectrophoretic separation in a0.7% agarose gel, the DNA fragments were
transferred to Hybond-N+ membrane (Amersham). DNA probes were labeled using a
DECAprimell kit (Ambion, Austin, TX). Hybridi zationswereperformed usingULTRAhyb
solution (Ambion) according to themanufacturer'srecommendations. Hybridization signals
were detected by exposure to a Phosphorlmager (Fuji, Stamford, CT) and quantitated using
the public domain NIH ImageJ program (devel oped at the U.S. National I nstitutes of Health

and available on the Internet at http://rsb.info.nih.gov/ij//).

Plant transformation

Arabidopsis thaliana (ecotypeColumbia) seedsweregerminatedin soil (Redi Earth, Scotts)

and, following vernalization at 4°C for 48 h in the dark, grown at 22°C under a 16/8 h
light/dark cycle. Transformants were selected on Murashige and Skoog (MS) medium
(GIBCO™ |Invitrogen Corporation, Carlsbad, CA) containing 100 pg mi™ Timentin

(ticarcllin disodium and clavulanate potassium, SmithKline Beecham Pharmaceuticals,

UK), 50 ug ml™* kanamycin (Sigma, St. Louis, MO), 3% (w/v) sucrose and 0.2% (w/v)
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phytagel (Sigma). After two weeks, resistant plants were transferred to soil and grownina
growth chamber.

Microscopy analysis

For fluorescence microscopy, plants bearing a GFP transgene were screened for GFP
expression using a Zeiss SV-11 fluorescence microscope equipped with suitable filters:
excitation 450 nm; emission 500 nm (filters out red autofluorescence) or 525 nm. Pictures
were taken using AxioCam HRc camera (Zeiss, Germany). The electron microscopy data

were obtained using a ESEM microscope purchased under National Science Foundation

grant No. ECS-9214314.

In vitro pollen germination

The procedure for in vitro pollen germination was essentially as described in Fan et al.

(2001). In each experiment, 6 to 12 randomly selected flowers bearing freshly dehisced
anthers (stage 13, (Sanders et d., 2000)) were used as pollen grains have the highest

germination percentage at this developmental stage (Fan et al., 2001). Stamen were
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collected carefully, so as not to damage the anther from individual flowers and the anthers
weredippedintoliquid pollen germination medium containing5 mM MES (pH 5.8 adjusted
with TRIS), 1 mM KCI, 10 mM CaCl2, 0.8 mM MgS0O4, 1.5 mM boric acid, 16.6% (w/v)
sucrose, 3.65% (w/v) sorbitol, and 10 pg mi™* myo-inositol. The anthers were then gently
rubbed onto the surface of solid pollen germination medium (the liquid medium plus 1%
(w/v) agar) in a 24-well flat-bottom agar plate. Both liquid and solid media were prepared
in deionized water and heated to 100°C for 2 min. Following pollen application, the agar
plates weretransferred to agrowth chamber with continuous light and 100% humidity. The
number of pollen grains with or without germination tubes were counted 24 h after the
transfer to determinethe pollen germination percentage. 1noneexperiment, over 100 pollen
grainsfrom asingle flower were counted and the experiment was repeated three times with

different flowers from the same plants.
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Results
RNAIi-mediated knockdown of AtSET genes

Through a PSI-BLAST search in the then-incompletely sequenced Arabidopsis genome
using SET domains present in yeast SET proteins SET1 and Clr4, and human SET protein
SUV39H1, weidentified 20 Arabidopsis SET domain genes, most of which wereannotated

as either hypothetical or unknown proteins. RNAI vectors targeting these SET genes were

constructed and wereintroduced into Arabidopsis (ecotype Columbia) viaAgrobacterium-

mediated transformation. The resulting T, plants and their progeny were examined for
morphological phenotypes. RNAI constructs that yielded abnorma phenotypeswere K-16,

K-23, and K-24. These constructs respectively targeted ASHI Homolog 3 (ASHH3),
SUPPRESSOR of VARIEGATION 3 (SUVR3), and Trithorax 4 (ATX4). Among the three

constructs, K-23 (Fig. 4.1) that targets SUVR3 showed the highest and inheritable RNAI

ol Eodll Nl

el Xl K

Fig 4.1 Architecture of T-DNA in SuvR3-targeting RNAI construct K-23.
RB and LB: T-DNA right and | eft border; 35, cauliflower mosaicvirus35S
promoter; K23-s and K23-as: sense and antisense orientati on, respectively,
of the targeted SuvR3 fragment. NPT11, neomycin phosphotransferase Il.
OCS and NOS denote terminators of Agrobacterium octopine synthase and
nopaline synthase genes, respectively; the arrow labeled NOS denotes a
nopaline synthase promoter. Relative positions are shown for the cleavage
sitesfor the indicated restriction endonucl eases used in the construction of
the RNAI vectors.
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expressivity (Wang et al., 2005a) and hence SUVR3 was selected asthe primary SET gene

for further study (Fig. 4.2).

Inactivation of SUVR3 can reactivate a silenced GFP reporter gene

To establish lines suitable for gene reactivation, 4. thaliana ecotype Columbia was
transformed [Bechtold, 1998 #7910] with 35S8/mt-mGFP5/nos. :nos/bar/nos. Some 10,000

seedswere germinated on MS medium containing 10 M bialaphos. Herbicide-resistant T,

31 32 35334 35 36 3738 39 40 4142 43 44 45 46 47 -E-RT M

—_— —

— — — — —

50 B1 52 53 54 55 54 57 58 Alwt -R -ET M

A R — ———
—_—
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Fig. 4.2 Transcript depletion analysisin T, progeny of K23-8. Relative
RT-PCR (40 cycles) was performed in wt and T, progeny of K23-8. Blue
numbers represent K23 progeny lines exhibiting severe transcript
knock-down. M: 100 bp DNA ladder, -R: no RNA control inRT-PCR, -RT:
no reverse transcriptase control in RT-PCR.

seedlings were screened for GFP expression. Of the 100 T, progeny examined, 30 non-
fluorescing, presumably silenced, lineswere obtained and selfed; T, progeny seedlingswere
again selected on bial aphos and examined for fluorescence (Fig. 4.3). All T, progeny of six

of theT, linesshowed no fluorescence (Fi g. 4.3) and wereconsidered candi dates lenced (SI)
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lines. T, seedlings of thesesix lineswere again screened and dl progeny of one of theselines
(SI-19-35) were non-fluorescent but were bialaphosresistant. Genomic DNA blot analysis
showed that the parental line was a multi-copy, single locus homozygous plant (data not
shown). This parental plant was chosen asthe founder of homozygous silenced lines used
in reactivation experiments.

RNAI construct K-23 wassupertransformed (ST) into T, progeny of selfed SI-19-35
and theresulting doubl etransformantswere screened for reactivation of GFPinroots, stems,
leaves, and flowers. Reactivation was detected in segments of the rootsin 4 out of 20 ST,
progeny (Fig 4.4) but was not observed in other parts of all supertransformants including
flowers, where endogenous SUVR3 has the highest expression level. As an important
control, parallel supertransformation of GFP silenced line SI-19-35 was performed with an
empty RNAI vector that does not target any gene, or RNAI constructs that target genes
encoding a methyl-binding domain protein, or eight other SET domain proteins. For each
supertransformation, at least 20 plants were carefully examined for GF'P expression and no

reactivation of GF'P was observed in any tissue.
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Fig. 4.3 Establishment of Arabidopsis silenced for 35S-GFP. (a) Germinating T, seedling showing bright
fluorescence at short (1,600 ms) exposure. (b) Silenced T, seedling showing fluorescence at long
(20,566 ms) exposure but essentially none at short (1,600 ms) exposure (c). (d) Roots of a progeny plant
of silenced line SI-19-35 reactivated by germination in MS medium containing 5-azaC (50 pM).

A

Fig. 4.4 Reactivation of GFP. A. Segment of root from Arabidopsis line SI-19-35-n (silenced for GFP)
supertransformed with pArt27 (vector only control), representativeof 14 independent lines. B. Root segment
from line SI-19-35-n supertransformed with pK-23 (RNAi construct for K-23 knockdown) showing
reactivation of GFP, representative of 4 of 20 independent lines. Exposure wasfor 6092 ms. Both plantswere
2 wk old.

Epigenetic regulation of flower development by SuvR3

As for many SET-domain genes, the database annotates SuvR3 (At3g03750) only as a
hypothetical protein, leaving many opportunitiesto learnitsfunction. Through relative RT-
PCR using RNA extracted from various organs of wild type (wt) plants as template, we
foundthat wt SuvR 3 endogenoustranscript was undetectablein siliques, present inmoderate
amountsin roots, rosette and cauline leaves, and stems; high levels were found in flowers

(datanot shown). This pattern suggested that SuvR3 may play aroleinflower development.
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Thus, our phenotypic observations of SuvR3 RNAI lines are mainly focused on, but not
limited to, flower devel opment.

Initialy, no distinguishable devel opmental phenotypeswereobservedinvirtually dl
T, and T, plantsbearing the SuvR 3 RNAI construct. Subtle morphological changesobserved
were: delayed flowering and decreased plant size for a few (~ 2%) individual plants.
However, these phenotypic aberrancieswere not correlated with SuvR 3 transcript depletion
level. In the T, generation, one plant (K23-8-36-18), out of 36 plants examined, displayed
an interesting phenotype (Fig. 4.5): five flowers from one branch had 5 petals and sepals
instead of 4 of each intheregular flowers. Stamen and carpel morphology in these aberrant
flowers was normal. The aberrant petal phenotype is heritable as 10% (5 out of 50) of T,

progeny and 30% of T, progeny of K23-8-36-18 di splayed similar abnormal flowers. It was

Fig. 4.5 Aberrant flower morphology in SuvR3 RNAI lines. A: atypical flower of wt plants. B:
arepresentativeSuvR 3 aberrant flower. C-F: scanning el ectronmicrograph (SEM) of awt flower
and an aberrant flower from SuvR3 RNAI lines. Cand D: stigmaof wt and SuvR3 5-petal flower
at 200 X magnification, respectively. E and F: stigma of wt and SuvR3 5-petal flower at 900 X
magnification, respectively. SEM graphs were taken using Electroscan ESEM E-3. G: pollen
grainsfrom awt plant. H. pollen grainsfrom a representative flower (normal number of petals)
of aSuvR3 RNAI plant.
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later found that another independent T, plant (K23-58) and 6% (3 out 45) of its T, progeny
also had similar aberrant flowers. It is unlikely that this phenotype is caused by T-DNA
inactivation or autonomous mutation of another gene sincethisphenotype (5 petals) wasnot
observed in over 2000 plantsthat were transformed with either control plasmids and RNAI
constructs (except K-16) that target other AtSET genes.

The severity and frequency of aberrant phenotypes was found to increase in the
progeny of abnormal RNAI transformants. While 5 petals were seen in the T, generation of
K23-8, petal numbers were found to vary between 3 and 6 in T, progeny of this plant.
Carpelsin two flowersfrom two different T, progeny of K23-8 remain unfused. Although
thefrequency of aberrant carpel development isvery low, representing only 0.2% (2/~1000)
of all flowersin K23-8 T, progeny that werescreened, this phenotype may still be associated
withSUVR3 inactivation, asasimilarly low frequency (~0.2%) of rare silencing phenotypes
wasobservedinour earlier study of RNAi-mediated knockdown of the phytoene desaturase
gene (Wang et al., 2005a).

All flowers that have an aberrant number of petds are sterile. To investigate the
cause of infertility, the aberrant flowers in K23-8-36-18 progeny were examined using
scanning e ectronic microscopy (SEM). Whereasthe morphol ogy of sepal, petal, stamen, and
stigmaappeared normal, virtually no pollen grains could be found on the stigmas of 5-petal
flowers in the SuvR3 RNAI lines (Fig. 4.5 D and F), even though the coordination of
filament and style el ongation appeared to be unaffected. To further study the parental origin
of the sterility, atwo-way crossfertilization between SuvR3 5-petal flowers and wt flowers

was performed. Whereas ten crosses using wt stamens and SuvR3 stigmas generated ~ 100
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F1 seeds, the same number of crosses between wt stigmas and SuvR3 stamens did not
produce any F1 seed, indicating the sterility in SuvR3 5-petal flowersis due to a defective
male gametophyte.

Morphologically normal (4-petal) flowersinSuvR3 RNAI lineswere al so examined.
A total number of 116 flowers randomly selected from progeny of four SuvR3 RNAI lines
were dissected to examine the flower organ morphology. Over 40% (47/116) of theflowers
have decreased number of stamensranging from zerotofive (sixinwt). Theaverage number
of stamen in theseflowersfrom SuvR3 RNAI lineswas5.39 + 0.09 (Table 4.1). In contrast,
six stamen were found in all 21 wt flowers examined. No differences in the number and

morphology of stigmas and sepas were detected in these flowersfrom SuvR3 RNAI lines.

Table 4.1 Effect of RNAi-mediated knockdown on

flower development and pollen germination

Plant lines WT SuvR3 RNAi line
Total No. of flowers examined 21 116
petals 40 4+0
E:Q"a‘:sﬂ"wer sepals 4+0 3.98 £ 0.01
stamen 60 5.39+£0.09
stigma 120 120
Pollen Total No. of pollen grains examined 1374 1564
germination % of germinated pollen grains 527 24 £ 8

Number of flower organsand pollen germination percentage were recorded as mean +
standard
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The viability of male gametophytes also tested. Sincein vivo pollen germination in
Arabidopsis isdifficult totrack, an in vitro approach (Fan et al., 2001) was used to study the
fertility of pollen grains. Under our experimental conditions (see Materials and methods),
approximately 50% of wt pollen grainsgerminated in vitro (Fig.4.5 G). In contrast, only ~
20% of pollen grains from SuvR3 RNAI lines germinated (Fig. 4.5 H).

Questions arising from the above observations include: Why is there a delay of
severa generations prior to the appearance of the phenotype and why does it occur at such
a low frequency? Explanations include the possibility that insufficient SuvR3 proten is
produced, |eading (over generations) to theprogressivelossof histoneand DNA methylation
in certain chromatin regions. Only when the methylation levd is below acertain threshold
are the phenotypes displayed. Moreover, the phenotype (e.g. flower aberrancy) may not be
uniform in all parts of the plants (e.g. flower branches) since RNAIi expressivity can be
dramatically different in various parts of the plants (Wang et al ., 2005a). Additionally, it has
been observed that only about 20% of the flowers in homozygous ATX! T-DNA insertion
linesdisplayed an aberrant phenotype in androecium and gynoeci um devel opment (Alvarez-

Venegaset al., 2003).

SuvR3 is essential in seedling germination

While maintaining the plant lines silenced for SuvR3, we found that fewer seeds from high

SuvR3 RNAI expressivity lines could germinate even in mediawithout antibiotic selection.

For T, progeny of T, line K23-8 that expressed detectable levels of the SuvR3 transcript,
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>50% of the seed germinated on medium without any selection reagent whereas <20%
germinated from K23-8 progeny lines for which RNAI expressivity was high and the
endogenous SuvR3 transcript was undetectable. In contrast, seeds from wt plants can have
virtually 100% seedling geminationfrequency under thesame culture conditions. Seedlings
derived from plants showing high RNAI expressivity were grown to produce progeny

generations. Under our growth conditions, a wt plant usually produces ~ 2500 (100 pl)
seeds. However, when the SuvR3 RNAI lines were selfed to the T, generation, 3 out of 36

plants examined became sterile, and one plant produced only a few (~50) seeds.
Whilewe analyzing the SuvR3 RNAI lines, we learned that a T-DNA insertion line
(SALK_063174) for SuvR3 is available from Arabidopsis Biological Resource Center
(ABRC). According to the flanking tag sequencing results (available at
http://signal .salk.edu/cgi-bin/tdnaexpress), the insertion in thisline is at the second exon,
~130 nt upstream from the stop codon. Seeds for this T-DNA insertion line were obtained
from ABRC and were tested for the germination percentage. A total of 137 seeds, acquired
in three batches, were tested in media without any antibiotic selection. Only six seeds
germinated. DNA wereextracted fromthederived plantsand wereused in three-primer PCR
to verify the T-DNA insertion locus. None of these six plants had aT-DNA in the specified
position. DNA from those seeds that were unable to germinate was also extracted and was
used in the same PCR procedure to verify the insertion locus. Thus far, we have not been

ableto verify the presence of T-DNA in the designated position in these non-viable seeds.
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Alternative splicing of SuvR3

Alternaive splicing of transcriptsis thought to contribute to genome complexity. While it
has been estimated that it occurs for 35 to 60% of all human genes (Brett et al., 2000) and
for 22% of Arabidopsis genes (Wang and Brendel, 2006), functional characterization of
isoforms and their interactions is poorly described. Using RT-PCR, we have recently
confirmed that two isoform SuvR3 RNAS can be reproducibly identified in  Arabidopsis

tissues (Fig. 4.6). Sequencing of the transcripts revealed that both sequences are present in
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Fig. 4.6 Structures of SUVR3a and SUVR3p isoforms. Pand A: The red, green, orange and
boxes denote 5' UTR, exon, intron and 3' UTR regions, respectively. Their positions in
SUVR3« and SUVR3 areindicated. The 48-nt fragment represented by the black bar, which
belongs to the exonic regionsin SUVR3p but belongs to the intronic region in SUVR3«, and
its corresponding 16-aar are shown in blue letters. Panel B: Sequence alignment of the SET
domainof three Arabidopsis SET proteins. SUVR3w, SUVR3B, Arabidopsis KRYPTONITE
(At KYP, AAK28969); human SET domain mariner transposase (Hs SETMAR,
AAH11635); N. crassa (Nc) DIM-5 (CAF06044) andS. pombe (Sp) CLR4 (NP_595186). The
aar highlighted areinvariant (white onblack) or conserved (white ongray) among all six SET
proteins.
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cDNA and EST libraries (Asamizu et al., 2000; Y amadaet al., 2003), each comprising two
exonsand oneintron. Theshorter sequenceisdesignated hereas SuvR3wx and thelonger one
as SUVR3p. SuvR3x (NM _111246) is1119nt in length, includinga24 nt5' UTR and a 78
nt 3UTR; it encodes a protein of 338 amino acid residues (aa) with a calculated pl va ue of
7.076. SuvR3p (NM_202483) consists of 2143 nt and includes the same 24 nt 5 UTR but
bears a much longer 3' UTR (583 nt) and encodes a predicted protein of 354 aa with a
calculated pl value of 5.797.

Examination of the transcripts from these isoforms revealed that SuvR3w has the
unusual intron border sequence GC-AG (Brown et al., 2002) instead of the normal GU-AG
that isin SuvR3p. Compared to SuvR3p, the 5' border of the intron in SuvR3w is 24 nt
upstream of that in SuvR3p and 3' border is 24 nt downstream of that in SuvR3p. Thus, the
total coding sequence length of SuvR3ew is48 nt shorter than that in SuvR3p, resultingina
16 aa difference between the two isoforms. Protein sequence dignment of both SuvR3
isoformswith KY P (Jackson et a., 2002), Dim-5 (Tamaru and Selker, 2001) and other SET
proteinsreveal ed that these 16 aacontain 3invariant and 3 conserved residuesamong al most
all members of the SUV 39 family. Moreover, of the 12 conserved strands within the SET

domain defined by Zhang et al. (2002), two (strands 8 and 9) are lost due to the absence of

these 16 aa. Thisindicates that the SuvR3 isoforms may differ in functions.
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Discussion

Regulation of transgene silencing by SuvR3

Chromatin remodeling genes are known to regul ate gene expression through either changes
in chromatin structure or atered nucleosome positioning. SET prote ns are key components
of such gene expression regulatory sysems. Members from the SuvH group of SET genes
are known to control heterochromatin formation and to suppress the expression of
retrotrangposons. Here we provide evidence for the involvement of a SuvR SET gene in
transgene silencing. Both SuvR and SuvH have Pre-SET, SET, and Post-SET domains.
However, a SET and ring finger associated region (the SRA/YDG domain), is absent in
SuvR but present in SuvH.

The SRA/Y DG domain isimportant in regulating the interaction between the SET
domain proteinsand histones, especially H3 (Citterio et al ., 2004). Studiesin AtSuvH2 show
that the Y DG domainisimportant in directing DNA methylationto thetarget sequences (not
limited to histone 3), aprerequisitefor histone methylation mediated by AtSuvH2 (Naumann
et al., 2005). Examination of theY DG domain reveded that this domain can be found in 80
proteins from plants, animals and green algae. In animals, the YDG domain is always
associated with aPHD (plant homeo domain) domain. The association of SET domain and
Y DG domain seemsto have originated in the last common ancestor of green algaeand land
plants(~ 700 million yearsago, Heckman et al. 2001)), as thi s unique combination wasonly

found in these two types of organisms.



71

Using the Pfam database, we found that there are 17 non-SET proteins in
Arabidopsis containing the YDG domain. Members of these proteins, or even aSuvH SET
protein, may interact with SuvR3 to methylate certain histone res dues and hence change
chromatin structure.

A question rises regarding the lack of GFP reactivation in flower tissues since the
endogenous SuvR3 transcripts are most abundant in flowers. There could be two possible
factors contributing to this phenomenon. First, the reporter GFP gene is driven by
cauliflower mosaic virus 35S promoter. Although this promoter iswidely considered to be
a constitutive promoter, several investigations have shown it displays variable spatial and

temporal expression patterns(Benfey eta., 1989; Zhou et al., 2005)(Battraw and Ha | 1990).
Inseveral Arabidopsis linestransgenic for GF'P we have observed that the doubl e-enhanced

358 promoter we haveis highly expressed in roots, but only moderately expressed in leaves
and stems. Thus, an aleviation of gene silencing in the CaMV 35S promoter may be
discerned in roots but not in other organs. Second, chlorophylls, present in both leaves and

flowers, have been shown to quench the fluorescence emitted by GFP (Zhou et al., 2005).

SuvR3 regulates flower development in an epigenetic manner

The delayed onset of aberrant flower morphology in SuvR3 RNAI lines isintriguing. Few
aberrant flowerswere seeninthe T, generation, eveninlineswith high RNAI expressivities,
suggesting that reduction of SuvR3 expression by the RNAI construct in one generation has

little impact on some as ye unidentified downstream element that regulates flower
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development. Therefore, several generations are required before the mutant phenotype can
be readily discerned. Similar phenomena have been observed for other genes. In a
telomerase reverse transcriptase mutant (Rihaet d., 2001), loss of function did not result in

anidentifiable phenotype until the 6th generation. Some morphol ogical phenotypesbecame
progressively more severein later generationsfor ddm1 mutants (Kakutani et d., 1996). In

this study, RNAi-mediated knock down of SuvR3 could direct progressive loss of histone
and DNA methylation in some chromatin region. Thisis supported by the observation that
the percentage of plants that have aberrant phenotypes increased from 1.5% in the T,

generation to 30% in the T, generation. Moreover, the severity of the aberrancy increases
over thegenerations. Initially, only gain of one petal wereseenin T, to T, generationswhile
other parts of flowers remained normal. In contrast, in T, and T, generations, both loss of

one petal and gain of multiple petds were seen, in company with abnormal carpel
development. Recent additional evidence is our finding that the number of stamen in

individual flowers(six in T, to T, plants), was also reduced in T, plants, regardless of petal

numbers. To summarize, our data show that SuvR3 regulates flower development through

as yet unidentified epigenetic mechanisms.

Pivotal epigenetic role of SuvR3 in early seedling devel opment

Seedling germination tests showed that most seeds derived from SuvR3 high expressivity

lines failed to germinate, even without antibiotic selection. Since this could signal an
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important finding, we decided to purchase T-DNA insertionlinesfrom ABRC. Only six out
of 167 seeds germinated; all six grew like wild type. These results were exciting as they

suggested that normal expression of SuvR3 iscrucia in seedling development. However, the
possibility existed that some mistake occurred during handling or labeling of the insertion
line seeds. Verification that the T-DNA insertion was at the designated site was sought

through PCR as this would provide unequivocal support for the importance of SuvR3

function in seedling development. Unfortunately, no T-DNA insertion was detected at the

SuvR3 locusin ten independent assays (representing 20 non-viable seeds).

SuvR3 aternative splicing and possible dimer formation between isoform proteins

Alternative splicing of SuvR3 resultsintwo SET proteinswith 95% homology and differing
inonly 16 aaintheir SET domains(Fig. 4.6). This16 aaregion spansthejunction of SET-N
and SET-I with a mgjority of aa (12) in the SET-I. To our knowledge, this is the first
example of ASin SET genes that results in two isoform proteins that are identicd in all
domains except a short region within the SET domain. Although the HMT catalytic motifs
within the SET domain, SET-C and SET C flanking region, are not affected in both
isoforms, the observation that 6 of these 16 aaare highly conserved inall characterized SET
domain proteinswith HMT activity led to the speculation that the shorter isoform, SuvR3«,

may have no or reduced HMT activity by itself or have lost its ability of substrate
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specification, a function assigned to SET-I region. Alternatively, SuvR30 may retain its
binding ability but havelost its catal ytic function and hence serveasacompetitiveinhibitor.

Itisalsopossibletha SuvR3e and SuvR3p functionashomodimersor heterodimers.
Virus SET proteins can form homodimers in solution by domain Il tethering interactions
(Manzur et a., 2003; Qianet a., 2006). Similarly, homodimerization hasal so been observed
for human ALL-1/MLL (a Trithorax homolog), G9a, and GLP, and Drosophila Ashl and
Trithorax1through SET-SET interactions (Rozovskaiaet al., 2000). Heterodimer formation

was aso found for human G9a and GLP, and Drosophila Ashl and Trithorax1. If such

dimerization existsfor SuvR3isoform proteins, two alternative hypotheses can be envisaged
concerning the mechanism by which dimerization affects biological activity. Frst, the
heterodimer SuvR3uf could be theactive complex and the homodimer SuvR3pp theinactive
protein complex. Alternatively, the SuvR3up heterodimer could be inactive and the
SuvR3B homodi mer betheactivecompl ex. In the second model, the synthesis of relatively
small amounts of SuvR3« may be needed to achieve the same goal. We favor the second
hypothesisasit providesthesystem with greater sengtivity and flexibility. As SuvR3ew lacks
two conserved motifswithin its SET domain (Fig. 4.7), it isunlikely to have HMT activity
by itself, or as a homodimer. Further in vitro experiments with purified SuvR3 isoform

proteins are necessary to distinguish these two hypotheses.
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CHAPTER V

SUMMARY

In this dissertation, | used doman architecture as an important criterion to study the
relationship among various proteins. Whereas the conventional sequence alignment-based
classification has been very valuable in illustrating the possible origin and evolutionary
relatedness of proteins, my approach focuses on the function of the proteins. Proteins with
the same origin from various species may have diverged too far to retain a close sequence
resemblancebut may still possessthe same domainarchitecture. Alternatively, proteinsfrom
distinct origins could have reached the same domain architecture but do not have high
sequence similarity. The structure-based classification approach, but not the sequence
alignment-based approach, can predict whether or not the proteins being compared share
similar functions. However, protein cataloging using the intuitive domain architecture
approach is highly dependent upon the correct prediction of domains.

The domain architecture for 47 Arabidopsis SET (AtSET) proteins was obtained
from Pfam, SMART and UniProt databases and was used to classify AtSET proteins.
Comparison of the two classification approached for AtSET proteins resulted in identical
results for most subgroups but discrepancies were found for four groups. In particular, we
found that ASHRS3, classified as an ASH-related group according to its SET domain
sequence similarity to that of other ASSH proteins, is more related to two cycle regulators,

ATXR5 and ATXR6 (Raynaud et al., 2006), because they share identical doman
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architecture. Therefore, a regulatory role of ASHR3 in cell cycle is predicted. Another
distinctionisthat | found that the ATXR group can be further classified into 3 small groups,
with one of them (Group 5) possibly devoid of HMT activity.

While searching the EST and cDNA databases for these 47 AtSET genes, | found
that natural antisense transcripts (NAT) were present for nine AtSET genes, indicating that
their expression could be profoundly regulated by RNA. | also found that 17 (36%) of
AtSET genes undergo alternative splicing. The high frequency of alternative splicing in
AtSET suggested that alternative splicing may be important for ther function. One
possibility isthat alternative splicing could result in two (or more) protein isoformsthat can
interact with each other, with one component acting as a regulatory element and the other
as catalytic unit. Alternatively, the proteins derived from transcript isoforms may have
unrelated functions or antagonistic functions.

To study the functions of AtSET genes, | constructed RNAI vectors targeting 20
AtSET genesbut found that introduction of most of these RNAi plasmidsinto plantsdid not
resultin readily discernable phenotypes. Relative RT-PCR in the T, transformantsrevealed
that transcript depletion levels can be different among various transformants. These two
observations prompted us to evaluate the efficacy of the RNAi-mediated approach for
Inactivation of gene function inplantsusing aphytoene desaturase (PDS) gene, inactivation
of which resultsin areadily identifiable photobleached phenotype. In apopulation of nearly
500 T, transformants, we found that vector-based RNAI in plants have a high penetrance.

However, the expressivity of such RNAI constructs can vary from subtle to extreme.
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Moreover, | studied the relationship between the RNA depletion level and severity of
photobleaching. A strong correlation between transcript depletion level and morphological
phenotypeswas observed for PDS silencing, renderingit aval uable method for determining
a quantitative measurement of RNAI expressivity. Previous studies have not reported this
correlation. Readons for this include the use of pooled plant samples and the falure to
appreciate that RNAI expressivity can differ dramatically between different tissues (e.g.
flower and rosette leaf) and even within the same tissue. In addition, we found that RNAI
expressivity is decreasesfrom generation to generation. Furthermore, we demonstrated that
there is no correlation between transgene copy number and transgene expressivity,
supporting an earlier observation that transgene organization rather than copy number isthe
trigger for gene silencing (Yang & a., 2005)

Oneof the AtSET genes, SuvR3 wasfurther studiedfor itsrolein plant devel opment
and transgene silencing. Tissue specific RT-PCR showed that the highest expression levels
of SuvR3 occurred in flowers. Indeed, | showed that this gene may epigenetically regulae
flower development, especially anther development. In two independent RNAI lines
exhibiting high RNAI expressivity, a small portion of flowers had an aberrant number of
petals. Interestingly, both the percentage of aberrant flowers and the severity of phenotypes
can increase over generations, suggesting that an epigenetic regulatory pathway is present
in the control of flower development by SuvR3. Selfed SuvR3 RNAI lines showed loss of

fertility, probably due to a defective male gametophyte and loss of pollen grain viability.

Seedling germination tests of RNAI linesshowed that SuvR3 may haveacrucid functionin
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early plant development. This follows from the observation that seeds derived from high
RNAI expressivity lines have a much lower germination rate than those from low RNAI
expressivity lines or wt lines. Additionally, SuvR3 may be involved in transgene silencing
asinactivation of SuvR3 was shown to reactivate a previously silenced GF'P reporter gene
in the roats.

Interestingly, SuvR3 can undergo alternative splicing through an alternative
positioning mechanism (Wang and Brendel, 2006). | confirmed the presence of two AS
transcripts in several tissues of Arabidopsis by RT-PCR. Conceptually translated protein
isoformsdiffer intheir SET-I region with SuvR3w lacking 16 amino acids, six of whichwere
shown to be highly conserved among characterized H3K 9 histone methyltransferase. The

absence of conserved residues in SuvR3w suggests that it may not be an active enzyme.

Lastly, the possible interplay between the two SuvR3 isoform proteins was discussed.
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